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Abstract

My PhD thesis aims to improve our understanding of the assembly process of the
bacterial ribosome and the overarching goal of my research is to identify steps in this pathway
that can be targeted with new molecular probes. Ribosome assembly in actively
growing Escherichia Coli involves multiple events including synthesis of 54 ribosomal-proteins
and their binding to ribosomal RNAs in a hierarchical manner. Many of these events are assisted
by a number of accessory proteins known as assembly factors, making the process extremely fast
and efficient. My PhD thesis contributes new knowledge on the precise mechanism by which
YjeQ and Era assist the ribosome assembly process. Recent work indicates that both factors
assist the late stages of the 30S subunit assembly. To reveal the precise role of YjeQ in the
context of the mature 30S subunit, we solved the structure of the 30S subunit in complex with
YjeQ by cryo-electron microscopy (Cryo-EM). Our data suggested that in addition to work as a
maturation factor, YjeQ also functions as a checkpoint protein testing the proofreading ability of
the ribosomal subunit prior to the particle’s release into the pool of actively translating
ribosomes. This work provides the first example of a bacterial assembly factor that tests a
specific translation mechanism of the 30S subunit. To investigate the role of Era, we used
quantitative mass spectrometry (qMS), microscale thermophoresis (MST) and cryo-EM
techniques. We first determined using cryo-EM the structures of the assembly intermediate that
accumulated in E. coli upon depletion of Era at 3.8A resolution. In addition, we also solved the
structure of the mature 30S subunit in complex with Era. We found that Era-depleted cells
accumulated three assembly intermediates at different stages of maturation ranging from early
stage of maturation to the late stage of 30S subunit with missing density both in the central and 3'
minor domains of the 30S subunit. Densities for ribosomal proteins (r-proteins) bS21, bS1, uS3

and uS2 bound to the central domain were also missing from the late stage of 30S subunit. The



structure of the 30S subunit in complex with Era demonstrated that binding of this factor reverts
the mature subunit to an immature state lacking density for the motifs integrating the decoding
center. These results suggest that Era facilitates the proper folding of the platform region of the
30S subunit. In addition, Era may work as a placeholder for some of the late ribosomal proteins
and prevent premature association of the 30S subunit with the 50S subunit. Finally, we tested
whether YjeQ and Era exert their function in conjunction rather than independently. To this end,
we obtained the cryo-EM structure of the 30S subunit in complex with Era and YjeQ at 3.5A
resolution. However, we couldn’t observe any density for YjeQ in this structure. Moreover, we
demonstrated Era binds to the cavity between head and platform and reverts the structure of the
30S subunit to its immature state. These results suggest that Era and YjeQ works subsequently
during assembly. Era binds first to the assembling subunit and assists the folding of the platform
region at the same time that it prevents the binding of YjeQ. Once Era is released, YjeQ binds
assisting the maturation of the decoding center and testing the fidelity of the subunit before
releasing it to the pool of fully active ribosomes. Overall, this thesis provides novel insights into
the function of two important GTPases dedicated to the assembly process of the bacterial

ribosome.



Résumé

Ma thése de doctorat vise a améliorer notre compréhension des processus d’assemblage
du ribosome bactérien et 1’objectif global de mon travail de recherche est d’identifier les étapes
de cette voie, qui peut étre une cible potentielle pour de nouvelles molécules thérapeutiques.
L'assemblage de ribosomes chez Escherichia coli en croissance active implique plusieurs
événements, dont la synthése de 54 protéines ribosomales, et leur liaison aux ARN ribosomiques
de fagon hiérarchique. Plusieurs de ces événements sont assistés par certain nombre de protéines
accessoires, les facteurs d’assemblage, qui rendent le processus extrémement rapide et efficace.
Ma theése de doctorat contribue aux nouvelles connaissances sur le mécanisme précis par
lequel YjeQ et Era assistent le processus d’assemblage du ribosome. Des travaux récents
indiquent que ces deux facteurs aident les dernicres étapes de I’assemblage de la sous-unité 30S.
Pour révéler le role précis de YjeQ dans le contexte de la sous-unité mature 30S, nous avons
résolu la structure de la sous-unit¢ 30S en complexe avec YjeQ, par Cryo-microscopie
¢lectronique (Cryo-EM). Nos données révelent qu’en plus de fonctionner comme un facteur de
maturation, YjeQ fonctionne également comme une protéine de contrdle qui teste la capacité de
relecture de la sous-unité ribosomale, avant la libération de la particule dans le pool des
ribosomes actifs. Ce travail fournit le premier exemple d’unfacteur d’assemblage bactérien qui
teste un mécanisme de traduction spécifique de la sous-unité 30S. Pour examiner le réle d’Era,
nous avons utilisé la spectrométrie de masse quantitative (QSM), la thermophorése a 1'échelle
microscopique (MST) et la technique de la cryo-EM. Nous avons d’abord déterminé, en utilisant
la cryo-EM, les structures de 1’intermédiaire d’assemblage accumulées dans E. Coli lors de la
déplétion d’Era, a une résolution de 3.8A. En outre, nous avons également résolu la structure de
la sous-unit¢ 30S mature dans le complexe avec I’Era. Nous avons trouvé que les bactéries

déplétée en Era accumulaient principalement un intermédiaire d'assemblage avec des densités

Vi



manquantes a la fois dans les domaines central et 3' mineur de la sous-unité 30S. Les densités
des protéines ribosomiques bS21, bS1, uS3 et uS2 liées au domaine central étaient également
manquantes. La structure de la sous-unité¢ 30S en complexe avec Era a démontré que la liaison de
ce facteur raméne la sous-unit¢é mature a un état immature auquel manquent les densités des
motifs intégrant le centre de décodage. Ces résultats suggeérent qu’Era facilite le repliement
correct de la région de la plateforme de la sous-unité 30S. En outre, Era peut agir comme un
espace réservé pour certaines des protéines ribosomales tardives et empécher 1’association
prématurée de la sous-unité 30S avec la sous-unité 50S. Enfin, nous avons testé si YjeQ et Era
exercaient leur fonction en conjonction plutdt qu'indépendamment. A cette fin, nous avons
obtenu la structure en Cryo-EM de la sous-unité 30S dans le complexe avec Era et YjeQ a une
résolution de 3.8A. Cependant, nous n’avons pas pu observer de densité pour YjeQ dans cette
structure. De plus, nous avons démontré qu’Era se lie a la cavité entre la téte et la plateforme et
ramene la structure de la sous-unité 30S a son état immature. Ces résultats suggerent qu’Era et
YjeQ fonctionnent successivement pendant 1’assemblage. Era se lie d'abord a la sous-unité
d'assemblage et aide au repliement de la région de la plateforme en méme temps qu'elle empéche
la liaison de YjeQ. Une fois qu'Era est libérée, YjeQ se lie pour aider a la maturation du centre
de décodage et tester I’efficacité de la sous-unité avant de la relacher dans le pool de ribosomes
actifs. Dans l'ensemble, cette thése fournit de nouvelles pistes sur la compréhension de la
fonction de deux GTPases importantes impliquées dans le processus d'assemblage du ribosome

bactérien.
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Chapter 1: Introduction and Literature Review



1.1 Structure of the prokaryotic ribosome

The bacterial 70S ribosome is a large ribonucleoprotein complex with a molecular mass
of ~2.3 MDa and comprised of the 30S and 50S subunits (Figure 1.1). Both subunits work in
conjunction during protein synthesis to translate the genetic code into functional proteins (Gilbert
et al., 2004). The small 30S subunit monitors base pairing between the codon on the messenger
RNA (mRNA) and the anticodon on the transfer RNA (tRNA) at the decoding center. The large

50S subunit is responsible for peptide bond formation at the peptidyl transferase center (PTC).

70S Ribosome

Figure 1.1: Structure of the prokaryotic ribosome. Structure of the 30S subunit (gray), 50S
subunit (blue) and 70S ribosome. 30S subunit is responsible for base pairing of mRNA codon
and tRNA anticodon at the decoding center (indicated with circle), and 50S subunit is
responsible for peptide bond formation at the peptidyl transferase center (indicated with circle).

The 30S subunit, with a molecular weight of 0.85 MDa is made of 16S ribosomal RNA

(rRNA) and 21 ribosomal proteins (r-proteins) named from S1 to S21 (with a “u’ or ‘b’ prefix)



(Ban et al., 2014; Earnest et al., 2015; Shajani et al., 2011). The 16S rRNA, which is composed
of 1542 nucleotides folds into four-domains that constitutes the key landmarks of the 30S
subunit: the body (5’ domain), the platform (central domain), the head (3" major domain) and
helix 44 (3’ minor domain) (Figure 1.2) (Wimberly et al., 2000). The four domains fold around
the decoding center that constitutes the functional core of the 30S subunit. Two universally
conserved residues Adenine 1492 and 1493 monitor the base pairing between mRNA codon and
tRNA anticodon and are located on helix 44.

The 50S subunit is made of 23S and 5S rRNA with total of 3000 nucleotides, as well as
~34 r-proteins, variable at different bacteria species, named from L1 to L36 (with a ‘u” or ‘b’
prefix) (Earnest et al., 2015; Shajani et al., 2011). Front view of the 50S subunit is called “crown
view” of the 50S subunit, the bottom is the body and the top is the central protuberance of the
50S subunit. This front side of the 50S subunit is flat and it is an association side of the 50S
subunit with the 30S subunit. PTC, the functional core of the large subunit, is located in interface
side of 50S subunit (Figure 1.2). On the other hand, the back of the 50S subunit is round and
most of the r-proteins bind to this solvent exposed side. In addition, the 50S subunit is made of
ul.1 stalk and bL7/L12 stalk (Nissen et al., 2000).

In general, rRNAs are involved in scaffolding r-proteins, decoding fidelity, binding of
elongation factors and controlling the access of the nascent peptide chain into the exit channel.
R-proteins typically contain long amino acid extensions inserted into the internal parts of the
ribosome, which contact the rRNA. Moreover, structurally they are mostly located at the

periphery side of the ribosome.



A)

\ 3 . 1
2 ST il
A 5 ; ¥, <\‘ N &
usS14-—° f<,{ :’; ?Q)‘-‘“ J’\*} Platform
AR, s W) 1SS A~
Decoding §
centre .~ " bsé

bL33  dieee. ul16  L7/L12 stalk \ XS
g. o | \ R ~ ’

/ /
ulo4  ul23

Figure 1.2: Structure and main landmarks of the bacterial ribosomal subunits. A) Front
(left) and back (right) views of the structure of the 30S subunit. Labels indicate the main
landmarks of the ribosomal subunit and the r-proteins. Panel B) shows the ‘crown view’ (left)
and solvent (right) view of the 50S subunit of Bacillus subtilis, respectively. Figure taken from
(Razi et al., 2017) with permission eLS publisher.

30S and 50S subunits associate together during translation forming the 70S ribosome
through inter-subunit bridges. These bridges are formed by RNA-RNA, RNA-protein and
protein-protein interactions (Dunkle and Cate, 2013; Gao et al., 2003; Yusupov et al., 2001).

These inter-subunit bridges can be categorized into three different groups, based on the contact



points that they make between two subunits. There are three bridges, Bla, B1b and Blc, between
the head of the 30S subunit and the central protuberance of the 50S subunit. A second group of
bridges are B2a, B3, B4, B5, B6, B8, which forms an interaction between helix 44 of the 30S
subunit and the PTC of the 50S subunit. Among these bridges B3 are located at the top of helix
44, which works as the pivot point during the ratcheting motion in translation (Yusupov et al.,
2001). The third category of the bridge is B7a that holds the platform of the 30S subunit and L1

stalk of the 50S subunit.

1.2 Differences between prokaryotes and eukaryotes ribosome

In all living organisms, the ribosomes are composed of two subunits: a small subunit
responsible for monitoring codon-anticodon base pairing and a large subunit responsible for
performing peptide bond formation. However, there are species differences in terms of ribosome
size and complexity. As opposed to 70S bacteria ribosome, which is described above, the
eukaryotic ribosome is composed of a 40S small subunit and a 60S large subunit. The fully
assembled ribosome sediments as the 80S ribosome with the molecular weight of 3.3 MDa in
lower eukaryotes to 4.3 MDa in higher eukaryotes (Figure 1.3). The 40S small subunit consists
of ~ 33 r-proteins and 18S rRNA. The 60S large subunit is composed of ~47 r-proteins and three
different rRNA molecules (25S rRNA, 5.8S rRNA and 5S rRNA). Both 40S and 60S subunits
have similar structural landmarks to the 30S and 50S subunits in bacteria. The 40S small subunit
contains the body, head, platform and helix 44, while the large 60S subunit is composed of the
body, central protuberance and two stalks (L1 and P-stalks).

In Saccharomyces cerevisiae, the 80S ribosome contains 79 r-proteins and 5500 rRNA
bases. R-proteins contain long tails and loops, which are extended from the globular domains of

the r-proteins located at the surface of the ribosome (Ben-Shem et al., 2011). The extended



domains are inserted into the rRNA and they are located at the same interface side of the
ribosome, as in bacteria.

Human 80S ribosomes have over 80 r-proteins, with an additional protein, eL28, compared
to the yeast ribosome. In addition, human mitochondrial ribosome r-proteins are extensively
interconnected, and they have a distinct morphology contains three rRNA molecules as the
bacterial ribosome (Amunts et al., 2015).

The focus of my thesis is on the bacterial ribosome.
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Figure 1.3: Gallery of ribosomal structures. A side-by-side comparison of the structures of the
bacteria (E. coli) (PDB ID: 4v4q) (A), yeast (S. cerevisiae) (PDB ID: 4v88) (B) and human
(PDB ID: 4ug0) (C) ribosomes. Panel (D) and (E) show the structures of the mitochondrial
ribosome from human (PDB ID: 3j9m) and yeast (PDB ID: 5mrf), respectively. Figure taken
from (Razi et al., 2017) with permission eLS publisher.



1.3 Function of the ribosome

The function of the ribosome is to synthesize proteins during translation. To achieve this
goal translation has three steps: initiation, elongation, and termination.

Each subunit of the ribosome has three major sites involved in translation. These are
aminoacyl (A)-site, peptidyl (P)-site and exit (E)-site (Dauphin and Hamel, 1992; Frank, 2003;
Gao et al., 2003; Ramakrishnan, 2002; Rasmussen et al., 1991). A site is responsible for entering
the aminoacyl-tRNA, P site has a role in locating peptidyle-tRNA, and E site is accountable for
keeping deacylated tRNA before releasing from the ribosome.

Initiation of the protein synthesis starts with the recruitment of mRNA to the 30S subunit
and binding of the Shine-Dalgarno sequence of the mRNA to the anti-Shine-Dalgarno sequence
on the 16S rRNA (Shine and Dalgarno, 1974). Then tRNA loaded with an amino acid (charged
tRNA) is bound to the P-site with the assistance of initiation factors I, IT and III. Initiation factors
IT and III facilitate the association of the 30S and 50S subunit and trigger the initiation process.

Then, the initiation complex is formed, by base pairing between the mRNA codon and
tRNA anticodon at the A-site. The decoding center of the 30S subunit is responsible for
monitoring the geometry of the canonical codon and anticodon base pairing by nucleotides
A1492 and A1493 located in helix 44 in a proofreading step (Ogle et al., 2001; Yoshizawa et al.,
1999).

Subsequently, the elongation of the polypeptide chain occurs with the assistance of two
protein factors. Elongation factor Tu (EF-Tu), which is responsible for recruiting of the
aminoacyl-tRNA to the A site, and elongation factor G (EF-G), which is responsible for the
translocation mechanism that shift tRNA from the A site to the P site and simultaneously shifts
mRNA from the P site into the E site. Subsequently, the bound tRNA in E site will get released.

When a stop codon reaches the A site, release factor I or II binds to the A site and facilitates the



release of deacylated peptidyl-tRNA. Then the recycling factor promotes the dissociation of the
release factor and the dissociation of two ribosomal subunits.
1.4 The ribosome is a major target for antimicrobials

Emergence of antibiotic resistance among organisms responsible for infectious disease has
outpaced new antibiotic development posing a serious health problem. Antibiotics are losing
their ability to control even common bacterial pathogens and of increasing concern are
“superbugs”, bacteria that carry resistance genes for multiple antibiotics. The ribosome has
traditionally been used as a major antibiotic target and as a such, antibiotics targeting the
ribosome interact with either the 30S or 50S subunit of the 70S ribosome and inhibit and impair
protein synthesis.

The Ramakrishnan group solved the X-ray structure of the ribosomal subunits in complex
with various antibiotic families (Carter et al., 2000). Some of these antibiotics such as
Spectinomycin bind to the 50S subunit at H34 and inhibit elongation factor G, thus blocking
translocation of tRNA. Streptomycin and paromomycin bind to the helix 44 of the 30S subunit
and thus affect the proof-reading step during translation. Binding of these antibiotics induces
conformational changes that prevent the association of the 30S subunit to the 50S subunit and
therefore cease translation.

However, there are no drugs that specifically target the process of ribosome assembly.
This process is assisted by protein factors that ensure proper folding of the rRNA and other
events necessary for the maturation of the ribosomal subunits. In theory, each step of assembly
catalyzed by a protein factor provides a potential platform to develop new antibiotics against
bacteria. However, an essential pre-requisite to leverage these assembly factors as new

antimicrobial targets is to understand their exact role.



1.5 The Assembly of the bacterial ribosome

Ribosome biogenesis is a highly-regulated and multistep process. This assembly process
was examined for the past 50 years by different techniques such as chemical footprinting
(Adilakshmi et al., 2008), pulse chase monitored with mass spectrometry (Mulder et al., 2010),
microscale thermophoresis (MST) (Thurlow et al., 2016b), analytical ultracentrifugation
(Jeganathan et al., 2015) and cryo-EM. These techniques reveal that ribosome biogenesis starts
with transcription of rRNA and subsequently this nascent rRNA undergoes modifications of
precursor sequences to form the backbone of each ribosome subunit.

Initially the three rRNAs (16S rRNA, 23S rRNA, and 5S rRNA) and tRNA are
transcribed from a single pre-tRNA transcript. This transcript is cleaved by RNase III into the
precursor of all three rRNAs (Figure 1.4) (Shajani et al., 2011).

The 17S rRNA, precursor of 16S rRNA, contains an additional 115 nucleotides at the 5'
end and 33 nucleotides at the 3' end. RNase E cleaves the 5' end of the 17S rRNA to 66
nucleotides and RNase G further processes the 5' end (Li et al., 1999b). Maturation of the 5' end
happens before maturation of the 3' end of the 16S rRNA (Al Refaii and Alix, 2009; Li et al.,
1999b). The cleavage of the 3' end is less characterized, however recent studies have shown that
there are at least four exonucleases (RNase II, RNase R, RNase PH and PNPase), in addition to
YebY (Figure 1.4) (Sulthana and Deutscher, 2013).

The 23S rRNA precursor contains between 3 to 7 additional nucleotides at the 5' end and
from 7 to 9 additional nucleotides at the 3' end (King et al., 1986; Sirdeshmukh and Schlessinger,
1985). The details of 5' end maturation are unknown. However, RNase T processes the 3' end
(Figure 1.4) (Li et al., 1999a).

The 5S rRNA precursor contains an additional 84 and 42 nucleotides at the 5' and 3' ends,

respectively. RNase E is essential to cleave the extra nucleotides at both ends of the 5S rRNA.
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However, processing by this enzyme leaves 3 extra nucleotides at each end of the 5S rRNA. The
maturation of the 5' end of the 5S rRNA is still unknown. In addition, the 3' end of the 5S rRNA

can be further cleaved by RNase T (Figure 1.4) (Misra and Apirion, 1979).

23S rRNA
16S rRNA )
RNase G —-
RNase E —- 4. ? == —+RNaseT
5 RNase llI > RNase Il >
RNase 1l ~ 3
RNase P RNase Z - RNase E
RNase E ==t RNase T
tRNA ? |

5S rRNA

Figure 1.4: rRNA processing. rRNA contains 17S rRNA, 23S rRNA, 5S rRNA and one tRNA
molecule. Shown here is rRNA transcript in 5' to 3' direction with known cleavage sites. The site
marked with an asterisk (*) is suggested to be processed by sevral enzymes (RNase II, RNase R,
RNase PH, RNPase). The sites marked with a question mark (?) are cleaved by unknown
nucleases.

Simultaneously, r-proteins are synthesized, modified, and folded, and they bind to the rRNA
backbone. Hierarchical binding of r-proteins results in stabilization of rRNA that aids further r-
protein binding, until subunits are fully matured. By varying the order in which r-proteins were
added in vitro studies by the Nomura and Nierhaus groups created a hierarchal map of r-proteins
binding to the rRNA scaffold. First primary r-proteins bind directly to the rRNA and stabilize
their folding, then secondary r-proteins bind to the primary proteins and further assist in the

folding of the rRNA, and finally the tertiary r-proteins bind to the secondary proteins (Figure

1.5) (Mizushima and Nomura, 1970; Nomura, 1970). Thus, the role of r-proteins in ribosome
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assembly can be viewed as factors that facilitate and stabilize rRNA folding into the proper and
functional conformation. The assembly of each subunit occurs separately. The focus of my

dissertation is on 30S subunit assembly.

‘ Central domain (platform) _
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Figure 1.5: Nomura assembly map. This is the hierarchical order of r-proteins binding to the
16S rRNA. Arrows represent protein binding dependencies. Primary r-proteins (1°) require only
the presence of rRNA. Secondary r-proteins (2°) require the presence of primary proteins.
Tertiary proteins (3°) require the presence of secondary proteins to bind.
1.6 Assembly factors provide speed and directionality to the assembly process

The Nomura group showed that the 30S subunit can be reconstituted in vitro in the
presence of r-proteins and rRNA under non-physiological conditions such as high temperature
and buffer containing high salt concentrations (Nomura, 1969). These in vitro reconstitution
experiments revealed that all of the information necessary to assemble the ribosome is contained
in its RNA and protein components (Nomura, 1969; Nomura and Traub, 1968). In these in vitro

reconstitution experiments two intermediates of the 30S subunit were isolated. The first

intermediate known as 21S reconstitution intermediate (RI) with 15 r-proteins bound to the 16S
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rRNA, accumulates when the experiment is performed at low temperature (0 -15 °C).
Subsequently, exposure of the reaction to higher temperature (40 °C) enhances the
conformational changes that cause the formation of the second intermediate as 25S (RI*). This
intermediate eventually leads to the formation of the mature 30S subunit. Thus, it was originally
theorized that the assembly process occurs through a linear pathway (Figure 1.6).

However, subsequent pulse-chase quantified by mass spectrometry experiments
performed by the Williamson group, revealed various rates of association of r-protein binding to
rRNA (Talkington et al., 2005). In addition, rRNA folding as a result of r-protein binding was
examined through hydroxyl radical foot-printing by the Woodson lab. These experiments
demonstrate that local transformations in biogenesis have similar but distinct activation energies.
That indicates the assembly process occurs through multiple simultaneous folding pathway
(Talkington et al., 2005). Local folding of rRNA creates the binding position for r-proteins.
Binding of r-proteins to rRNA generates large changes in the landscape of energy. Sequential
protein binding eventually stabilizes the native 30S conformation (Figure 1.6). The folding
events at the late stages of maturation have a strong tendency to fall into local energy minima,
although this process in the cell is fast and efficient.

Conversely, the in vitro reconstitution experiments showed that the entire process of
ribosome maturation in the cell, including synthesis of components as well as folding and
assembly, occurs in less than 2 minutes in actively growing E. coli. Cell achieves this high
efficiency through the action of assembly factors that expedite the process (Culver, 2003;
Talkington et al., 2005). There are over 20 assembly factors that help the maturation of the 30S
subunit. Unlike ribosomal proteins, these assembly factors are not part of the final structure of
the ribosome (Wilson and Nierhaus, 2007). These assembly factors can be broadly characterized

as helicases, chaperons, RNA modification enzymes, and GTPases (Shajani et al., 2011;
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Woodson, 2011). Assembly factors have structural and catalytic roles in ribosome maturation.
These assembly factors help the proper folding of rRNA motifs with r-proteins and prevent them
from becoming trapped in local energy minima (Connolly and Culver, 2009). Helicases are
involved in RNA unwinding and RNA folding (Jankowsky et al., 2001). Chaperones have a role
in ribosome biogenesis, since deletion of genes that express heat shock protein 70, causes an
accumulation of immature 30S subunits (El Hage et al., 2001). RNA modification enzymes
catalyze post transcriptional modifications, primarily methylation of 16S rRNA (Nesterchuk et
al., 2011).

Some of these assembly factors have been implicated in the late stages of maturation
(Britton, 2009; Shajani et al., 2011). Our lab focuses on the function and role of YjeQ, Era, RbfA
and RimM. Among these assembly factors, GTPases are an important driving force for
conformational changes that lead to functional subunits. My PhD dissertation focuses on the role

of two of these GTPase proteins: YjeQ and Era.
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Figure 1.6: Assembly pathway of the 30S subunit. A) The assembly of the 30S subunit was
believed to follow a single linear pathway with two rate limiting steps. B) Binding of r-protein
changes the energy landscape of the ribosome assembly (Adapted from Williamson JR. 2005;
Nature)

1.7 GTPase assembly factors

GTPases are universally conserved and have diverse roles in cell function regulation,

signal transduction, translation, hormonal and sensory signals (Caldon et al., 2001). Previous
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work suggests that GTPases are also essential factors that facilitate the maturation of the
bacterial ribosomes (Britton, 2009; Shajani et al., 2011).

There are two large GTPase classes: TRAFAC, which includes factors involved in
translation and signal transduction and SIMIBI, which consists of signal recognition particle
GTPases and metabolic enzymes (Leipe et al., 2002). GTPase factors that are involved in
ribosome maturation belong to the TRAFAC family. More specifically, they belong to the Ras
superfamily and play a role in signal transduction by acting as an on and off switch (Karbstein,
2007). The general structure of the GTPase domain contains five conserved motifs, G1-GS5.
These motifs are involved in nucleotide binding and Mg?* ion binding. Also, they contain switch

I and II that adopt large conformational changes when they are bound to GTP versus GDP.

1.7.1 YjeQ

YjeQ (RsgA) is a 39 KDa highly conserved GTPase, only present in bacteria. YjeQ has
low intrinsic GTPase activity that gets stimulated upon binding to the 30S subunit by 160-fold
(Daigle et al., 2002). YjeQ is comprised of three domains: the N-terminal OB-fold
(oligonucleotide/oligosacharide binding fold) domain, the GTPase domain and the C-terminal
zinc-binding domain (Daigle et al., 2002; Levdikov et al., 2004; Nichols et al., 2007; Shin et al.,
2004). The OB fold domain consists of antiparallel B-sheets that form a p-barrel. This domain is
an RNA binding domain, which is required for binding to the 30S subunit in E. Coli and for the
protein to stimulate GTPase activity (Daigle and Brown, 2004). OB fold domains are found in
translation factors, as well. In addition, there is an extra 24 amino acid extension at the N-termini
of E. coli YjeQ (Figure 1.7) (Razi et al., 2017b).

The GTPase domain has the characteristic G motifs mediating the nucleotide binding and

hydrolysis (G1-G2-G3-G4-G5). However, they are circularly permutated and adopt a G4-G5-G1-
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G2-G3 pattern. Work on the prototype ras GTPase showed that nucleotide binding and
hydrolysis leads to conformational changes typically confined to two loops in the GTPase
domain, known as switch I and switch II, which make contact with the phosphate groups of the
nucleotide and undergo large conformational changes upon GTP hydrolysis (Anand et al., 2006).
Switch I in YjeQ encompasses the G2-loop and it is disordered in the YjeQ structure. The G3
loop constitutes the switch II, which in this case is a long stretch of amino acids connecting the
GTPase domain with the C-terminal zinc finger domain. Therefore, switch I and II are well
positioned in YjeQ to propagate the conformational changes occurring as a result of GTP
hydrolysis to the upstream and downstream domains, respectively. Finally, the C-terminal zinc-
finger domain contains 3'%-helix and a long loop containing three cysteine and a histidine that
coordinate the zinc ion. Zinc-finger motifs are present in proteins that bind to RNA. There is also
a helical extension that has been referred to as the C-terminal extension (CTE) (Nichols et al.,

2007).

GTPase Domain

Zinc-finger Domain OB-fold Domain
Figure 1.7: Crystal structure of YjeQ S. typhirmurium. Crystal structure of YjeQ showing
the three domains in the protein: Zinc-finger domain, GTPase domain and OB-fold domain
(Figure made from PDB ID 2RCN).
Binding of YjeQ to the 30S subunit has previously been verified by filtration assay and
MST (Jeganathan et al., 2015; Thurlow et al., 2016b). Filtration assays showed that YjeQ can
bind to the mature 30S subunit with three different nucleotides. However, the binding of YjeQ to

the mature 30S subunit is the highest in the presence of GMPPNP (non-hydrolyzable analog of
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GTP) (Jeganathan et al., 2015). Previous MST results indicate that YjeQ is able to bind to the
30S subunit with high affinity of 66.2 nM. However, binding of YjeQ to mature 30S subunits in

the presence of GDP was not observed with this technique (Thurlow et al., 2016a).

To test whether the zinc finger domain of YjeQ is important for binding to the 30S
subunit, our laboratory constructed three YjeQ variants with different truncations in the C-
terminal region. In the first variant (YjeQ M1), the entire zinc-finger domain was removed. For
the second variant (YjeQ M2), the stop codon was introduced right after the 3'°-helix to remove
the loop coordinating the zinc ion. Finally, for the third variant (YjeQ M3) the stop codon was
introduced at the position removing the CTE but not the loop coordinating the zinc ion. Binding
assays of these variants in complex with the 30S subunits were then performed. Results showed
that the YjeQ MI variant and the YjeQ M2 variant had decreased binding to the mature 30S
subunit compared to the wt YjeQ. However, the YjeQ M3 variant showed enhanced binding to
the 30S subunit compared to wt YjeQ (Jeganathan et al., 2015). This finding suggests that the
zinc finger domain (except its C-terminal helix) contributes to the binding of YjeQ to the 30S
subunit.

Cryo-EM has been used to generate a 3D structure of YjeQ in complex with the 30S
subunit from two groups (Guo et al., 2011; Jomaa et al., 2011c¢) and described that YjeQ binds to
the decoding center of the mature 30S subunit. According to one of these structures, the N-
terminal OB-fold domain of YjeQ-GMPNP interacted with helix 44, while C-terminal zinc-
finger domain interacted with the head of the 30S subunit (Guo et al., 2011). In addition, its

GTPase domain covers the decoding center and interacts with the helix 44.

Based on the second structure, the N-terminal OB-fold of YjeQ interacted with the head

of the 30S subunit and the C-terminal zinc-finger domain interacted with helix 44 (Jomaa et al.,
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2011c). In this structure, the density representing the upper domain of helix 44, which constitutes
the binding site of RbfA, is lacking (Datta et al., 2007). It is interesting that negatively charged
residues in the surface of the zinc-finger domain face the negatively charged phosphate-oxygen
backbone of nucleotides of helix 44 in the native 30S subunit. This charge distribution suggests
the necessity of a shift in the helix 44 motifs to avoid electrostatic repulsion.

In 2017, two additional structures of the 30S in complex with YjeQ were solved with
much higher resolution (Lopez-Alonso et al., 2017; Razi et al., 2017b). The Connell group
solved the structure with a resolution of 5.2A and demonstrated that YjeQ binding introduces
conformational changes to the 30S subunit and in its late ribosomal proteins. In this study, they
demonstrated the binding of YjeQ to the decoding center of the 30S subunit. In this complex, the
OB fold domain of YjeQ interacts with the body and the Zinc finger domain contacts the head of
the 30S subunit. In addition, they observed underrepresentation of several late ribosomal proteins
such as uS2, uS3, uS7, uS12 and bS21 upon binding of YjeQ to the 30S subunit. Also, they
observed that YjeQ locks helix 44 into a conformation which is consistent with the previous x-
ray structure of the 30S subunit, representing the mature orientation ready to be associated with

the 50S subunit.

On the other hand, deletion of YjeQ causes a slow-growth phenotype of cells and
accumulation of the immature 30S subunit with unprocessed 17S rRNA (Himeno et al., 2004;
Jomaa et al., 2011a) (Table 1.1). Our laboratory previously characterized the intermediates that
accumulate upon deletion of yjeQ by cryo-EM and qMS (Leong et al., 2013; Thurlow et al.,
2016a). Cryo-EM analysis revealed distortion at the 3' domain of the 16S rRNA and qMS
demonstrated depletion of secondary and tertiary ribosomal proteins such as uS10, uS3, uS2,
uS14, uS5, bS21 and uS9. In addition, the cryo-EM structure showed that these immature

particles have a highly flexible helix 44. This intermediate structure shares similar features with
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the intermediate particles that accumulate in the ArimM strain, which is characterized by a

distortion at the decoding center of the 30S subunit (Leong et al., 2013).

Factor Function Growth RNA Ribosome
profile

YjeQ GTPase Slow 17S rRNA 30S increased
and 70S
decreased

Era GTPase Essential 17S rRNA 30S increased
and 70S
decreased

Table 1.1: Phenotypic characteristics of the AyjeQ and ArimM strains.
1.7.2 Era

Era (E. coli ras like protein) is an essential 33 kDa GTPase protein. Era is a pleiotropic
protein with multiple functions in the cell. It is involved in cell division (Britton et al., 1997;
Britton et al., 1998), chromosome segregation (Lerner et al., 1992), cell homeostasis (Gollop and
March, 1991a, b), carbon metabolism (Lerner and Inouye, 1991) and ribosome biogenesis
(Sharma et al., 2005).

Era is found in both prokaryotes and eukaryotes. It consists of two domains: The N-
terminal GTP-binding and the C-terminal KH RNA-binding domains (Comartin and Brown,
2006). These two domains are connected through a flexible linker, which is 17 amino acid
residues in length. The N-terminal domain consists of a 6 stranded B-sheet flanked by five
helices and it contains a phosphate binding loop. The C-terminal consists of a 3 stranded B-sheet
and 3 helices responsible for nucleotide binding (Figure 1.8) (Chen et al., 1999). Era has slow
GTPase activity. However, its GTPase activity gets stimulated upon binding to RNA (Meier et

al., 2000; Sullivan et al., 2000).
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Figure 1.8: Crystal structure of Era. Crystal structure of Era protein showing its two domains:
N-terminal GTP-binding domain, and C-terminal KH RNA-binding domain (Figure made from
PDB ID 3IEV).

It was shown by sucrose gradient ultracentrifugation followed by western blot analysis
with an anti-Era antibody, that Era co-sediments with the 30S subunit. In addition, they showed
that binding of Era to the 30S subunit is possible in the presence of GMPPNP and this binding
was inhibited in the presence of GTP and GDP (Boriack-Sjodin et al., 1998; Sayed et al., 1999).
Thus, Era is able to bind to the 30S subunit in nucleotide dependent manner and may have a role

as a small subunit assembly factor (Hang et al., 2001; Hang and Zhao, 2003; Inoue et al., 2003;

Zhao et al., 1999).

The Cryo-EM structure of Era in complex with the 30S subunit in 7. Thermophilus
reveals that Era binds to the 30S ribosomal subunit between the head and platform, where the 3'

terminus of the 16S rRNA is located. Furthermore, binding of Era blocks association of the 30S
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and 50S subunits through conformational changes on the 30S subunit rather than
stereochemically (Sharma et al., 2005).

These findings suggest Era has a role as an RNA chaperon to process rRNA or facilitate
30S subunit maturation by inducing conformational changes to the RNA. In addition, Era may
act as a placeholder for ribosomal proteins and therefore prevent binding of the premature 30S

subunit to the 50S subunit (Tu et al., 2009).

Although there are many findings regarding the function of Era in 30S subunit assembly,
there is little known about the immature 30S particles that accumulate upon depletion of Era
(Inoue et al., 2003; Sayed et al., 1999; Sharma et al., 2005) (Table 1.1).

1.8 Functional interplay between assembly factors

Interactions between assembly factors are essential for their function and synthesis.
Genetics, binding assays and affinity measurements using MST have been used to assess the
functional interplay between factors. For example, slow growth caused by deletion of YjeQ can

be suppressed by overexpression of Era (Figurel.9) (Inoue et al., 2003).
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Figure 1.9: Genetic functional interplay between factors. Functional interplay between factors
that show overexpression or mutation (Mut) of assembly factors can compensate for deletion of
other factors. Green arrows indicate the effects are beneficial and red arrows indicate the effects
are harmful.

The Inouye group also has previously shown that RbfA is essential for cell growth at low
temperature (Inoue et al., 2006). Deletion of RbfA causes an accumulation of 30S and 50S
subunits, however, overexpression of Era suppresses the cold sensitive and slow growth
phenotype in the RbfA deletion strain (Inoue et al., 2006). This suggests a possible functional
interplay between Era and RbfA, two of the assembly factors with roles during late stage of 30S
maturation. Additionally, the slow growth phenotype in ArimM cells can be suppressed by

overexpression of 7bf4 and deletion of rimM enhances the slow growth in AyjeQ cells (Bylund et

al., 1998; Campbell and Brown, 2008).

All together, these evidences suggest that functional interplays between YjeQ, RbfA,

RimM and Era are important for the maturation of the 30S subunit.

Functional interplays may also play an essential role during factor release (Campbell and

Brown, 2008). Biochemical work from the Himeno group described that YjeQ assists the release
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of RbfA once the maturation of the 30S subunit is completed (Goto et al., 2011). Furthermore,
our previously published work (Jeganathan et al., 2015) identified that the zinc finger domain of
YjeQ mediates the process of releasing RbfA. However, the detailed mechanism of how YjeQ
implements the release of RbfA and the conformational changes that YjeQ or the 30S subunit
undergoes to facilitate the release of RbfA have not been described. To understand the
mechanisms through which YjeQ facilitates the release of RbfA from the mature 30S subunit,
our laboratory performed binding assays of these two factors to both mature 30S subunits and
immature 30S subunits purified from Ayjeq E. coli strains. The results showed that YjeQ was
able to efficiently remove RbfA from the mature 30S subunit in a GTP dependent manner. The
removal of RbfA was very efficient in the presence of GTP and GMP-PNP. In the presence of
GDP, YjeQ was not capable of displacing the factor and RbfA remained bound to the mature
30S subunit. Therefore, we proposed a model on how YjeQ may release RbfA from the mature
30S subunit. In this model, first RbfA binds to the immature 30S subunit and coordinates the
maturation of the decoding center of the 30S subunit. At this point YjeQ is able to bind to the
mature 30S subunit in the presence of GTP. However, binding of YjeQ facilitates the release of

RbfA from the mature 30S subunit (Figurel.10).
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Figure 1.10: Diagram illustrating the Release of RbfA by YjeQ. RbfA binds to the immature
30S subunit. Subsequently, binding of YjeQ in the presence of GTP to the mature 30S subunit
triggers the release of RbfA. Adapted from (Razi et al., 2017b) with permission PNAS publisher.
1.9 Assembly factor knockout strains studied by cryo-EM provide a powerful tool for
investigating maturation

Historically, X-ray crystallography and cryo-electron microscopy have frequently been
used to study the assembly process of macromolecular complexes. The study of the ribosome
maturation process is illustrative of the potential of cryo-EM to directly visualize assembly of
this macromolecular complex. Atomic resolution structures of the ribosome during its assembly
provide unprecedented opportunity for drug development. However, most of the structures
populating the assembly process are intrinsically flexible and standard approaches like X-ray

crystallography are not useful. An ideal tool to obtain these structures is cryo-EM. In cryo-EM

the sample is vitrified in a thin layer of ice and maintained in its fully hydrated state. Ribosome
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motion and different conformations can be captured since it is not stabilized by a crystal lattice.
Additionally, advanced classification tools, are able to identify unique conformations and
categorize them into separate classes. However, until recently, cryo-EM was only capable of
obtaining the structure of essential cellular complexes at moderate resolution (~10 A). The
advent of direct electron detector cameras has revolutionized structural biology. Cryo-EM can
now obtain the structure of proteins and potentially resolve the multiple conformations that a
protein complex may adopt in solution at high resolution (3 A or better). This level of detail
allows for the development of new antibiotics against these targets (Kuhlbrandt, 2014;
Schluenzen et al., 2000; Smith and Rubinstein, 2014; Yusupov et al., 2001).

Nevertheless, visualizing the ribosome assembly process and how protein factors assist
maturation is quite challenging. The process is continuous, and bacteria are extremely efficient at
assembling ribosomes, thus it is very difficult to isolate and characterize ribosomal
intermediates. To overcome this challenge, identifying small molecule inhibitors specific to
ribosome biogenesis has been attempted. By screening thousands of various compounds, the
Brown group identified lamotrigine, which is a chemical probe to perturb the bacterial ribosome
biogenesis (Stokes et al., 2014). So far, this is the only small molecule found targeting
biogenesis. Thus, the applicability of this approach for studying ribosome biogenesis is very

limited at the moment.

Another well-established method developed by our laboratory (Guo et al., 2013; Jomaa et
al., 2011a; Leong et al., 2013) revealed that mutations directed to assembly factors slow down
ribosome assembly and enable the accumulation and isolation of ribosomal intermediates (Figure
1.11). Using this approach, our laboratory produced the first structures of in vivo assembled
immature ribosomal subunits (Jomaa et al., 2014; Jomaa et al., 2011a; Leong et al., 2013). These

structures constitute the first visual representations of discrete ribosome subunit assembly steps.
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Also, structures of immature 30S subunits that accumulate in knockout strains lacking one of the
genes for these assembly factors such as YjeQ, RbfA and RimM (Leong et al., 2013; Yang et al.,
2014) along with their putative binding sites, indicate these factors may be involved in the
maturation of the decoding center. Their roles in the maturation of the functional core of the 30S
subunit may entail facilitating proper processing and folding of the 16S rRNA precursor (17S
rRNA), or mediating protein-rRNA interactions. Also, binding of these factors to or around the
decoding center blocks essential intersubunit bridges (B3, B2a and B7a), preventing the
premature association of 30S and 50S particles before the maturation process is complete.
Therefore, a key step to allow the 30S subunit to enter the pool of actively translating ribosomes
is the release of these factors.

A)

Chemical approach

17S rRNA
5 3
+—16S rRNA —

>_._. 7u_.u_.
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r-proteins Inhibitor )
Accumulated Mature particles
intermediates

B)
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17S rRNA
5 3

F—116S rBNA —
>—* —_— —_— —
Tu
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r-proteins factors
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intermediates

Figure 1.11: Chemical and genetic approaches to capture in vivo assembled ribosomal
subunit intermediates. (A) The diagram represents the assembly line of the 30S subunit.
Chemical approaches use small-molecule inhibitors to block a specific step in the ribosome
assembly process, which leads to the accumulation of immature subunits. (B) In genetic
approaches single-gene deletion strains are created by homologous recombination where the
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open-reading frame coding region of the gene for an assembly factor is replaced with a marker
cassette. Absence of a particular assembly factor causes a slowdown of the specific assembly
steps assisted by this factor, which eventually leads to accumulation of assembly intermediates
that are possible to purify for subsequent analysis. Figure taken from (Razi et al., 2017a) with
permission NAR publisher.
1.10 Aims of this thesis

My working hypothesis is that, in addition to being maturation factors, Era and YjeQ
function as quality control factors probing the functionality of the 30S subunit before it is
released to the pool of actively translating ribosomes. The main objective of my thesis is to

determine the precise function and mechanism of Era and YjeQ in assisting the assembly of the

30S subunit and assessing its functionality.

The specific aims of this study are listed below:

1) Uncovering the function of YjeQ in the maturation of the 30S subunit (Chapter 2).

2) Identifying the mechanism of Era in the maturation of the 30S subunit (Chapter 3).

3) Investigating the functional interplay between YjeQ and Era (Chapter 3).
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2.1 Abstract

Recent work suggests that bacterial YjeQ (RsgA) participates at the late stages of
assembly of the 30S subunit and assists the assembly of the decoding center, but YjeQ also binds
the mature 30S subunit with high affinity. To determine the function and mechanisms of YjeQ in
the context of the mature subunit, we determined the cryo-EM structure of the fully assembled
30S subunit in complex with YjeQ at 5.8 A resolution. We found that binding of YjeQ stabilizes
helix 44 into a conformation similar to that adopted by the subunit during proofreading. This
finding indicates that, in addition to its role as an assembly factor, YjeQ has a role as a
checkpoint protein consisting of testing the proofreading ability of the 30S subunit. The structure
also informs on the mechanism by which YjeQ implements the release from the 30S subunit of a
second assembly factor called RbfA. Finally, it reveals how the 30S subunit stimulates YjeQ
GTPase activity and leads to the release of the protein. Checkpoint functions have been
described for eukaryotic ribosome assembly factors. However, this work provides the first
example of a bacterial assembly factor that tests a specific translation mechanism of the 30S

subunit.
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2.2 Introduction

Understanding how the components of the bacterial ribosome come together and organize
themselves remain a daunting challenge. The assembly of the simplest of its subunits, the 30S
ribosomal subunit, is a multi-step process that starts with transcription of the 16S ribosomal
RNA (rRNA) and synthesis of the ribosomal proteins (r-proteins). Folding of the 16S rRNA
starts before transcription is completed. This process is intimately coupled with modifications to
the RNA and the processing of the precursor sequences (Connolly and Culver, 2009; Shajani et
al., 2011). Binding of its 21 r-proteins to the 16 rRNA occurs in a hierarchical manner
(Hosokawa et al., 1966; Traub and Nomura, 1968a, b, 1969) and their binding stabilizes the 3D
interactions encoded by the sequence of the rRNA and simultaneously suppresses RNA
misfolding (Woodson, 2008, 2011).

Ribosome assembly is a much more efficient process in the cell than in in vitro
reconstitution experiments. The entire process of synthesis, folding, assembly and maturation
occur in less than 2 min in actively growing Escherichia coli (Lindahl, 1975). Cells achieve this
higher efficiency due to the existence of nonspecific RNA and protein chaperones assisting early
stages of assembly and more importantly, through the action of specific assembly factors that
mainly act at the later stages of the process (Connolly and Culver, 2009; Shajani et al., 2011).
There are three protein factors (YjeQ (RsgA), Era and RbfA) involved in the late stages of
assembly of the 30S subunit and their functions in ribosome maturation have been extensively
studied in the last decade (Guo et al., 2013; Jeganathan et al., 2015; Jomaa et al., 2011a; Leong et
al., 2013). Recent work indicates that these factors bind the 30S subunit at or near the decoding
center and assist its folding (Datta et al., 2007; Guo et al., 2011; Jomaa et al., 2011b, c; Sharma
et al., 2005). However, the precise mechanisms and the functional interplays between them

remains unclear.
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This study focuses on YjeQ, a protein that exhibits weak intrinsic GTPase activity
(Daigle et al., 2002). Association of YjeQ with the 30S subunit results in a 160-fold stimulation
of its GTPase activity (Daigle and Brown, 2004; Himeno et al., 2004). A defining feature of
YjeQ, along with other GTPases involved in ribosome biogenesis (RbgA and YqeH), is that its
GTPase domain presents a permutation in the order of the characteristic GTPase loops (Levdikov
et al., 2004; Nichols et al., 2007; Shin et al., 2004). The canonical G motifs, mediating the
nucleotide binding and hydrolysis, (Gl (Walker A, P-loop)-G2 (T)-G3 (Walker B)-G4
(N/TKxD)-GS5 [(T/G)(C/S)A]) are circularly permutated and adopt a G4—G5—-G1-G2—-G3 pattern.
A N-terminal oligonucleotide / oligosaccharide binding (OB-fold) domain and a C-terminal zinc-
finger domain flank the GTPase domain. The OB-fold domain consists of antiparallel B-sheets
defining a B-barrel. The carboxy-terminal zinc-finger domain in YjeQ is comprised of a 3!°-
helix, a long loop mediating the tetrahedral coordination of a zinc metal ion and two additional
a-helices. Two important functional GTPase elements of YjeQ are switch I (G2-loop) and switch
IT (G3-loop). Structural work in the ras GTPase has shown that nucleotide binding and
hydrolysis in GTPases of this family causes conformational changes in these two switches. In
YjeQ switch I and II are ideally positioned to propagate conformational changes between the
GTPase domain and the other two domains in YjeQ.

The precise function of YjeQ in assisting the late stages of maturation of the 30S subunit
is largely unknown. Structural characterization of a late 30S assembly intermediate that
accumulate in an E. coli yjeQ null (Jomaa et al., 2011a) strain initially suggested that YjeQ may
first bind to the 30S subunit when it is still in an immature state to act as a RNA chaperone
assisting the folding of the upper region of helix 44 — an essential component of the decoding

center. However, recent experiments revealed that the binding affinity of YjeQ to these immature
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particles is weak suggesting that they transition to a more thermodynamically stable assembly
intermediate that is no longer recognized by YjeQ (Thurlow et al., 2016a).

Unexpectedly for an assembly factor, YjeQ binds to mature 30S subunits with high
affinity (Thurlow et al., 2016a). This property hints to the possibility that YjeQ function in
ribosomal assembly may not be limited to late assembly intermediates, but rather act on both
immature and mature 30S subunits. In this context, work from the Himeno group suggested that
one of the functions of YjeQ is assisting in the release of RbfA once maturation of the ribosomal
particle is complete (Goto et al., 2011). Another possible checkpoint role of YjeQ could be
blocking the binding of initiation factors to premature 30S subunits and ensure quality control of
the 30S subunit production (Guo et al., 2011). The role of the GTPase activity in these functions
of YjeQ remains unclear.

A structure of YjeQ bound to a bona fide immature 30S particle has yet to be obtained.
However, two independently produced cryo-electron microscopy (cryo-EM) structures show that
YjeQ binds to the decoding center of the mature 30S subunit (Guo et al., 2011; Jomaa et al.,
2011c). Interestingly, these two cryo-EM structures proposed different binding orientations for
YjeQ. In one of the structures, the OB-fold domain interacts with the decoding center and the
zinc-finger domain contacts the head of the 30S subunit (Guo et al., 2011). The second structure
suggests a different orientation with the OB-fold interacting with the platform, the zinc-finger
domain binding helix 44 and the GTPase domain largely covering the decoding center (Jomaa et
al., 2011c). The moderate resolution (10-16A) of both cryo-EM structures, however, precluded
the identification of essential cues necessary to understand the function and molecular
mechanisms of YjeQ, including specific amino acids and individual rRNA helices that mediate
the interactions between the protein and ribosomal particle. Furthermore, the existing cryo-EM

structures or any of the available X-ray structures of YjeQ do not provide an accurate description
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of important functional motifs of YjeQ. These motifs include the first 34 N-terminal amino acids
of Escherichia coli YjeQ that are essential for binding to the 30S subunit (Daigle and Brown,
2004), as well as switch I. Therefore, it is difficult from the existing cryo-EM and X-ray
structures to derive precise testable models about the function of YjeQ.

To gain new key insights regarding the function of YjeQ in the context of the mature 30S
subunit, we have obtained the 3D structure of the mature 30S subunit in complex with YjeQ at
5.8 A resolution using an electron microscope equipped with a direct electron detector.
Consistent with previous structural work (Guo et al., 2011; Jomaa et al., 2011c), the cryo-EM
map shows that YjeQ binds to the decoding center. The much higher resolution of this structure
allows the identification of specific secondary structure elements of YjeQ. Consequently, the
binding orientation of YjeQ to the 30S subunit can be precisely established. The structure shows
that YjeQ anchors tightly to the three domains of the subunit, mainly through its N- and C-
terminal domains. The OB-fold contacts the body of the 30S subunit, while the zinc-finger
domain anchors the protein to both the head and platform domains of the 30S particle. The
GTPase domain almost completely covers the decoding center and contacts the platform through
a long loop. The 34 N-terminal amino acids of YjeQ are clearly visible in the EM map and its
location explains how this motif is essential for YjeQ binding to the 30S subunit. Switch I is also
partially visible in the cryo-EM map revealing a possible mechanism for the ribosome activated
GTPase activity of YjeQ. In addition, we obtained the cryo-EM map of free 30S mature subunit
allowing us to visualize the structure of this particle when it is not confined in a crystal lattice.
Surprisingly, we found that a long stretch of helix 44 is flexible and does not adopt the
conformation described by the 30S subunit X-ray structure. However, binding of YjeQ to the
free 30S subunit stabilizes helix 44 into a conformation that is similar to that on the X-ray

structure. The specific interactions between the OB-fold of YjeQ and helix 44 indicate that YjeQ
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has a role as a checkpoint protein dedicated to test the decoding fidelity of the 30S subunit before

the particle is released to the pool of actively translating ribosomes.
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2.3 Materials and Methods

2.3.1 Cell strains and protein overexpression clones

The parental strain Escherichia coli K-12 (BW25113) use to produce the mature 30S
subunits was obtained from the Keio collection, a set of E. coli K-12 in-frame, single gene
knockout mutants (Baba et al., 2006).

The pDEST17-yjeQ plasmid used to overexpress YjeQ protein with a amino-terminal
Hiss tag cleavable by tobacco etch virus (TEV) protease was generated as previously described

(Daigle and Brown, 2004).

2.3.2 Protein overexpression and purification

YjeQ protein was overexpressed as an amino-terminal Hiss-tag protein by transforming
E. coli BL21-A1 with the pDEST17-yjeQ plasmid described above. Typically, one liter of LB
medium was inoculated with 10 ml of saturated overnight culture and cells were grown to ODsoo
= ~0.6 by incubation at 37 °C. Expression was induced with 0.2% L-arabinose. Cells were then
induced for 3 hours at 37 °C and harvested by centrifugation at 3,700g for 10 min. Cell pellets
were washed with 1 X PBS buffer (137 mM NaCl, 2.7 mM KCI, 8.1 mM Na,HPO4 at pH 7.4)
and resuspended in 20 ml of buffer A (50 mM Tris-HCI at pH 8.0, 500 mM NaCl, 5% [v/v]
glycerol) containing a protease inhibitor cocktail (Complete Protease Inhibitor Cocktail Tablets,
Roche). Cells were lysed by sonication and the lysates were spun at 39,200g for 45 min to clear
cell debris and the supernatant was collected. The lysate was then filtered with a 0.45-pm syringe
filter (Millipore) and loaded onto a HiTrap Nickel Chelating Column (GE Healthcare Life
Sciences) previously equilibrated with 50 mM Tris-HCI at pH 8.0, 0.5 M NaCl and 5% [v/v]
glycerol. Non-specifically bound proteins were washed with 45 mM to 90 mM imidazole. YjeQ

was eluted with 180 mM imidazole. Purity of the fractions was monitored by SDS-PAGE and
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fractions containing each respective protein were collected and pooled together to dialyze
overnight in buffer containing 50mM Tirs-HCI at pH 8.0, 200mM NaCl and 5% (v/v) glycerol.
The amino-terminal Hise-tag was removed by digestion with TEV protease at a ratio of
10:1 (YjeQ:TEV). Following digestion, the reaction was loaded onto a HiTrap Metal Chelating
Column previously equilibrated with 50 mM Tris-HCI1 at pH 8.0, 0.5 M NaCl and 15 mM
imidazole. Fractions were collected and their purity evaluated by SDS-PAGE and Coomassie
Brilliant Blue staining. Fractions containing pure untagged YjeQ were pooled and dialyzed
against 50 mM Tris-HCl at pH 8.0, 150mM NaCl and 5% [v/v] glycerol overnight. To
concentrate the protein we used a 10 kDa-cutoff filter (Amicon) and the purified YjeQ was

frozen in liquid nitrogen and stored at -80 °C.

2.3.3 Purification of 30S ribosomal subunits

The parental strain (BW25113) was used for purification of the mature 30S subunits. One
liter of LB media was grown at 37°C to an ODgoo of 0.6. Cells were harvested by centrifugation
at 3,700g for 10 min. Cell pellets were resuspended in 7ml of buffer containing 20mM Tris-HCI
at pH 7.5, 10 mM magnesium acetate, 100 mM NH4Cl, 0.5mM EDTA, 3mM 2-mercaptoethanol
containing a protease inhibitor cocktail (cOmplete Protease Inhibitor Cocktail Tablets, Roche)
and DNasel (Roche). All of the following steps were performed at 4 °C. The cell suspension was
passed through a French pressure cell at 1400 kg/cm? three consecutive times to lyse the cells.
The lysate was spun at 30,000g for 40 min to clear cell debris. The clarified lysate was collected
and spun down at 138,488¢ for 132 minutes to pellet the ribosome. The pellet was resuspended
in the buffer containing (10mM Tris-HCI at pH 7.5, 10 mM magnesium acetate, 500 mM NH4Cl,
0.5mM EDTA and 3mM 2-mecaptoethanol). The resuspended solution was spun down at

30,000g for 15 minutes and then the supernatant was loaded onto a sucrose buffer containing
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(30% sucrose, 20mM Tris-HCI at pH 7.5, 10 mM magnesium acetate, 500 mM NH4Cl, 0.5 mM
EDTA, 3 mM 2-mecaptoethanol) and spun down for 16hr at 100,000g. The washed ribosome
pellet was resuspended in the buffer F containing (10 mM Tris-HCl at pH 7.5, 1.1 mM
magnesium acetate, 60 mM NH4Cl, 0.ImM EDTA, 3 mM 2-mecaptoethanol) that caused
dissociation of subunits. Approximately 120 Aeo units of resuspended crude ribosomes were
then applied to 34 ml 10%-30% (w/v) sucrose gradients prepared with buffer F. The gradients
were centrifuged for 16h at 40,000g on a Beckman SW32 Ti rotor. Gradients were fractionated
using a Brandel fractionator apparatus and an AKTAprime FPLC system (GE Healthcare). The
elution profile was monitored by UV absorbance at Axeo, and fractions corresponding to the 30S
subunit peak were pooled and spin down for another 16h at 40,000g on a Beckman SW32 Ti
rotor. Pellet containing the purified 30S subunits were resuspended in buffer E containing
(10mM Tris-HCl at pH 7.5, 10 mM magnesium acetate, 60 mM NH4Cl, 3mM 2-mecaptoethanol)

and stored at -80 °C.

2.3.4 Cryo-electron microscopy

The entire data set of images was collected over ten cryo-EM sessions. Assembly of the
30S+YjeQ complexes for these experiments was done in 20 pl reactions containing assembly
buffer (10 mM Tris—HCIl at pH 7.5, 10 mM magnesium acetate, 150 mM NH4CIl, 3mM 2-
mercaptoethanol and 2 mM GMP-PNP). The concentration of the 30S subunits in the assembly
reactions for the multiple cryo-EM sessions was always maintained at 1pM whereas the
concentration of YjeQ was either 5 uM or 7 uM depending on the reactions. The assembly
reaction was incubated for 30 min at 37 °C and then diluted in the same buffer between 10 to 20
times before the reaction was applied to the grid. Using these assembly and dilution conditions

depending on the cryo-EM session the concentration of 30S subunits in the sample applied to the
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grid ranged from 50 nM to 100 nM and for YjeQ from 300 nM to 700 nM. Concentrations of
YjeQ higher than 700 nM in the reaction applied to the grid caused a significant drop in the
number of 30S subunit particles absorbed to the grid. Approximately 4 pl of the diluted sample
was applied in the holey carbon grids (c-flat CF-2/2-2C-T) with an additional layer of continuous
thin carbon (5-10nm).

The data set from the sample containing only free 30S subunits was obtained in one
single cryo-EM session from cryo-EM grids prepared in the same manner as those used in the
30S+YjeQ sample. Purified 30S subunits were diluted in assembly buffer to a concentration of
50 nM and directly applied to the grid as described above.

Before the samples were applied, grids were glow discharged in air at 5 mA for 15
seconds. Vitrification of samples was performed in a Vitrobot (FEI) by blotting the grids once
for 15 seconds and with an offset of 0 before they were plunged into liquid ethane. Grids were
loaded into the FEI Tecnai F20 electron microscope operated at 200kV using a Gatan 626 single
tilt cryo-holder. Images were collected in a Gatan K2 Summit direct detector camera. This
detector was used in counting movie mode with five electrons per pixel per second for 15
seconds exposures and 0.5 seconds per frame. This method produced movies containing 30
frames with an exposure rate of one electron per square angstrom. Movies were collected with a
defocus range of 1 to 2.5 pm and a nominal magnification of 25,000x, which produced images

with a calibrated pixel size of 1.45A.

2.3.5 Image processing

The 30 frames in each movie were aligned wusing the program
alignframesleastsquares_list (Rubinstein and Brubaker, 2015) and averaged into one single

micrograph with the shiftframes list program (Rubinstein and Brubaker, 2015). The averaged
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frames were used for determination of the transfer function (CTF) parameters with CTFFIND3
(Mindell and Grigorieff, 2003). Coordinates of each particle image were selected from these
averaged frames and extracted as 220 x 220 pixels particle images. The motion of the individual
particles in the frames was tracked and corrected using alignparts Imbfgs algorithm (Rubinstein
and Brubaker, 2015). This procedure produced one stack of particle images fully corrected from
beam-induced motion from the first 20 frames of each movie. The total accumulated dose to
produce each particles image was 20 electrons per square angstrom. From here all processing
was done with Relion 1.4 program.

The initial dataset from the grids containing 30S+YjeQ mixture after particle extraction
contained 417,018 particles (‘dirty’ dataset). These images were subjected to 2D and 3D
classification (Class3D 1% iteration), which resulted in a ‘clean’ dataset comprised of 273,407
particles. The ‘clean’ dataset was run through a second cycle of 3D classification (Class3D 2"
iteration) using the entire signal in the particle images (Figure S2.2A). This classification
produced two 3D classes representing the 30S+YjeQ complex and the 30S subunit. Each class
was separately refined using a binary mask with a soft edge. This approach produced the best
map for the 30S+YjeQ complex (displayed in figures) and a map for the 30S subunit that we
called the ‘30S subunit consensus structure’. These cryo-EM maps were produced from 130,462
and 142,945 particle images, respectively.

In a parallel approach (Figure S2.2B), the ‘clean’ dataset plus some additional particle
images not initially selected in the approach below (total number of particles was 299,825) was
subjected to focused classification with subtraction of the residual signal using Relion (Scheres,
2012) following an approach previously described (Bai et al., 2015a, b). To this end, we applied
a low pass filter to the atomic model of the 30S+YjeQ complex (PDB 2YKR) (Guo et al., 2011)

after we remove the head domain and lower part of the body. This procedure produced a density
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map that was used to create a soft-edge mask for the focused classification and also for the signal
subtraction in the experimental particles. The newly created stacks of particles after signal
subtraction and the mask were used as input for the focused classification run. During the
classification step, we kept all orientations fixed at the values determined in the refinement of the
consensus maps. The classification produced three distinct classes that were refined
independently using a binary mask with a soft edge. One of the classes represented the
30S+YjeQ complex (167,299 particles). The remaining classes were two distinct subpopulations
of the 30S subunit that we called 30S subclass I (78,440 particles) and 30S subclass II (54,086
particles).

In the case of the grids containing free 30S subunits only, the initial dataset after particle
extraction contained 90,417 particles (‘dirty’ dataset). These images were subjected to 2D and
3D classification (Class3D 1% iteration), which resulted in a ‘clean’ dataset comprised of 66,493
particles. The ‘clean’ dataset was run through a second cycle of 3D classification (Class3D 2"
iteration) using the entire signal in the particle images. This classification produced three 3D
classes (Figure S2.6). Each class was separately refined using a binary mask with a soft edge.
This approach produced three maps for the free 30S subunit that we called subclass Ia, subclass
ITa and subclass Illa. These cryo-EM maps were produced from 15,088, 17,443 and 33,962
particle images, respectively

Sharpening of the cryo-EM maps was done by applying a negative B-factor estimated
using automated procedures (Rosenthal and Henderson, 2003). Relion processes were calculated
using the SciNet cluster. We used the program ResMap (Kucukelbir et al., 2014) to estimate the

local resolution of the structures.
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2.3.6 Map analysis and Atomic model building

To build the atomic model for the 30S+YjeQ complex we first obtained the atomic model
of E. coli YjeQ using I-TASSER (Roy et al., 2010). To this end we used the YjeQ primary
sequence (GenBank: BAE78165) and the crystal structure of Salmonella typhymurium as a
template. Using Chimera (Pettersen et al., 2004), the resulting YjeQ atomic model was docked as
a rigid body into the 30S+YjeQ cryo-EM map along with one of the available structures for the
30S subunit from E. coli (PDB ID 2AVY) (Schuwirth et al., 2005). Docking was optimized by a
flexible fitting approach based on molecular dynamics simulation (Trabuco et al., 2008). The
flexible fitted model was examined and used as the starting point for manual model building in

Coot (Emsley et al., 2010).
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2.4 Results

2.4.1 Cryo-EM structure of the 30S+YieQ complex

Previous biochemical work (Daigle and Brown, 2004; Himeno et al., 2004; Jeganathan et
al., 2015; Thurlow et al., 2016a) revealed that the highest affinity binding of YjeQ to the mature
30S subunit occurs in the presence of GMP-PNP. Thus, 30S+YjeQ complexes were assembled in
the presence of this nucleotide analogue and imaged by cryo-EM using a direct electron detector
camera (Figure S2.1A). This device allows for full-correction of the beam-induced motion that
the individual ribosomal particles experience during the image acquisition process (Figure
S2.1B). Performing a three dimensional classification of all the particles in the dataset using the
entire signal in the particles revealed the presence of both free 30S subunits and 30S+YjeQ
complexes (Figure S2.2A).

The cryo-EM map of the 30S+YjeQ complex was refined to a mean resolution of 5.8 A
(Figure S2.3A) and revealed an additional density corresponding to YjeQ that almost completely
covered the decoding center (Figure 2.1). Local resolution analysis revealed that the map
exhibited isotropic resolution with both the areas representing the 30S subunit and YjeQ refining
to resolution values around the mean value. None of the areas of the map refined to resolution
values significantly lower than the mean resolution (Figure S2.3B and S2.3C), implying that

YjeQ binds the 30S subunit tightly and adopting a single conformation.
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Figure 2.1: Cryo-EM structure of the 30S+YjeQ complex. Side (A), front (B), platform (C)
and back (D) views of the 30S+YjeQ complex. Important landmarks of the 30S subunit and the
three domains of the YjeQ protein are indicated. h44 stands for helix 44.
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The entire 16S RNA fits perfectly in the electron density map (Figure 2.2A and 2.2B),
albeit with minor rigid body movements of the head and platform domains with respect to the
body suggesting that binding of YjeQ causes a small movement of the head backwards and of the
platform forward (Figure S2.4). The main chain, and even some side chains, for 18 ribosomal
proteins are well defined in the electron density map (Figure 2.2C and 2.2D). The remainder
three proteins (bS1, uS7 and bS21) showed poor or no electron density in the structure. uS7
shows good electron density at its N-terminus —the region that anchors the protein to the head
domain. The C-terminus is highly exposed to the solvent and, thus, the poor quality of the
electron density likely reflects the intrinsic flexibility of this region of uS7 (Figure 2.2E). bS1 is
normally lost during ribosome purification (Sengupta et al., 2001), therefore we were not
surprised to only find residual density for this protein (Figure 2.2F). More surprising, was the
absence of bS21 (Figure 2.2G). However, this protein is also absent in the two previously
obtained cryo-EM structures of this complex (Guo et al., 2011; Jomaa et al., 2011c) and in some
of the available X-ray structures of the mature 30S subunit (See for example PDB IDs: 1FKA,
2UXD, 2VQE).

The power of this structure is reflected on regions of the ribosomal proteins that were
missing in previous crystal structures, but are visible in this one. For instance, the C-terminal
helix of uS2 was missing in previous ribosome structures, but it could readily be traced in our
structure using the structure of the S2-S1 complex from E. coli (Byrgazov et al., 2015) (Figure
2.2F). Furthermore, r-protein uS5 that could only be traced up to residue Lys159 in previous
crystal structures has additional electron density at its C-terminus and residues Ser160-Leul65

are well defined in our map.
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Figure 2.2: Structural details of the 30S+YjeQ cryo-EM map. Densities of several structural
elements of the 30S+YjeQ cryo-EM map with the derived atomic model shown as colour-coded
ribbons. (A) and (B) Regions of the cryo-EM map showing the quality of the density around the
indicated 16S rRNA helices. (C) and (D) Closed up view of specific regions of the 30S+YjeQ
cryo-EM map where side chains of amino acids are visible. (E) and (F) Zoomed in view of the
density representing r-proteins uS7 and uS2. The C-terminal helix of uS2 (labeled) is not present
in the X-ray crystal structure (Schuwirth et al., 2005), but it is visible in the cryo-EM map.
Residual density observed for bS1 is labeled. (G) A density representing bS21 is not present in
the cryo-EM map. (H) Density corresponding to YjeQ.
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2.4.2 YieQ binds to the decoding center of the 30S subunit in one single orientation

The electron density for YjeQ was of excellent quality and allowed us to trace almost the
entire polypeptide chain, including an N-terminal helix spanning residues 7-28 that is disordered
in all other YjeQ crystal structures (Levdikov et al., 2004; Nichols et al., 2007; Shin et al., 2004)
(Figure 2.1 and Figure 2.2H). The cryo-EM structure also showed that the three structural
domains (OB-fold, GTPase and zinc-finger domains) that are present in all YjeQ homologs
(Levdikov et al., 2004; Nichols et al., 2007; Shin et al., 2004) also exist in E. coli YjeQ.

The high resolution of the cryo-EM map allowed us to unambiguously determine the
relative binding orientation of YjeQ to the 30S subunit (Figure 2.3). The orientation in this
structure was consistent with one of the previously published cryo-EM structures (Guo et al.,
2011). This structure clearly shows that the N-terminal OB-fold of YjeQ interacts with the body
of the 30S subunit mainly through helix 18 (Figure 2.3A), the GTPase domain contacts helix 44
and helix 24 (Figure 2.3B) in the platform and the C-terminal zinc finger domain anchors the
protein to the head through helices 29 and 30 and to the platform by contacting helix 45 (Figure
2.3C). The relative orientation of YjeQ in this structure is different from that proposed in the
cryo-EM map previously reported by our group (Jomaa et al., 2011b, c), which places YjeQ with
a 180° rotation around an axis perpendicular to the interface surface of the 30S subunit with the
large subunit. With the limited resolution of our previous structure (Jomaa et al., 2011b), rigid
body docking of the YjeQ X-ray structure in the cryo-EM map produced multiple solutions with
similar fitting scores preventing the unequivocal positioning of YjeQ in the map.

To explore the possibility that YjeQ may be binding the 30S subunit in more than one
orientation, we performed focused classification with the entire dataset (Figure S2.2B). To this
end, we kept the signal in the particle images corresponding to YjeQ and its binding area in the

decoding center. The remaining part of the 30S subunit was masked out and subtracted from the
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particle images. A 3D classification with the signal subtracted particle data set rendered a similar
result to the classification performed with the entire signal in the particles (Figure S2.2A). One
class presented an extra density identical to that described for YjeQ above. The other two
obtained classes lack of any additional density and were consistent with free 30S subunits.
However, no class presented an additional density that could be consistent with alternative
binding orientations for YjeQ.

Therefore, the conclusion from this analysis is that YjeQ binds to the mature 30S subunit
in only one orientation (Figure 2.1). This orientation is consistent with one of the previously
published cryo-EM structures (Guo et al., 2011) and chemical modification experiments (Kimura
et al., 2008) showing enhanced protection of 16S rRNA bases localized at the interface between

YjeQ and the 30S ribosomal subunit.
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Figure 2.3: Cryo-EM structure and atomic model of YjeQ bound to the 30S subunit. (A)
The left panel shows a zoomed in view of the density representing YjeQ in the cryo-EM map of
the 30S+YjeQ complex. The atomic model of YjeQ is shown superimposed in the cryo-EM map.
The right panel depicts the equivalent closed-up view of the atomic model of the 30S+YjeQ
complex with the assembling factor binding to the decoding center of the 30S subunit. The rRNA
and r-proteins interacting with YjeQ are labeled. (B) Front view of density representing YjeQ in
the cryo-EM map and the atomic model. (C) Platform view of the YjeQ density in the cryo-EM
map and the corresponding atomic model. All panels show equivalent orientations to Figure 2.1.
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2.4.3 The structure of the mature 30S subunit in solution differs from that described by X-ray

crystallography

The structure of the entire 30S subunit at atomic resolution was first described using X-
ray crystallography (Wimberly et al., 2000). This structure demonstrated that the 16S rRNA
largely determines the overall shape of the 30S subunit, which folds into four different domains.
In the canonical front view of the 30S subunit (Figure 2.4A), the 5' domain forms the body of the
particle with the shoulder at the top left side and the spur at the lower left. The central domain of
the 16S rRNA forms the platform that occupies the top right side of the particle. The 3' major
domain constitutes the bulk of the head and the 3' minor domain is also integral part of the body.
In this structure, the 3' minor domain of the 16S rRNA consisting of helices 44 and 45 occupies
the subunit interface with the 50S subunit and both helices are perfectly structured. Helix 44
stretches from the bottom of the body to the bottom of the head and helix 45 is connected to the
top end of helix 44 adopting an orientation almost perpendicular to the preceding helix.

The presence of both 30S+YjeQ complexes (48% of the particles) and free 30S subunits
(52% of the particles) in our sample provided the opportunity to obtain the structure of the free
30S subunit (Figure S2.2A). This cryo-EM structure showed no substantial differences from the
crystal structure in the body, platform and head domains. However, helix 44 in the 3' domain
showed significant discrepancies. We called this cryo-EM map the ‘30S subunit consensus
structure’. In the X-ray structure, helix 44 represents the single longest helix in the subunit and
runs in a defined single conformation from the bottom of the body to the neck region of the 30S
subunit (Figure 2.4A). However, a defined density representing the upper region of helix 44 is
completely absent in the cryo-EM map, although helix 45 still adopts similar conformations in

both the cryo-EM map and the X-ray structure of the 30S subunit (Figure 2.4B).
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To investigate whether the upper region of helix 44 was present in several discrete
conformations or rather was a continuous of multiple conformations we analyzed the two classes
representing free 30S subunits in the focused classification performed with all the particles in the
dataset (Figure S2.2B). One of the classes (subclass I) was very similar to the ‘30S consensus
structure’ described above, with most of the density representing the upper motif of helix 44
missing (Figure 2.4C and Figure S2.2B). Interestingly, in the second class (subclass II) the entire
length of helix 44 was visible. However, the upper region of helix 44 was not latched to the
decoding center as described by the crystal structure. Instead, this entire section of the helix
protruded from the surface of the 30S subunit, thereby distorting the interface with the 50S
subunit (Figure 2.4D and Figure S2.2B). We found no class in which helix 44 adopted the
conformation displayed in the X-ray crystal structure (Figure 2.4A and Figure S2.2B).

Local resolution analysis of the consensus 30S subunit, subclass I and subclass 11 maps
(Figure S2.5B and 2.5C) revealed that the resolution of the structures was isotropic with most
areas exhibiting resolutions values similar to the mean resolution value measured for the entire
map (Figure S2.5A). Only isolated areas on the platform, back of the head and neck showed
slightly lower resolution. More importantly, in the consensus and subclass I structures, the part
of helix 44 that was visible showed a resolution value close to the mean resolution. However, In
the case of the map obtained for subclass II, with the entire helix 44 defined by density, its upper
domain refined to a slightly lower resolution suggesting that this region is partially flexible.

To establish whether any of the helix 44 conformations observed in the free 30S particles
were induced by the presence of YjeQ, we imaged a sample containing purified mature 30S
subunits in the absence YjeQ. Using all particle images in the data set produced a cryo-EM map
similar to the ‘30S subunit consensus structure’ described above. We named it ‘30S subunit

average structure’ (Figure S2.6, top panel). Performing image classification revealed the
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existence of three subpopulations. One class (subclass Ia) representing a 22% of the population
was equivalent to the 30S subclass I (Figure 2.4C and Figure S2.2B) and lacked the density for
the upper section of helix 44 (Figure S2.6, bottom panel). The second class (subclass Ila) had the
upper region of helix 44 unlatched from the decoding center (Figure S6, bottom panel) and thus,
it was similar to the 30S subclass II (Figure 2.4D and Figure S2.2B). A 26% of the particle
images belonged to this class. The third subpopulation was unique to this sample and produced a
cryo-EM map that lacked density for the entire helix 44 (subclass Illa) (Figure S2.6, bottom
panel). Interestingly, these particles represented a 51% of the population, which is similar to the
percentage of particles representing 30S+YjeQ complexes in the sample containing both 30S
subunits and YjeQ (48%). This result suggests that YjeQ may predominantly bind 30S subunits
with helix 44 in a flexible conformation. Intriguingly, these 30S particles are the most
resembling to immature assembly intermediates (Guo et al., 2013; Jomaa et al., 2011a; Leong et
al., 2013).

We concluded that when the 30S subunit is in solution and free of the stabilizing contacts
provided by a crystal lattice or the 50S subunit, helix 44 adopts multiple conformations. These
conformations do not seem to be induced by YjeQ as they are also present in the absence of the
factor. Surprisingly, the specific conformation described by the crystal structure of the 30S

subunit was not observed among the population of free 30S subunits in our sample.
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Figure 2.4: Cryo-EM structure of the 30S subunit. (A) Density map of the 30S subunit
obtained by applying a low pass-filter at 7A resolution to the X-ray structure PDB ID: 2AVY.
Structural landmarks of the 30S subunit are labeled. (B) Consensus cryo-EM structure obtained
for the 30S subunit. (C) Cryo-EM structure of the 30S subunit subclass I obtained from focused
classification. (D) Cryo-EM structure of the 30S subunit subclass II obtained from focused
classification. The region of helix 44 showing missing density or protruding outward is indicated
with an arrow in panels (B) to (D).
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2.4.4 YijeQ stabilizes helix 44 in a conformation suggesting a checkpoint role in ribosome

fidelity

Previous structural work has established an essential role of the universally conserved
A1492 and A1493 nucleotides in the decoding process and proofreading mechanisms of the
ribosome (Carter et al., 2000). Decoding the mRNA requires the correct recognition of each A-
site codon by the anticodon of the corresponding aminoacyl-tRNA (aa-tRNA). Interestingly, the
ribosome performs this step with a much higher level of accuracy than the difference in binding
energy between the cognate and non-cognate codon-anticodon pairing can explain (Green and
Noller, 1997). This observation suggested early on that the ribosome possesses built-in
proofreading capabilities. Nucleotides A1492 and A1493 in helix 44 mediate one of these
mechanisms. During the decoding process these two bases swivel out and their N1 atoms form
hydrogen bonds with the 2° OH groups on both sides of the codon-anticodon helix. Through the
simultaneous interaction with both strands of the codon-anticodon helix, these two adenines can
monitor the base-pairing geometry of the codon-anticodon and sense the distortions arising from
mispairing (Carter et al., 2000; Yoshizawa et al., 1999).

Interestingly, when we compared the cryo-EM structures of the 30S+YjeQ complex with
the structure of the free 30S subunit both obtained from the same set of images, we found that
the binding of YjeQ stabilizes helix 44 in a conformation similar to that observed in the X-ray
structure (Figure 2.4A). The assembly factor sits over the decoding center interacting mainly
through the GTPase and OB-fold domains (Figure 2.3). The GTPase domain interacts with helix
44 mainly through switch I, switch II and the loop connecting the f6 and B7 strands in this
domain (Figure 2.5A and 2.5B). These contacts occur in the last turn of helix 44, right before the
rRNA continuous towards helix 45. In the OB-fold, the loop connecting strands B1 and P2

impinges on the last turn of helix 44 causing a reorganization of the electron density in the area

54



surrounding A1492 (Figure 2.5A and 2.5C). Analysis of this region on the cryo-EM map
revealed that the density corresponding to the adenine moiety of A1492 is outside the helical axis
(Figure 2.5C and 2.5D), indicating that A1492 flips out from the helix. This conformation is
stabilized through hydrophobic interactions between the adenine moiety and the OB-fold of
YjeQ, as well as m-stacking interactions between the side chain of Phe48 and A1408 (Figure
2.5D). The Phe-mediated stabilization of the unpaired nucleotide resembles the structure of the
mismatch repair protein MutS in complex with a DNA including a one-nucleotide insertion,
where the side chain of Phe36 promotes the extrusion of the unpaired nucleotide through an
aromatic-ring stacking with the complementary DNA strand (Obmolova et al., 2000).

The conformation of A1492 resembles that exhibited by nucleotides A1492-A1493
during proofreading of the codon-anticodon pairing (Carter et al., 2001). In our structure,
however, base A1493 did not swivel out of the helix. This finding suggests that YjeQ plays a
role as a checkpoint protein in the mature 30S subunit by testing the ability of the 30S subunit to
perform proofreading before the subunit is released to the pool of actively translating ribosomes.
Simultaneously, the binding location of YjeQ covering essential inter-subunit bridges also
prevents premature association with the 50S subunit.

This function of YjeQ suggests that similarly to the eukaryotic ribosome, bacteria also
have specific quality control mechanisms to survey nascent ribosomes and test their
functionality. In eukaryotic cells, quality control mechanisms during ribosome maturation have
been extensively studied (Karbstein, 2013). In these cells, some factors simply prevent nascent
subunits from entering the translation by sterically and allosterically blocking binding of
initiation factors, tRNA or 60S subunits (Strunk et al., 2011). However, there are also other
factors that perform functional checks in the assembling ribosomes by mimicking elements or

steps of the translational cycle. The best-characterized example of this type of assembly factors
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is that of the pre-40S subunit in yeast (Strunk et al., 2012). During the late stages of assembly of
this ribosomal particle seven different factors bind to the subunit interface (Tsrl, Rio2, Diml,
Nobl, Pnol and Enpl/Ltvl) of the 40S particle and cooperate to block every step in the
translation initiation pathway. Interestingly, release of these assembly factors requires a
translation-like cycle, during which translation factors must function. This cycle probes key
functional properties on the pre-40S particle, including the ability to associate and position
correctly the 60S subunit and the ability to bind important elements in the translation cycle
(eIF5B, Fap7, Rlil and Dom34).

To date, multiple studies (Guo et al., 2011; Jomaa et al., 2011c) have suggested a
checkpoint function for YjeQ or other factors (Guo et al., 2013; Leong et al., 2013; Sharma et al.,
2005) assisting the assembly of the bacterial ribosome. However, none of these studies had been
able to pinpoint to a specific checkpoint function in which the factor performs a functional check
in the assembling ribosomal particle. Previous structural work has suggested a general
checkpoint role for YjeQ by sterically blocking the binding of initiation factors to the 30S
subunit or its association with the large 50S subunit (Guo et al., 2011). The cryo-EM structure
presented here provides for the first time evidence of a bacterial assembly factor testing a
specific translation mechanism of the 30S ribosomal subunit before the particle is released to the
pool of actively translating ribosomes. The remaining question is how deleterious eliminating
these quality control mechanisms is for bacterial fitness, pathogenicity and survival. It will be
exciting to test whether their suppression or inhibition leads to large populations of
malfunctioning ribosomes, affecting the bacterial proteome and, in turn, creating an observable

phenotype in these bacterial cells.
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Figure 2.5: YjeQ checkpoint role in ribosome fidelity. (A) Interactions of YjeQ switch I and
switch II with helix 44 of the 16S rRNA. (B) Loop between strands 6 and B7 in the GTPase
domain of YjeQ interacting with helix 44. (C) Density representing helix 44 in the 30S+YjeQ
cryo-EM map showing a disruption of the rRNA ribbon in this region. (D) Atomic model fitted
into the cryo-EM density map showing that A1492 on the 16S rRNA adopts a flip out
conformation. A1493 adopts the standard configuration seen in the X-ray structure of the free
30S subunit. Phe48 in the loop connecting strands 1 and 2 in the OB-fold domain of YjeQ
inserts itself into helix 44 and stabilizes adenosine 1408 through n--stacking interactions.

2.4.5 The cryo-EM structure of the 30S+YieQ complex suggest a role for the N-terminal region

of YieQ at promoting the release of RbfA.

One specific function that has been attributed to YjeQ during ribosome biogenesis is

assisting on the release of RbfA from the mature 30S subunit once the maturation of the particle
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is completed (Goto et al., 2011; Jeganathan et al., 2015). However, it is still unclear how this
functional interplay between YjeQ and RbfA is implemented. The RbfA protein binds to the
small ribosomal subunit at the junction between the body and head and alters dramatically the
position of helix 44 and 45 (Figure S2.7), placing this region in a conformation unsuitable for the
subunit’s participation in protein synthesis (Datta et al., 2007).

The cryo-EM structure of the 30S+YjeQ complex presented here suggests a dual
mechanism through which YjeQ may facilitate the release of RbfA from the 30S subunit. We
find that binding of YjeQ to the 30S subunit has a significant stabilizing effect in the upper
region of helix 44 (Figure 2.1 and 2.4). This is the same rRNA motif that appears severely
disrupted upon RbfA binding (Figure S2.7). Therefore, it is likely that binding of YjeQ to the
30S subunit forces helix 44 back into the normal decoding position and triggers the release of
RbfA. In addition, E. coli YjeQ includes a 34 amino acid N-terminal extension immediately
preceding the OB-fold domain. In the cryo-EM map, this N-terminal region is visible and defines
an a-helix that points into the neck region in the same area that has been described as the binding
site for RbfA (Figure 2.3A). We concluded that the stabilizing effect of YjeQ in the
conformation of helix 44 combined with the insertion of the N-terminal a -helix of YjeQ in the
binding site of RbfA likely creates the necessary conditions to force the removal of RbfA factor
from the mature 30S subunit.

Interestingly, this N-terminal stretch of amino acids is not conserved among all bacterial
species. It is present in E. coli and Salmonella typhimurium YjeQ proteins. In the case of S.
typhimurium, the N-terminal region is eight amino acids longer (Nichols et al., 2007). However,
this region is disordered in the X-ray structure of S. typhimurium YjeQ and, therefore, the
conformation and relative orientation with respect to the other protein domains remains

unknown. YjeQ orthologs from bacterial species including Thermatoga maritima, Bacillus
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subtilis (called Y10Q), Pseudomonas putida, Mycoplasma pneumoniae and others all lack this N-
terminal motif (Levdikov et al., 2004; Shin et al., 2004). In these species, it is not known whether
YjeQ can remove RbfA from the 30S subunit, but the absence of this N-terminal motif may
suggest that it is not essential for this function.

The C-terminal helix in the zinc-finger domain of YjeQ is also essential for its ability to
remove RbfA from the 30S subunit (Jeganathan et al., 2015). Interestingly, when YjeQ is bound
to the 30S subunit this C-terminal helix lies far away from the RbfA binding site (Figure 2.3B
and 2.3C). Nevertheless, our cryo-EM map reveals that the zinc-finger domain of YjeQ
constitutes a major anchor point of the protein to the 30S subunit head and platform. In this
domain, the long loop that mediates the tetrahedral coordination of the zinc ion mediates strong
interactions with helices 29 and 30 in the 16S rRNA head domain (Figure 2.3C). The interaction
with the platform occurs mainly through the C-terminal helix of the zinc-finger domain. The
main interactions between this motif of YjeQ and the platform include the side chain of Arg331
interacting with the backbone of helix 24 and the C-terminus of the protein interacting with the
rRNA loop connecting helices 44 and 45 (Figure 2.3C). These interactions along with the
previous mutational study (Jeganathan et al., 2015) suggest that the zinc-finger domain anchors
YjeQ on its binding site allowing for the proper positioning of the OB-fold and GTPase domains.
The OB-fold and GTPase domains, in turn, function as effector elements for the release of RbfA
from its binding site.

In conclusion, this structure of the 30S+YjeQ complex provides for the first time a
detailed specific testable model describing the functional interplay between YjeQ and RbfA.

2.4.6 Role of the GTPase activity in the YjeQ function

Although the GTPase activity of YjeQ was characterized early on (Daigle and Brown,

2004; Daigle et al., 2002; Himeno et al., 2004), the role of this activity in the overall function of
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YjeQ and its regulation is still unclear. The present cryo-EM structure of the 30S+YjeQ complex
shows that through extensive interactions involving the OB-fold and zinc finger domains, YjeQ
interacts with three out of the four domains of the 30S subunit (body, head and platform) (Figure
2.1). These interactions are important for the functionality of YjeQ (Daigle and Brown, 2004).
For example, deletion of the first N-terminal 20 amino acids of YjeQ significantly decreases the
binding of YjeQ to the 30S subunit, while removal of the OB-fold domain completely suppresses
any association with the ribosomal particle. Similarly, partial or complete removal of the C-
terminal zinc finger domain also abolishes YjeQ binding (Jeganathan et al., 2015).

The interaction of YjeQ with the 30S subunit places the GTPase domain in direct contact
with the upper part of helix 44 (Figure 2.3B). This area of helix 44 constitutes the ribosomal
motif undergoing the largest conformational change upon YjeQ binding. Consequently, in the
30S+YjeQ complex, the GTPase domain of YjeQ is ideally placed to monitor these changes. The
atomic model of the 30S+YjeQ complex describes the structural determinants of YjeQ that are
likely probing the conformation of helix 44. Upon YjeQ binding, switch I and switch II lay at the
interface with the 30S subunit (Figure 2.5A). The tip of the loop between strands f6 and B7 in
the GTPase domains reaches helix 44 and may also be involved in the monitoring function
(Figure 2.5B).

The GTPase activity of YjeQ is stimulated over 160-fold in the presence of mature 30S
subunits (Daigle and Brown, 2004; Daigle et al., 2002; Himeno et al., 2004). Although the
structure does not reveal what triggers this stimulation, it is plausible that the restrained
conformation of helix 44 may stimulate the GTPase activity in YjeQ. If this is the case, the
conformational change would be first sensed by switch I. Consistently, the crystal structure of
YjeQ implies that the flexible switch I region of YjeQ must experience conformational changes

to stimulate the GTPase activity (Shin et al., 2004). Once GTP hydrolysis has occurred,
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additional conformational changes in switch I and switch II trigger a reorganization of their
interactions with the 30S subunit causing an overall decrease in the binding affinity of YjeQ

(Daigle and Brown, 2004; Thurlow et al., 2016a) and its release from the 30S subunit.

This model is supported by the conformational differences existing between YjeQ in our
cryo-EM structure (GMP-PNP-bound form that mimics the GTP state) and that observed in the
YjeQ crystal structure of Thermotoga maritima YjeQ (GDP-bound form) (Shin et al., 2004).
Superimposition of the GTPase domain of these two structures yielded a 1.6 A root-mean square
deviation (r.m.s.d.) for over 500 atoms and revealed the re-orientation of both the OB fold and
zinc-finger domains (Figure 2.6). The large contact area and weak interactions existing between
YjeQ domains (Levdikov et al., 2004) allow for an easy propagation of the conformational
changes from the GTPase domain to neighboring domains.

Therefore, we concluded that the GTPase activity of YjeQ functions as a sensor to
facilitate the release of the protein factor from the 30S subunit once YjeQ has performed its
functions. Our structure suggests that a specific conformation of helix 44 stimulates the GTPase
activity of YjeQ. Hydrolysis of GTP and the associated conformational changes in YjeQ then
lead to the reorganization of the interface of the complex and, in turn, the release of the factor.
Our structure also rules out that the energy from GTP hydrolysis is necessary to place helix 44 in

its normal decoding position.
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Figure 2.6: Conformational change of YjeQ upon GTP hydrolysis. Opposite views of YjeQ
from Thermotoga maritima (PDB ID: 1u0l; white) (GDP bound) superimposed onto the structure
of E. coli YjeQ bound to the 30S ribosome (blue) (GMP-PNP bound) from the cryo-EM

structure. The zinc metal ions are shown as spheres and the GMP-PNP molecule bound to YjeQ
is shown as color-coded sticks.
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GDP

Figure 2.7: Diagram illustrating the function and mechanism of YjeQ. YjeQ likely binds to
the pre-30S subunit when it is still bound to RbfA. RbfA binding alters dramatically the position
of helix 44 and 45 (Stage 1). Binding of YjeQ to the 30S subunit forces helix 44 back into the
normal decoding position and triggers the release of RbfA. YjeQ also causes A1492 to flip out
from helix 44 to test the proofreading ability of the 30S subunit (Stage 2). This conformation of
helix 44 may trigger the ribosome-activated GTPase activity in YjeQ. Hydrolysis of GTP causes
a reorganization of the interactions between YjeQ and the 30S subunit that leads to the release of

the factor. The 30S subunit is then free to join the pool of actively translating ribosomes (Stage
3).
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2.5 Data Deposition

The EMDB IDs assigned to the structures presented here are: 30S+YjeQ (8621), 30S
subunit consensus structure (8626), 30S subunit subclass I (8627) and 30S subunit subclass II
(8628). The coordinates for the atomic model built for the 30S+YjeQ complex have been

deposited in the Protein Data Bank with accession code (5UZ4).
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2.7 Supplemental Materials
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Figure S2.1: Cryo-EM images of the 30S+YjeQ complex and beam induced motion
correction. (A) The left panel shows a representative cryo-EM image of the 30S+YjeQ assembly
reaction. This image was obtained using a Gatan K2 direct electron detector in counting mode
and the displayed image was produced after whole frame alignment (Li et al., 2013) of the 30
frames contained in the original movies. (B) The vector map displays the particle trajectories
during the 15 seconds exposure used to collect the movies. Trajectories are exaggerated by a
factor of 5 to allow visualization. Beam induced motion correction was performed in individual
particle images using the calculated trajectories (Rubinstein and Brubaker, 2015).
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A) Cryo-EM map from all the particles B) Cryo-EM map from all the particles
(non-focus classification) (focus classification)

30S+YjeQ 30S subunit consensus 30S+YjeQ 30S Subclass | 30S Subclass I
(5.8 A, 130,462 particles) (6 A, 142,945 particles) (5.5 A, 167,299 particles) (6.5 A, 78,440 particles) (6.7 A, 54,086 particles)

Figure S2.2: 3D particle classification. (A) 3D classification of the data set using the entire
signal in the particles. The cryo-EM map obtained from all the particles in the data set is shown
in the top row of the panel. The two classes obtained in this classification are shown in the
bottom row. One of the classes represents the 30S+YjeQ complex with a clear additional density
attached to the decoding center. The second class represents free 30S subunits (30S subunit
consensus structure) that are also present in the assembly reaction. (B) The panel shows a 3D
classification of the same data set but in this case it was performed using a focused classification
approach (Bai et al., 2015a). During this classification only the signal around the decoding center
was considered. The consensus structure obtained from all the particles in the data set is shown
in the top row of the panel. The classification produces three classes that are show in the bottom
row. One of the classes has additional density in the decoding center and represents the
30S+YjeQ complex. The other two classes represent two different conformational
subpopulations of the 30S subunit that we name 30S subclass I and 30S subclass II.
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Figure S2.3: Resolution analysis of the 30S+YjeQ structure. (A) Fourier Shell Correlation
(FSC) plot for the 30S+YjeQ structure. We used a FSC value of 0.143 to report the resolution.
(B) Local resolution analysis of the 30S+YjeQ structure performed with ResMap (Kucukelbir et
al., 2014). (C) The histogram shows the number of voxels in the map at each resolution after
local resolution analysis
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Figure S2.4: Binding of YjeQ changes the relative orientation of the domains in the 30S
subunit. Overlap of the atomic model of the 30S+YjeQ complex overlapped with the X-ray
structure of the free 30S subunit (PDB ID 2AVY) (Schuwirth et al., 2005) showing the
displacement of the head (A) and platform (B) domain of the 30S subunit upon binding of YjeQ.
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Figure S2.5: Resolution analysis of the 30S subunit structure. (A) This panel shows the
Fourier Shell Correlation (FSC) plots for the 30S subunit consensus, the 30S subunit subclass I
and 30S subunit subclass II structures. A FSC value of 0.143 was used to report the resolution.
(B) Local resolution analysis of the three structure performed with ResMap (Kucukelbir et al.,

2014). (C) The histogram shows the number of voxels in the maps at each resolution after local
resolution analysis.
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Figure S2.6: Cryo-EM structures of 30S subunit subpopulations in a sample containing
mature 30S subunits. A sample containing purified mature 30S subunits was imaged by cryo-
EM and subjected to image classification. The 3D reconstruction at the top was named ‘30S
subunit average structure’ and was obtained by combining all the particle images in the data set.
The cryo-EM maps at the bottom represent the three identified conformational subpopulations in
this sample. The conformation of helix 44 is different in the three cryo-EM maps. Labels indicate
the number of particles used for each structure and the percentage of the total population they
represent.
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Figure S2.7: Structure of the mature 30S subunit in complex with RbfA. RbfA binds to the
small ribosomal subunit at the junction between the body and head and alters dramatically the
position of helix 44 and 45 (Datta et al., 2007).
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Connecting Text

The previous chapter identified the role of YjeQ in the context of the mature 30S subunit
by solving the structure of the 30S subunit in complex with YjeQ using cryo-EM (Razi et al.,
2017b). We found that in addition to work as a maturation factor, YjeQ also functions as a
checkpoint protein testing the proofreading ability of the ribosomal subunit prior to the particle’s
release into the pool of actively translating ribosomes. This work provides the first example of a
bacterial assembly factor that tests a specific translation mechanism of the 30S subunit.

In the present study, we investigated the role of Era, another important assembly factor
contributing to the assembly of the 30S subunit through qMS, MST and cryo-EM techniques. We
then tested whether YjeQ and Era, two assembly factors, exert their function in conjunction

rather than independently.
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Chapter 3: Role of Era in the Assembly of the 30S Subunit and Ribosome
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3.1 Abstract

The assembly of the ribosomal subunit is one of the most fundamental processes in all
living organisms. Although much is known about the function and structure of the ribosome,
there is little information about the mechanistic contribution of the assembly process. Here, we
used quantitative mass spectrometry (qQMS), microscale thermophoresis (MST) and cryo-electron
microscopy (cryo-EM) to reveal the function of Era, as an essential assembly factor. We
characterized the 30S particles accumulated upon depletion of Era that converged to one
intermediate. The 3.8A resolution cryo-EM map defines the role of Era as a local chaperone that
facilitates the maturation of the 30S subunit platform region. In addition, we solved the structure
of the mature 30S subunit in complex with Era and in complex with Era and YjeQ. Our 4.2A and
3.5A structures disclose that binding of Era reverts back the structure of the mature 30S subunit
to an immature state, which can no longer be bound by YjeQ. These results define the timeline
for Era and YjeQ in the assembly process of the 30S subunit. Era binds first to the immature 30S
subunit and facilitates the folding of helices 23 and 24 in the platform. Once Era is released,
YjeQ binds, assisting the maturation of the decoding center and testing the fidelity of the subunit

before releasing it to the pool of fully active ribosomes.
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3.2 Introduction

The ribosome is the enzyme responsible for protein synthesis in all cells. In Escherichia
coli the ribosome is made from more than 50 different components organized into the small
(30S) and large (50S) ribosomal subunits. Our understanding of how the components of the
bacterial ribosome come together is still limited. In spite of its complexity, each bacterial cell
assembles more than 20,000 ribosomes in less than 30 minutes (Connolly and Culver, 2009;
Shajani et al., 2011; Sykes and Williamson, 2009). Cells are able to maintain this assembly rate
because a number of auxiliary factors make the process extremely efficient. The focus of this

study is in one of this assembly factors, the Era protein.

Era is an essential protein for cell survival. This protein has been implicated in carbon
metabolism, cell cycle regulation (Britton et al., 1998; Gollop and March, 1991a) and ribosome
biogenesis (Sayed et al., 1999). It is composed of two domains: a N-terminal GTPase domain,
which has a role in GTP hydrolysis and a C-terminal KH domain, which is responsible for RNA
binding. These two domains are connected through a flexible linker of 17 amino acids long. The
GTP binding domain is composed of a six-stranded B-sheet flanked by five helices. The RNA
binding domain consists of a three-stranded B-sheet and three helices. Previous studies
demonstrate that Era binds to the helix 45 at the 3' end of the 16S rRNA in the 30S subunit

(Sharma et al., 2005; Stewart et al., 2009).

Crystallography studies with purified Era and RNA fragments representing the 3' end of
the 16S rRNA have revealed that the two domains of Era can adopt two distinct topologies: the
so called ‘closed’ and ‘open’ conformations. In the absence of nucleotide or when Era is bound
to GDP, the domains adopt the open conformation in which the nucleotide binding site is

accessible but the RNA binding site in the KH domain is occluded. Binding of GTP drives the
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Era conformation from open to close restricting access to the nucleotide binding site and
unveiling the RNA binding motif (Chen et al., 1999; Ji, 2016; Tu et al., 2009). Subsequent
binding of an RNA fragment representing the 3' end of the 16S rRNA (Tu et al., 2009) stimulates
GTP hydrolysis and causes the reversal of the conformation to an open state with the occlusion
of the RNA-binding site and thus the release of Era from the rRNA.

Most likely the functional cycle of Era in the presence of complete 30S subunits occurs
differently than what can be inferred from the crystal structures containing only isolated
fragments of rRNA. Biochemical studies have shown that the binding affinity of Era to fully
assembled 30S subunits decreases in the presence of either GTP or GDP, but not GDPNP (Sayed
et al., 1999; Thurlow et al., 2016a). Furthermore, a low resolution cryo-EM structure shows that
neither the open nor closed conformations displayed by the crystal structures are compatible with
the cleft region between the head and platform where Era binds to the mature 30S subunit

(Sharma et al., 2005).

However, there is a contradiction to this model, which is proposed by another group.
They demonstrate via sucrose gradient ultracentrifugation followed by western blot analysis that
Era in the presence of GTP and GDP is unable to bind to the 30S subunit (Sayed et al., 1999) and
binding of Era to the rRNA is possible only in the presence of GMPPNP. In this study, the fully
assembled 30S subunits was used to test the binding of Era versus the fragment of rRNA used in

the first study.

Moreover, genetic, biochemical and structural studies suggest that there is a functional
interplay between Era and other assembly factors. Genetic studies demonstrated that
overexpression of Era suppresses the slow growth phenotype caused by deletion of »bf4 (Inoue

et al., 2003) or yjeQ (Campbell and Brown, 2008). In addition, the overexpression of RbfA
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suppresses the slow growth of ArimM strain (Bylund et al., 1998). Also, it was shown
biochemically that YjeQ is able to release RbfA from the mature 30S subunit (Goto et al., 2011)
(Jeganathan et al., 2015). In addition, Cryo-electron microscopy (cryo-EM) revealed that at least
three of these factors (YjeQ, RbfA and Era) bind at or in close proximity to the decoding center
at non-overlapping sites, indicating that simultaneous binding is stereochemically possible (Datta

et al., 2007; Guo et al., 2011; Jomaa et al., 2011c; Leong et al., 2013; Sharma et al., 2005).

These findings suggest that Era has a role in the maturation of the 30S subunit and it may
perform its function in conjugation with other assembly factors. However, there is little
information on the precise role of Era in the maturation of the 30S subunit and its functional
interplay with other factors. To study how a biological system works, others have used deletion
or depletion of a key factor from that system to observe consequences and understand the role of
that factor. A few groups (Stokes et al., 2015) have attempted with limited success to use small
inhibitory compounds to perturb the bacterial ribosome maturation process. However, a well-
established method for studying ribosome biogenesis has been using assembly factor knockout or
depletion bacterial strains that disrupt the maturation pathway and cause an accumulation of in
vivo assembled precursors. This method has been used in the past to study the immature 30S
particles accumulating in AyjeQ, ArimM and AyjeQArbfA bacterial strains and has proven to be a
powerful tool for investigating the late stages of 30S assembly (Guo et al., 2013; Jomaa et al.,
2011a; Leong et al., 2013; Yang et al., 2014). For instance, cryo-EM structures of an immature
ribosome particles from yjeQ null strains have revealed a distortion at the decoding center. This
suggests the possible role of the YjeQ protein in the maturation of the functional core of the 30S

subunit.
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Here, we are using a similar approach to gain initial insights into the function of Era in
the maturation of the 30S subunit. We are elucidating the role of Era by depleting this factor
from E. coli cells. We used a multidisciplinary approach comprising genetics, biochemistry,
quantitative mass spectroscopy (QMS) and structural biology to analyze the intermediates that
accumulate upon depletion of Era. Our biochemical and structural analysis of these ribosomal
particles (30Sgy-depleted) Indicated the assembly intermediate that accumulates in the Era-
depletion strain is at the late stages of maturation. More specifically, our 3.8A structure of the
308 particles accumulating in the Era depleted strain showed missing density for rRNA helices
23 and 24, located at the central domain. Also, critical helices involved in mRNA decoding,
helix 44 and helix 45, are not properly folded in, and several tertiary r-proteins had missing
density in the accumulated intermediates. These findings reveal the possible role of Era as a local
chaperon that facilitates the proper folding of RNA motifs at the platform and decoding center of
the 30S subunit.

In addition, we investigated the possibility that Era may exert its function in conjunction
with YjeQ, rather than independently. To this end, we obtained the cryo-EM structure of 30S in
complex with Era and YjeQ, in addition obtaining the structure of the 30S subunit in complex
with Era as a control. In summary, we obtained two subpopulations from the 30S subunit in
complex with Era and YjeQ at 3.5A and 4A. One class revealed the structure of the immature
30S subunit bound with Era. In this class, the density for the helices on the decoding center of
the 30S subunit were missing. These data suggest that Era binds to immature 30S subunit and
causes conformational changes at the association site of the 30S subunit to the 50S subunit that
prevents binding of premature 30S subunit to the 50S subunit. Also, YjeQ cannot recognize this
immature state of the 30S subunit. The other class demonstrates the mature 30S subunit without

any factor bound. Structural analysis of the 30S subunit in the presence of Era demonstrated two
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classes at two different stages of maturation (subclass I and subclass II). Subclass I represents the
immature 30S subunit with no density correspond to the 3' minor domain of the 30S subunit
(helix 44 and helix 45). Subclass II represents similar distortion at the 3' minor domain of the 3S
subunit. However, helix 44 starts to fold and thus represents particles at the later stage of
maturation compare to subclass I. We could not capture any density for Era in subclass I and I1.
Using these data, we propose a model and a timeline for how Era assists in maturation of
the 30S subunit. Era first binds to the immature 30S subunit and facilitates the maturation and
folding of rRNA, and binding of r-proteins at the platform and decoding center of the 30S
subunit. Subsequently, it triggers its own release from the mature 30S subunit. At the last stage,

YjeQ bind to the mature 30S subunit and tests the fidelity of the ribosome.
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3.3 Materials and Methods

3.3.1 Cell strains and protein overexpression clones

The parental E. coli K-12 (BW25113) strain was obtained from the Keio collection, a set
of E. coli K-12 in-frame, single gene knockout mutants (Baba et al., 2006).
The pET15b-era plasmids used for overexpression of Era were produced as previously

described (Thurlow et al., 2016a).

3.3.2 Protein overexpression and purification

Overexpression and purification of Era (Thurlow et al., 2016a) and YjeQ (Razi et al.,

2017b) proteins was done as previously described.

3.3.3 Purification of 30S ribosomal subunits and Era depleted 30S subunits

Purification of 30S ribosomal subunits (Razi et al., 2017b) and Era depleted 30S subunits

(Thurlow, 2016) was done as previously described.

3.3.4 Strain growth experiments

Obtaining the growth curves for the parental and Era-depleted strains was done as
previously described (Thurlow, 2016).

Dilution plating experiments were performed by inoculating 0.5 mL of a saturated
overnight culture in 50 mL of fresh LB media. Cultures were grown at 37°C with shaking until
an ODesoo of 0.2. Then, serial dilutions were made in 10-fold increments, and 5 pL of each
dilution was immediately spotted onto LB agar plates and incubated at 37°C. The plates were

incubated until isolated colonies of the parental strain reached 2 mm in diameter.
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3.3.5 Preparation of cell lysates for quantitative mass spectrometry

Cultures (40 mL) with the parental and Era-depleted strain for mass spectrometry
analysis were prepared as described in the previous section. Cells were harvested by
centrifugation at 3,300g for 15 min and the cell pellet was washed in buffer QPA (10 mM Tris-
HCI, pH 7.5, 10.5 mM MgCl,, 60 mM KCIl). Cell pellets were resuspended in 6 mL lysis buffer
(10 mM Tris-HCI, pH 7.5, 10.5 mM MgCl,, 60 mM KCI, 0.5% Tween 20 (v/v) and 1 mM
dithiothreitol (DTT)) with the addition of cOmplete™ Mini protease inhibitor cocktail and
DNasel (Roche). Cell lysis was performed by passing the suspension through a French pressure
cell at 1400 kg/cm? three consecutive times. Cellular debris was clarified by spinning the lysate
at 27,700g for 20 min. Recovered supernatant was loaded into an Amicon Ultra 10 kDa MWCO
filter (Millipore) and spun at 3,400g for 25 min to concentrate the volume to ~ 1 ml.

The sample pellet was resuspended in 1mL of 8M urea, following with 10 times
sonication. Then the sample was clarified for 11 minutes, at 20,000 rmp using MLA130. The
supernatant was sent for qMS.

3.3.6 Sample preparation for gMS analysis

3.3.6.1 Generation of 15N-labeled isotopic spikes
Whole cell lysates spikes were generated by growing strain JDO189 (E. coli NCM3722(Brown
and Jun, 2015)) to OD 0.4 in '"N-labeled minimal media at 37 C as described previously (Davis
et al., 2015). Cells were pelleted and resuspended in 50 mM Tris, 100 mM NH4Cl, 10 mM
MgCI2 pH 7.8 to a concentration of 3.0 OD600 units/mL, which corresponds to ~0.05 uM
ribosomes, assuming 5e8 cells/OD600/mL; 20,000 ribosomes/cell.

SN-labeled 70S particles spikes were generated by growing strain JD0189 to OD 0.7 in

15N-labeleled media as described above. Cells were lysed, and 70S particles were purified on a
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10%-40% sucrose gradient as described (Davis et al., 2015), and fractions bearing monosomes or
polysomes were pooled and saved at -80C at 0.055 uM.
3.3.6.2 Generation of tryptic peptides

Particles were isolated from a sucrose gradient and concentrated to 0.5 uM. To each
sample (10 pmols), an equimolar 15N-labeled spike sample (either purified ribosomal particles
or lysate bearing ~10 pmols of ribosomes) was added and mixed, and TCA was added to 13%
final concentration. After overnight precipitation at 4 C, pellets were sequentially washed with
10% TCA, 100% Acetone and were dried before they were resuspended in 40 pL buffer B (100
mM NH4CO3, 5% acetonitrile, 5 mM dithiothreitol) as described(Jomaa et al., 2013). After
reduction for 10 minutes at 65 C, cysteines were alkylated by addition of iodoacetamide to 10
mM and incubation at 30 C for 30 mins. 0.2 pg trypsin was then added and protein digestion
proceeded at 37 C overnight. Tryptic peptides were purified on C18 PepClean columns, and ~1
ng of peptides were mixed with 500 fmol iRT retention time standards (Pierce) and injected onto
the LC/MS.
3.3.6.3 Quantitative mass spectrometry

Peptides were trapped on a ChomXP C18 cHiPLC column (Sciex) and resolved on a 15
cm ChromXP C18 cHiPLC analytical column using a 120 minute 5-35% linear acetonitrile
gradient with a flowrate of 300 nL/min. Data was acquired in replicate with either data-
dependent acquisitions or in SWATH data-independent acquisition (DIA) mode. Briefly, data-
dependent acquisitions included one MS1 scan (200 msec accumulation time) followed by 30
MS2 scans (100 msec accumulation time). The SWATH DIA method consisted of one MS1 scan
(200 msec accumulation time) followed by 32 MS2 scans (25 m/z wide, 100 msec accumulation

time) covering the range 400-1200.
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3.3.6.4: Ribosomal protein abundance analysis

DDA datasets were searched with comet (Eng et al., 2013), peptide-spectra matches
(PSM) were scored with PeptideProphet (Deutsch et al., 2010), and scored PSMs were combined
with iProphet (Keller and Shteynberg, 2011). A consensus spectral library was generated using
Spectrast. Using this spectral library, a target list bearing '“N- and '°N-labeled precursor (Lam et
al., 2007) and product ions corresponding to ribosomal proteins of interest was generated using
Skyline (Escher et al., 2012), and ion chromatograms were extracted in regions of the
chromatogram near the predicted elution time as determined using the iRT standards (Escher et
al., 2012). Extracted ion chromatograms were filtered for interfering ions at both the MS1 and
MS?2 level, and relative peptide abundance was calculated as *N_total area/!’N_total area. For
each sample and for each protein, the median peptide abundance ratio was then calculated and
these values were clustered across both samples and proteins using the ward linkage method and
the Euclidean distance metric (Sturn et al., 2002).

Non-ribosomal proteins were analyzed as described using a spectral library focused on
assembly co-factors (Davis, Williamson Manuscript in preparation, (Davis et al., 2016)).

3.3.7 Microscale Thermophoresis

Mature 30S subunits were fluorescently labeled as previous mentioned in (Thurlow et al.,
2016a). Prior to each MST experiment, all samples were centrifuged at 14000g for 10 min to
remove any aggregates. Further, all reaction and titrations series were prepared in MST buffer
(20 mM Tris—HCI pH 7.5, 150 mM NaCl, 10 mM MgCI2, 1 mM DTT, 0.05% Tween-20, 0.4
mg/ml BSA) and were incubated in in 0.5 ml Protein LoBind eppendorf tubes. 0.5 uM
fluorescently labeled mature 30S subunits were incubated with 5 uM and 10 uM Era separately
in presence of ImM GMP-PNP and incubated for 15 minutes at room temperature. A 1:1 serial

dilution of non-labelled YjeQ was then prepared in MST buffer starting at 4 uM. The 30S+Era
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reaction mixture was then diluted in such that the concentration of 30S subunit was 40nM and
was additionally supplemented ImM GMP-PNP. Ten microliters of the serial dilution of the non-
labeled assembly factor was mixed with 10 pl of the fluorescently labeled 30S subunit pre-bound
with Era and these titration reactions were incubated for 10 min at room temperature. Mixed
samples were then loaded into premium glass capillaries (NanoTemper Technologies) and MST
analysis was performed using the Monolith NT.115 MST instrument (NanoTemper
Technologies) at ambient temperature. Using the MO Control software an LED power of 100%
and high MST power were used. The resulting binding curves were obtained by plotting the
normalized fluorescence (Fnorm (%) = F1/F0) versus the logarithm of assembly factor
concentrations. Kds were calculated using the NanoTemper MO Affinity Analysis software.
Experiments were performed in triplicate.

3.3.8 Cryo-electron microscopy

The entire data set of images was collected in one cryo-EM session. The 30SEra-depleted
sample and the assembly of the 30S+Era and 30S+Era+YjeQ were setup in 20 ml reactions
containing assembly buffer (10 mM Tris—HCI at pH 7.5, 10 mM magnesium acetate, 150 mM
NH4Cl, 3mM 2-mercaptoethanol and 2 mM GMP-PNP). The concentration of the 30Sgra-depleted
and 30S subunits in the assembly reactions for all samples was always maintained at ImM. The
concentration of YjeQ and Era was 3 mM and 20mM respectively. The assembly reaction was
incubated for 30 min at 37 °C and then diluted in the same buffer between 10 to 20 times before
the reaction was applied to the grid. Using these assembly and dilution conditions depending on
the cryo-EM session the concentration of 30Sgra-depletea and 30S subunits in the sample applied to
the grid ranged from 50 nM to 100 nM and for YjeQ and Era, 350 nM and 4 uM, respectively.
Approximately 4 pl of the diluted sample was applied in the holey carbon grids (c-flat CF-2/2-

2C-T) with an additional layer of continuous thin carbon (5-10nm), except for the 30S subunit in
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complex with Era and YjeQ, which was done without any extra layer of the carbon.

C-Flat holey carbon-coated TEM support grids (C-Flat R2/2, Protochips, Motrisville, NC
USA) were glow discharged using the EMS 100 glow discharge system at 15 mA for 15 seconds
(Electron Microscopy Sciences, Hatfield, PA USA). A three ul drop of sample was applied
to the grid, blotted and frozen in liquid ethane using the Vitrobot Mark IV automated grid
plunging system (Thermo Fisher Scientific, Hillsboro, OR USA).

Movies were obtained at 75kx nominal magnification with the Falcon II direct electron
detector on the FEI Titan Krios cryo-TEM (Thermo Fisher Scientific, Hillsboro, OR USA)
operated atan accelerating voltage of 300kV, wusing a total dose of 45
electrons/A? and seven frames (calculated pixel size of 1.073 A/pixel). The defocus range was
between —1.25 and —2.75 pm.

3.3.9 Image processing

The motion of the individual particles in the frames was tracked and corrected using
UCSF motioncor2. Then these particles were used for determination of the contrast transfer
function (CTF) parameters with Getf. Then micrographs with resolution better than 4A were
selected using phyton. The initial dataset from the grids containing 30Sgra-depleted, 30S+Era and
30S+Era+YjeQ mixture after particle extraction contained 908,772, 1,826,243 and 1,015,287
particles respectively (‘dirty’ dataset). These images were subjected to 2D and 3D classification
(Class3D 1% iteration), which resulted in a ‘clean’ dataset comprised of 511247, 444,879 and
696,802 particles. The ‘clean’ dataset was run through a second cycle of 3D classification
(Class3D 2" iteration) using the entire signal in the particle images. This classification produced
one 3D class representing the 30Sgra-depleted. For 30S+Era and 30S+Era+YjeQ complex, Class3D
produced two classes (Subclass I and Subclass II). Each class was separately refined using a

binary mask with a soft edge. This approach produced the best map for all three structures.
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In a parallel approach, the ‘clean’ dataset was subjected to focused classification with
subtraction of the residual signal using Relion (Scheres, 2012) following an approach previously
described (Bai et al., 2015a, b). To this end, we applied a low pass filter to the atomic model of
the 30S (PDB 2AVY) (Guo et al., 2011) after we remove the head domain and lower part of the
body. This procedure produced a density map that was used to create a soft-edge mask for the
focused classification and also for the signal subtraction in the experimental particles. The newly
created stacks of particles after signal subtraction and the mask were used as input for the
focused classification run. During the classification step, we kept all orientations fixed at the
values determined in the refinement of the consensus maps. The classification produced two
distinct classes in 30S Era depleted particles that were refined independently using a binary mask
with a soft edge. One of the classes represented the 30S particles from the Era depleted strain at
an early stage of maturation. The other class represented the immature 30S subunit at the later

stage of maturation.
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3.4 Results

3.4.1 The Era depleted strains exhibit a slow-growth phenotype and altered ribosome profile

Era depleted E. coli strain was previously generated in our laboratory (Thurlow et al.,
2016a). Briefly, an era gene was inserted into the bacterial chromosome under the control of the
araBAD promoter. Subsequently, the endogenous era gene was replaced with an apramycin

cassette.

The growth conditions for Era-depleted strain in liquid LB media were previously
characterized in our laboratory at 37°C and 15 °C (Thurlow, 2016). In the presence of arabinose
at 37°C, a slow growth phenotype was observed with the growth curve exhibiting an extended
lag phase and reaching saturation at a lower optical density compared to the parental strain. In
the absence of arabinose, the growth was severely reduced unlike the parental strain.

Similar analysis of growth phenotype at 15°C in the presence and absence of arabinose
demonstrated complete inhibition of growth in the absence of the inducer. Thus, the Era depleted
strain exhibits cold sensitive phenotype, a well-known hallmark of ribosome assembly defects in
bacteria (Connolly and Culver, 2009; Stokes et al., 2014).

To determine whether this phenotype holds true for the Era-depleted strain on a solid LB
media, we compared the growth of the Era depleted and parental strains at 37°C. The slow
growth phenotype of the Era depleted strain in the presence of arabinose was also evident
(Figure 3.1). As expected, in absence of arabinose, no growth was observed for the Era depleted
strain. However, the parental strain grew normally in the presence and absence of arabinose.

Previous works from our lab and different groups have shown that ribosome assembly in
wild type bacterial cells is extremely efficient and assembly intermediates do not accumulate
(Lindahl, 1975). Therefore, the majority of 30S and 50S subunits are associated to form 70S

ribosomes with just few free 30S and 50S subunits. However, the Era depleted strain exhibited
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accumulation of free 30S and 50S subunits under depletion conditions (Thurlow, 2016). In the
Era-depleted strains, 67% of the 30S particles were not associated with 50S subunits, whereas in
wild type cells only 18% of the 30S subunits were not bound to the 50S subunits (Thurlow,

2016).

Figure 3.1: Characterization of Era-depleted strain. Dilution plating experiment of saturated
cultures of parental and Era-depleted strain in solid media. Cultures were diluted in 10-fold
increments, spotted on LB agar plates, and incubated at 37 °C. The profiles for the parental and
the Era-depleted strains grown in the presence of 1% arabinose (+ arabinose) and in the absence
of arabinose are shown.

3.4.2 Immature 30S subunits with incomplete protein complement accumulate in the Era

depleted strain

Next, we used Quantitative Mass Spectrometry (qMS) to determine the protein
complement of the immature ribosomal particles that accumulate in the Era depletion strain. In
this technique, ribosomal particles from the Era depleted cells were fractionated and purified on
a sucrose gradient first. The purified particles were then spiked with "N-labeled 70S ribosomes.

Samples were then digested with trypsin and peptide abundances were analyzed by qMS using a
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targeted multiple reaction monitoring (MRM-HR) approach (Davis et al., 2016). To determine

the reproducibility of our measurements, the immature subunits were analyzed in duplicate.

This analysis revealed that 30Sgra-depleted particles were depleted of the r-proteins bS21,
bS1, uS5, uS3 and uS2. These effects are the strongest on bS1, uS2 and bS21, with milder effects
on uS3 and uS5 (Figure 3.2A). The Nomura assembly map (Nomura et al., 1969) establishes that
the r-proteins bind to the 16S rRNA in a hierarchical manner. According to the assembly map,
the depleted r-proteins enter the assembling ribosomal particle at the late stage of maturation.
Therefore, these data suggest Era depleted particles represent the late stages of maturation of the

30S subunit.

Given the low occupancy levels of bS1, uS2 and bS21 in the 30S particles, we analyzed
their abundance in the cell. To this end, we grew wild type and 30Sgra-depleted Strains in '*N-
labeled media under Era depletion conditions. We then spiked these cell lysates with *N-labeled
cell lysate and measured the whole cell protein levels using qMS (Figure 3.2B). We observed
subtle depletion of bS21 and bS1 and partial depletion of uS5 and uS19. In addition, we observed
overexpression of uS3, uS12, bS18 and bS20 proteins, and also overexpression of uS4, uS7, uS9,
uS11 and uS14 to a lesser extent. There was also a more subtle effect on the level of the 50S
subunit r-proteins. Our results demonstrated the overexpression of bL28, uL13 and ulL2 at a
greater extent and less extent in uL14, uL18, uL22 and bL35, and underrepresentation of ul6,
ul10, uL11 and uL29. Furthermore, our analysis of 70 particles spiked with 70S indicated the

normal level of the r-proteins in the fully assembled ribosomes (Figure 3.2C).
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Figure 3.2: Ribosomal protein occupancy in ribosomal particles and cell lysates measured
by qMS. Protein abundance is calculated as the '*N/!°N ratio for each protein. Each sample was
done in replicates indicated with (1) and (2). Occupancy from 0 to 1 scales from white to blue.
A) Ribosomal proteins occupancy of the 30S subunits purified from Era depleted and parental
strains. B) *N-labeled whole cell lysates were spiked with 'N-labeled 70S particles. "“N/!°N
relative abundance calculated from extracted ion chromatograms is normalized to that of protein
uS4 and, to highlight strain specific differences, finally normalized relative to the wild-type
lysate, C) Ribosomal proteins occupancy of the r-proteins in 70S ribosomes purified from Era
depleted and parental strains.
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3.4.3 Structural analysis of the 30Sgra-depleted_particle accumulating in the Era depleted strain

assembly suggests the role of Era as a local organizer

We subjected the intermediate that accumulates upon depletion of Era to cryo-EM
analysis. Image classification revealed one large subpopulation, which corresponds to premature
30S subunits at the late stage of maturation. We refined this structure to 3.8A resolution, which

enabled the unambiguous assignment of all the rRNA helices and r-proteins in this immature 30S

particle.
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Figure 3.3: Cryo-EM structure of the Era-depleted 30S particles. This data revealed there is
one intermediate class that accumulated upon depletion of Era. A) front and (B) back views of
the cryo-EM map of the 30Sg;,.gepieed particles. Important landmarks of the 30S subunit are
indicated.

The local resolution analysis allows us to see how the resolution varies in different areas
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of the structure. The local resolution map indicated that the core region of the particle reached
3.5A resolution, while the head and region at the decoding center and platform are less resolved
due to flexibility and/or incomplete assembly in these regions (Figure 3.4). In addition, the
solvent side of the 30S subunit demonstrates well-defined density, and most of the domains in
the interface side are also folded. Remarkably, the body of the particle is predominately mature
and closely resembles the fully assembled 30S subunit. It is clear that this immature particle has

most of the domains already folded, indicating it is a late assembly intermediate.
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Figure 3.4: Resolution analysis of the 30S Era-depleted structure. A) Fourier Shell
Correlation (FSC) plot for the 30Sg;,.qepicted Particles structure, B) Local resolution analysis of the
30SkEra-depleted Structure performed with relion.

However, comparison of this major class with the structure of the mature 30S subunit
demonstrated missing density at the decoding center and platform of the 30S subunit. More
specifically, the 5' and 3' major domain of rRNA showed the same structure as the mature 30S
subunit. However, the central domain contained missing density for helix 23 and helix 24 at the

platform. In addition, the 3' minor domain had missing density for helix 44 and helix 45 at the

decoding center (Figure 3.5A).

Analysis of r-proteins reveals that the map exhibits clear density for all primary and
secondary proteins. However, further analysis of tertiary r-proteins revealed that uS7 (Figure
3.5A, right panel), which is anchored from the head and uS11 anchored from the decoding center
are missing. Moreover, analysis of the 30S subunit solvent side revealed partial or broken density

for the r-proteins uS2, uS3, and bS21 (Figure 3.5B), consistent with qMS (Figure 3.2).
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Figure 3.5: Structural analysis of the Era-depleted particles highlighting differences with
the mature 30S subunit. A) Front view of the surface rendering representation of the cryo-EM
map of the 30Sg, gepieea Particles (left panel). Middle and right panels display a shadow of the
same view of the same cryo-EM map, over layered with specific structural elements from the
atomic model of the 30S subunit (PDB ID 2AVY.pdb) that were missing in the 30Sga depieted
particles. These motifs included helices 23 (red), 24(cyan), 44 (dark blue) and 45(magenta) of
the 16S rRNA and r-proteins uS7 (red color) and uS11 (yellow color), B) Back view of the
surface rendering representation of the cryo-EM map of the 30Sg,.gepietea particles (left panel).
Middle panel displays a shadow of the same view of the same cryo-EM map, over layered with
specific structural elements from the atomic model of the 30S subunit (PDB ID 2AVY .pdb) that
were missing in the 30Sg,.geplered Particles. These motifs included uS2 (cyan color), uS3 (purple
color), and uS21 (orange color).

To further analyze the possibility of having more than one class with a different
conformation or missing different density, we performed focused classification with signal
subtraction on the platform domain of the immature particle. This focused classification
approach resulted in two classes with structural flexibility within the platform. One of the classes

revealed the particles at the earlier stage of maturation (class I) versus the other one representing
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particles at a slightly later stage of maturation (class II) with more density at the central domain

of the 30S subunit (Figure 3.6).

5

Class | Class Il

Figure 3.6: Structural details of the platform region of the Era depleted particles. Cryo-EM
structures of the 30Sgrdepierea particles obtained from focused classification. Ribbon
representation of the helix 23 and 24 were fitted to the cryo-EM maps. Class I and Class II differ
in the amount of density present in these two rRNA helices. represents cryo-EM structure of the
30S Era depleted particles with less missing density in the platform.

These findings suggest that Era may have a role as a local chaperon to facilitate the
proper folding of the platform region of the 30S subunit. In addition, Era may assist in recruiting

a number of r-proteins located at the platform region of the 30S subunit.

3.4.4 Era binding rejuvenate the mature 30S subunit

One of the r-proteins, bS1, is essential in E. coli and is able to interact with both the
ribosome and mRNA (Subramanian, 1983). The cryo-EM structure of the 30S subunit in the
presence of bS1 reveals that it binds at the cavity between head and platform of the 30S subunit.

This structure demonstrates that there is an interaction between bS1 and 11 nucleotides of the 5'
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region of mRNA, upstream of the Shine-Dalgarno (SD) sequence (Sengupta et al., 2001). Also,
crosslinking experiments of bS1 with RNA, positioned bS1 in the same region as observed by
immunoelectron microscopy (Goelz and Steitz, 1977). Comparing the binding site of bS1 with
the low resolution structure obtained previously from the complex of the 30S with Era, reveals
that bS1 and Era have overlapping binding position. In addition, binding assays and MST
experiments revealed that Era binds to the mature 30S subunit with an affinity of ~ 7.3uM

(Thurlow et al., 2016a).

Thus, we used cryo-EM to identify the interactions between Era and the mature 30S
subunit at atomic resolution. We obtained two major classes, subclass one (subclass 1) at 4.2A
resolution, which represents 30S subunit in its immature state, with missing density at the 3'
minor domain of the 30S subunit (Figure 3.7A). The other class that we obtained (subclass II) at
4.5A resolution reveals 30S subunit in its more mature state compare to subclass I, since it
demonstrates more density at the platform (Figure 3.7B). In subclass II, there is still a missing
density at the decoding center. However, helix 44 in the 3' minor domain started to fold.
However, we did not observe any density correspond to Era in the cavity between head and
platform, which was observed in a previous study (Sharma et al., 2005). These findings suggest

that Era rejuvenate the mature 30S subunit upon binding.
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A)

Figure 3.7: Cryo-EM structure of the 30S+Era particles. This data revealed there are two
classes, A) the panel show the surface rendering representation of the cryo-EM map obtained for
the 30S+Era complex (subclass I). Helix 44 from the atomic model of the 30S subunit (PDB ID
2AVY .pdb) was fitted into the cryo-EM map and is show in a ribbon representation, B) the panel
show the surface rendering representation of the cryo-EM map obtained for the 30S+Era
complex (subclass II). Helix 44 from the atomic model of the 30S subunit (PDB ID 2AVY.pdb)
was fitted into the cryo-EM map and is show in a ribbon representation.

The local resolution analysis of the 30S+Era cryo-EM map indicated that in both
subclasses I and II, the core region of the particle reached 3.7A resolution, while the head and

platform are less resolved due to flexibility in these regions (Figure 3.8).
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Figure 3.8: Resolution analysis of the 30S+Era cryo-EM map. A) This panel shows the
Fourier Shell Correlation (FSC) plots for the subclass I and subclass II structures. B) Local
resolution analysis of the two structures performed with relion.

3.4.5 Era induces a conformational change in the 30S subunit that prevents YjeQ from binding:

Comprehensive understanding of ribosome biogenesis requires detailed knowledge of the
functional interplays that may exist amongst assembly factors. Work from our laboratory and

other groups indicate that Era and YjeQ assist in the maturation of the functional core of the 30S
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subunit (Leong et al., 2013; Sharma et al., 2005). In addition, genetic evidence demonstrates that
overexpression of Era suppresses the slow growth of cells lacking YjeQ (Campbell and Brown,
2008). These findings suggest that both factors may be working in conjunction rather than
independently. However, it is unknown how the functional interplay between Era and YjeQ is
implemented. Therefore, to analyze the binding of Era and YjeQ to the mature 30S subunit, we
used MST. Previously, the affinity of YjeQ to the mature 30S subunit was measured by MST and
determined with the K4 value of 66nM (Thurlow et al., 2016a). MST experiments revealed that
the Kq of YjeQ to the mature 30S subunit in the presence of GMPPNP and two different
concentrations of Era, 10X and 20X are 1.24 uM + 0.65 nM and 2.33 uM + 1.21 uM respectively

(Figure3.8).
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Figure 3.9: Binding of Era and YjeQ to the mature 30S subunit. Measurement of the binding
affinity of YjeQ with the mature 30S ribosome subunit pre-incubated with 10-fold molar excess
of Era (A) and mature 30S ribosome subunit pre-incubated with 20-fold molar excess of Era (B)
in the presence of GMP-PNP. In these experiments the concentration of the fluorescently labeled
ribosomal particles complexed with unlabeled Era was constant, while the concentration of
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unlabeled YjeQ was varied. After a short incubation the samples were loaded into MST glass
capillaries, and the thermophoretic mobility of the labeled ribosomal particles bound to
unlabeled Era (left panels) was measured using the Monolith.NT.115 instrument (NanoTemper).
Measured changes in the MST response were used to produce curves that plotted the Fnorm (%o)
= F1/Fo versus YjeQ concentrations in logarithmic scale. The Fy (blue) and F; (red) regions of the
fluorescence time traces used to calculate Fnorm (%o) are indicated in the left panels. The Fnorm
(%o) curves were fit using the law of mass action to yield a Kd value (right panels).

These experiments demonstrated that the presence of Era in excess reduces the affinity of
YjeQ to the mature 30S subunits. To understand the mechanism by which Era reduces the
binding affinity of YjeQ, we set up assembly reaction containing mature 30S subunit as well as
molar excess of YjeQ and Era. Subsequently, we attempted to solve the structure of this tertiary
complex to near atomic resolution using cryo-EM.

Classification of particles revealed two predominant subpopulations for the 30S subunit
in the presence of YjeQ and Era (Figure 3.10). These two structures were solved at 3.5A and 4A
resolution. We called these two classes subclass I and subclass II, respectively. Subclass I
(Figure 3.10A) showed a broken density corresponding to Era in the cavity between head and

platform. However, subclass II (Figure 3.10B) did not showed any extra density that could

correspond to Era protein.
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Figure 3.10: Cryo-EM structure of the 30S subunit in complex with YjeQ and Era. Front
view of the surface rendering representation of the cryo-EM maps of the 30S+YjeQ+Era (left
panels) and back view (middle panels). Right panels show a zoomed view of the framed area. A)
Subclass I revealed immature 30S subunit with partial density for Era in the cavity between head
and platform indicated in red and B) subclass II represented mature 30S subunit with no density
corresponds to Era and YjeQ.

The cryo-EM map of the 30S+YjeQ+Era complex was refined to a mean resolution of 3.5
A and 4A (Figure 3.11A). Local resolution analysis revealed that both maps exhibited isotropic
resolution with the body region refining to resolution values around the mean value. However,
head and platform regions of the map refined to resolution values lower than the mean resolution

(Figure 3.11B).
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Figure 3.11: Resolution analysis of the 30S+Era+YjeQ cryo-EM map. A) This panel shows
the Fourier Shell Correlation (FSC) plots for the subclass I and subclass II structures. A FSC
value of 0.143 was used to report the resolution. B) Local resolution analysis of the two
structures performed with relion.

Subclass I revealed an extra density at the cavity between the head and platform of the

30S subunit. Previously, a low resolution structure of the 30S subunit in complex with Era

103



showed (Sharma et al., 2005) that Era binds to the 30S subunit in this same region of the 30S
subunit. Therefore, we believed this density represents Era. However, we did not observe any
density for YjeQ in the decoding region of the 30S subunit (Figure 3.12A). More specifically,
most of the 5' domain and central domain of rRNA was folded and adopted the mature
conformation, except helix 44 and helix 45 of the 3' minor domain for which we did not observe
any density. In addition, there is missing density for some portions of helix 33 at the 3' major
domain of 16S rRNA. Moreover, the density for all of the primary and secondary r-proteins is
present and the r-proteins in the body and platform already folded. However, there was no
existing density that could be assigned to uS7 and uS13, which are anchored from the head of the

30S subunit (Figure 3.12).
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Figure 3.12: Cryo-EM structural analysis of the 30S subunit in complex with YjeQ and
Era. Front view of the surface rendering representation of the cryo-EM maps of the
30S+YjeQ+Era. A) Subclass I with specific structural elements from the atomic model of the
30S subunit (PDB ID 2AVY .pdb) that were missing density at helix 44 and helix 45, and portion
of helix 33 and uS7 (red color) and uS13 (yellow color), B) Subclass II with specific structural
elements from the atomic model of the 30S subunit (PDB ID 2AVY.pdb) that were helix 44 and
helix 45, with all domains are present and folded.

The extra density between the head and platform in subclass I represents only a partial
density for Era. There is no sufficient extra density to fit the KH and GTPase domain of the
factor. To analyze further the density for Era, we performed focused classification on the region
partially covered by Era. However, we still observed the same broken density for Era. This result
suggests Era binds to the 30S subunit in a flexible manner. It may bind with its KH RNA binding
domain; however, it is not able to bring the GTPase domain in close contact with the 30S
subunit. Analysis of the structure of the subclass I particle demonstrated that this class closely
resembles the structure of an immature 30S particles at the late stages of maturation. These

results suggest that, binding of Era causes conformational changes in the 30S subunit reverting it

to an immature state, which YjeQ no longer recognizes.
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Subclass II did not show any extra density corresponding to either Era or YjeQ (Figure
3.12B). The overall conformation of 16S rRNA in this structure is very close to the mature 30S
subunit. The 5' domain, central domain and 3' domain of the 16S rRNA are completely folded.
All of the r-proteins in the body and platform were present. However, there was no density for
uS2 located at the solvent side of the 30S subunit. In addition, there was a missing density for

uS7 and uS13, two r-proteins located in the head domain of the 30S subunit.

In addition, during the early stage of classification, we observed an additional class with
no density for the head of the 30S subunit (Figure 3.13). Due to 5' to 3' transcription of rRNA
and binding of r-proteins and the fact that the head and then decoding center are the last two
domains that mature, we assumed this class represented the earliest stage in the maturation

process.
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Figure 3.13: Cryo-EM structure of one class of the 30S subunit in complex with YjeQ and
Era. This data revealed there is one class that missing head. A) front and (B) back views of the
cryo-EM map of the 30S+YjeQ+Era. Important landmarks of the 30S subunit are indicated.

All these results suggested that Era is assisting the folding of the platform domain in the
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30S subunit, where it acts as a local RNA chaperone dedicated to fold h23 and h24. In addition,
Era may also assist the entry of r-proteins that locate around the platform domain (uS2, uS3,

bS21, uS7 and uS11). Era may mediate the entry of these r-proteins directly or indirectly.

3.5 Discussion

In this paper, we demonstrated that depletion of Era in bacterial cells causes
accumulation of an immature 30S subunit exhibiting missing densities in the central domain
region and 3' minor domain (helix 44). In our previous publication (Razi et al., 2017b), we
observed that binding of YjeQ stabilizes helix 44 in its mature conformation and thus allowing
the 30S subunit to associate with the mature 50S subunit. Although, it was not shown that the
central domain of the 30S subunit is required directly for its association with the 50S subunit, the
lack of a properly folded helix 44 in this assembly intermediates also prevent their association

with the 50S subunits and subsequent protein translation initiation.

In addition to a missing density in the central domain of the Era depleted particles, in our
solved structure of the 30S subunit in complex with Era we observed a partial density for Era in
the cavity between head and platform. This binding position for Era is consistent with the
previous literature (Sharma et al., 2005; Tu et al., 2011; Tu et al., 2009). These findings suggest
that Era may have a role as a local chaperon that binds to the central domain of the assembling

30S subunit and facilitate the folding of this region of the rRNA.

Another possible role of Era is that it may mediate the recruitment of other assembly
factors or even RNases involved in processing the rRNA. Era may perform this role by direct
interaction with these factors or indirectly by inducing a conformational change in the
assembling subunit that allow these factors to bind. This hypothesis is consistent with previous

literature implicating the role of some GTPases in recruitment of RNAases or assembly factors in
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eukaryotic ribosome biogenesis. This function was observed in the Bms1 GTPase factor in yeast,
which has a role in recruiting Rell factor to the immature 40S subunit (Karbstein and Doudna,
2006). Rcll perform endonucleolytic processing of pre-rRNA during ribosome maturation.
However, this function hasn’t been described in bacteria ribosome biogenesis up to date.

Interestingly, qMS also revealed that bS1 r-protein is absent in the 30S Era depleted
particles, which has an overlapping binding position with Era. This suggests the possibility Era
may bind to the immature 30S subunit and work as a placeholder for this ribosomal protein.
Subsequent release of Era would create the site binding for uS1. The same function was shown
in eukaryotes (Saccharomyces cerevisiae), assembly factor Mrt4. Binding of factor Mrt4 to the
pre-60S subunit blocks the binding of r-protein PO (Boehringer et al., 2012; Datta et al., 2007;
Rodriguez-Mateos et al., 2009; Xu et al., 2008).

Moreover, it has been shown that Era is an essential factor for cell survival (Anderson et
al., 1996, Hansen et al., 1998; Inada et al., 1989; March et al., 1988; Minkovsky et al., 2002).
However, there is no evidence to indicate whether Era is an essential factor in ribosome
biogenesis. Previous work testing the effect of Era on the kinetics of incorporation of r-proteins
during the assembly of the 30S subunit in vitro found that Era accelerates the binding rates of r-
proteins uS5, uS9, uS11 and uS12. There was also a subtler increase in the kinetics of
incorporation of uS7, uS10, uS13, uS14 and uS19 (Bunner et al., 2010). However, the gqMS
analysis presented earlier here revealed that all the r-proteins with modified incorporation
kinetics were present in the 30S Era depleted particles at full occupancy, suggesting that Era is
not essential in incorporating most of the remaining r-proteins (except S2, S3, S5 and S21).
These results combined indicate that the incorporation of these r-proteins is not what makes this

factor essential.
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Generally, due to the 5' to 3' directionality of rRNA transcription, the early-binding
proteins interact with the 5' domain (body) of the rRNA, mid-binding proteins with the central
domain (platform) and late-binding proteins with the 3' domain (head) (de Narvaez and Schaup,
1979; Lindahl, 1975). Also, based on pulse-chase mass spectroscopy analysis of the 30S subunit
by the Williamson group (Talkington et al., 2005), proteins bind faster to the 5' domain
compared to the central and 3' domain of 16S rRNA (Chen and Williamson, 2013; Culver and
Noller, 1999; Grondek and Culver, 2004; Holmes and Culver, 2005). These findings suggest that
first the body of the 30S subunit is folded and then the platform followed by the head. However,
we observed that in the 30S Era depleted particles the head domain is already folded, while the
platform is still in an immature state. This suggests that under Era depletion conditions, the
assembly of the 30S subunit is rerouted.

Genetic and biochemical studies suggest that there is a functional interplay between
assembly factors in assisting the maturation of the 30S subunit (Bylund et al., 1998; Campbell
and Brown, 2008; Goto et al., 2011; Inoue et al., 2003; Inoue et al., 2006). Biochemical analysis
has been shown that YjeQ enhances the release of RbfA at the late stage of maturation (Goto et
al., 2011; Jeganathan et al., 2015). Moreover, genetic studies reveal that impaired ribosome
assembly resulted by deletion of yjeQ can be suppressed by overexpression of Era (Campbell and
Brown, 2008).

Therefore, to further analyze the possible functional interplay between Era and YjeQ, we
solved the cryo-EM structure of the mature 30S subunit in complex with both factors. In this
structure, we did not observe any density for helix 44 and helix 45 at the 3' minor domain. Also,
we found that Era prevents binding of YjeQ by reverting the structure of the 30S subunit to an
immature state not recognized by YjeQ. These results suggest that Era and YjeQ perform their

function in a sequential manner, rather than simultaneously. The model derived from these
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experiments proposes that Era acts first to facilitate the folding of the platform motifs.
Subsequently, when Era is released, YjeQ binds and facilitates the folding of the decoding center
and check the proofreading ability of the subunit before it is released to the pool of actively
translating ribosomes.

An unsolved aspect of our structural analysis of the 30S subunit in complex with
Era+GMPNP in E. coli is that this factor appears as a fragmented density in the cryo-EM map.
Focused classification analysis of these maps did not improve the definition of the density for
Era suggesting that the factor is bound to the subunit in a flexible manner. However, the cryo-
EM structure of 30S+Era from Thermus Thermophilus in the absence of nucleotide obtained by
the Sharma group showed a defined density for Era in the cavity between head and platform
(Sharma et al., 2005). Our cryo-EM structure was obtained using Era protein and 30S subunits
purified from E. coli whereas the Sharma group used Era from 7. Thermophilus. This organism
lives in extreme condition and then perhaps Era under 37 °C binds with enhance affinity to the
30S subunit to assist in subunit assembly. The second difference between these two structures is
the nucleotide that we used. We solved our structure in the presence of GMPNP, and the
complex was assembled in the absence of nucleotide in the other study (Sharma et al., 2005).
However, crystallography studies of Era and RNA fragments of the 3' end of the 16S rRNA
demonstrated that in the absence of nucleotide, Era domains adopt the open conformation in
which the nucleotide binding site is accessible, but the RNA binding site in the KH domain is
occluded and thus Era is not able to bind to the 30S subunit. Therefore, it is puzzling that in our
cryo-EM structure, we did not observe a fully defined density for Era even though our
experimental condition were more favorable for a tight binding of Era to the 30S subunit. A
possibility is that we are not actually looking at the true substrate for Era. Previous work reveals

that none of the nonessential assembly factors bind to the intermediate accumulated upon
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deletion of these factors, such as YjeQ and RimM (Thurlow et al., 2016a). In addition, our
structural analysis of the 30S subunit in complex with Era demonstrated that Era reverts back the
structure of the mature 30S subunit to the immature. These data suggest that Era may have a role
in the context of immature particles. Therefore, it is possible that in E. coli tight binding of Era
may only happen to the immature 30S particles and not to the mature 30S subunit. Perhaps,
attempting the cryo-EM reconstruction of Era in complex with the 30Sgr-depleted particles would
allow to define the domain arrangement of the factor when bound to the ribosomal subunit at
high resolution.

Therefore, although the function of the assembly factors is not well understood, the
presented data suggest that Era may play important roles during the assembly process of the 30S
subunit including assisting the binding of ribosomal proteins around the platform domain of the
30S subunit, regulation of processing and folding of rRNA in this motif and blocking the

premature binding of the 30S subunit to the 50S subunit.
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Chapter 4: Discussion
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The goal of this thesis is to understand the precise mechanism on how YjeQ and Era
perform their function in the maturation of the 30S subunit. In this thesis we characterized the
structure of the 30S subunit in complex with YjeQ using cryo-EM. Also, we described the 30S
assembly intermediate that accumulated upon depletion of Era, in addition to exploring the
structure of the mature 30S subunit in complex with Era. Finally, we investigated the functional
interplay between these two assembly factors, YjeQ and Era.

4.1 The evolving function of YjeQ

Numerous biochemical and genetic studies in the last decade have suggested that YjeQ is
an assembly factor that assists the late stages of assembly of the 30S subunit (Daigle et al., 2002;
Himeno et al., 2004). Deletion of YjeQ causes slow growth phenotype of cells and accumulation
of immature 30S subunits (Guo et al., 2011; Jomaa et al., 2011a). Existing evidence suggests that
YjeQ is an important factor for the assembly of the functional core of the subunit (Jomaa et al.,
2011a; Jomaa et al., 2011b; Kimura et al., 2008). Surprisingly, recent work (Thurlow et al.,
2016a) measuring the binding affinity of YjeQ to the mature 30S subunit and to immature
ribosomal particles that accumulate in yjeQ null cells revealed that YjeQ binds the mature 30S
subunit with high affinity. Instead, the binding affinity of the YjeQ to the immature particles
suggests that binding does not occur at what is considered physiological concentrations (Thurlow
et al., 2016a). These findings transformed the current thinking regarding YjeQ and suggested that
YjeQ, in addition to its role in assembly, also has a role in the context of the mature 30S subunit.

To gain new key insights regarding the function of YjeQ, we obtained the structure of the
30S+YjeQ complex at ~5A described in chapter 2. The presented cryo-EM structure of the
30S+YjeQ complex shows that through extensive interactions involving the OB-fold and zinc
finger domain, YjeQ anchor both ends of the protein to three out of the four domains of the 30S

subunit (body, head and platform). These interactions are important for the functionality of YjeQ
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as described by earlier mutational studies indicating that deletion of the first N-terminal 20
amino acids of YjeQ decreases significantly the binding of YjeQ to the 30S subunit. Removal of
the entire OB-fold domain completely suppresses any association with the ribosomal particle
(Daigle and Brown, 2004). Similarly, partial or complete removal of the C-terminal zinc finger
domain also abolishes YjeQ binding (Jeganathan et al., 2015).

Previous structural work has suggested a general checkpoint role for YjeQ by sterically
blocking the binding of initiation factors to the 30S subunit or its association with the large 50S
subunit (Guo et al., 2011). Involvement of assembly factors in quality control mechanisms has
been extensively studied in eukaryotic cells. There are examples where assembly factors bind to
the subunits and block binding of initiation factors or tRNA to the subunit (Strunk et al., 2011).
Moreover, there are also factors that mimic the steps of the translation cycle in assembling
ribosomes. For instance, there are seven factors (Tsrl, Rio2, Dim1, Nobl, Pnol and Enpl/Ltvl)
that bind to the 40S subunit interface in yeast and block every step in the translation initiation
(Strunk et al., 2012). However, the cryo-EM structure presented here provides for the first time
evidence of a bacterial assembly factor testing a specific translation mechanism of the 30S
ribosomal subunit before the particle is release to the pool of actively translating ribosomes.

A key step to allow the 30S subunit to enter the pool of actively translating ribosomes is
the release of these factors. Previous studies have been suggested that YjeQ promotes the
removal of RbfA from the mature 30S subunit (Goto et al., 2011). We also demonstrated that
RbfA binds weakly to the mature 30S subunit and subsequent binding of YjeQ to the mature 30S
subunit results in releasing of RbfA in a GTP dependent manner (Jeganathan et al., 2015).
However, the mechanism of RbfA removal by YjeQ could not be concluded. In our published
work in chapter 2, we proposed a model that YjeQ is able to remove RbfA from the mature 30S

subunit. In this model, we found that binding of YjeQ to the 30S subunit has a significant
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stabilizing effect in the upper region of helix 44. This is the same rRNA motif that appears
severely disrupted upon RbfA binding. Therefore, it is likely that binding of YjeQ to the 30S
subunit forces helix 44 back into the normal decoding position and triggers the release of RbfA.
In addition, E. coli YjeQ presents an N-terminal region comprised of 34 amino acids before the
OB-fold domain starts. In the cryo-EM map this N-terminal region is visible and forms an
extended o-helix that is inserted as a finger into the neck region in the area that has been
described as the binding site for RbfA (Datta et al., 2007). We concluded from the analysis of
this region of the cryo-EM map that likely the combined stabilizing effect of YjeQ in the
conformation of helix 44 with the introduction of the N-terminal a-helix in the binding site of
RbfA creates the necessary conditions to force the removal of this factor from the mature 30S
subunit. The mechanism of release of RbfA by YjeQ has not been described by any other groups.
Interestingly, most species do not have this N-terminal extension and then perhaps cannot
remove RbfA following the described mechanism in E.coli.

Moreover, it has been shown that the GTPase activity of YjeQ is stimulated over 160-
fold in the presence of mature 30S subunits. Also, the tightest binding of YjeQ to the mature 30S
subunit occurs in the presence of GMP-PNP. However, this affinity decreases in the presence of
GTP and mainly GDP (Daigle and Brown, 2004; Jeganathan et al., 2015; Thurlow et al., 2016b).
That suggests YjeQ may bind to the 30S subunit in its GTP state and perform its function.
Subsequent hydrolysis of GTP induces conformational changes that YjeQ is not able to bind to
the 30S subunit longer. Therefore, GTP hydrolysis can be a release mechanism of the YjeQ from
the 30S subunit. However, there is no evidence demonstrating the precise mechanism on how

YjeQ gets release from the 30S subunit.

Our presented cryo-EM structure of the 30S+YjeQ complex shows placing the GTPase

domain in direct contact with the upper part of helix 44. According to the structure of the free
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30S and the 30S+YjeQ complex described in Chapter 2, this area of helix 44 constitutes the
ribosomal motif undergoing the largest conformational change upon YjeQ binding.
Consequently, in the 30S+YjeQ complex, the GTPase domain of YjeQ is ideally placed to
monitor the largest conformational changes that the 30S subunit undergoes. However, we were
not able to observe in our structure the precise role of switch I and II in GTPase activity of YjeQ.
On the other hand, a cryo-EM structure of the 30S+YjeQ from the Connell group obtained
around the time our structure was published exhibited a well ordered GTP binding pocket with
visible switch 1 and 2 regions in cryo-EM structure (Lopez-Alonso et al., 2017). They
demonstrated that interaction between YjeQ and 30S repositions the OB fold and the Zinc finger
domain such that the B-hairpins f6/p7 and f12/p13 and the a6 helix help reorder the core of the
GTPase domain. These arrangements help ordering of switch I and II such that Gly269, Thr 250
and Se221 can now interact with the y-phosphate of GDPNPN (analogue of GTP) nucleotide due
to the closed conformation of the core GTPase domain. Furthermore, due to the visibility of
switch I region, they observed its interactions with helices 24, 44, 45 and could propose a
mechanism for the stimulation of the YjeQ GTPase activity by the mature 30S subunit. Proper
positioning of helix 45 during YjeQ and 30S interaction allows G1517 to reposition the catalytic
residue His248 such that it can now access the active site water molecule to attack the y-
phosphate of GDPNPN. With this model they discovered that the mechanism for YjeQ GTPase
activation is different from other GTPases where the catalytic histidine residue is present on the
switch II.

Therefore, this data suggests that the role of the GTPase activity of YjeQ is mainly to act
as a switch to facilitate the release of the protein factor from the 30S subunit once YjeQ has

performed its functions.
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In addition, the Connell group demonstrated that some of the tertiary binding r-proteins
(uS2, uS3, bS21, uS7 and uS12) are missing from their solved structure of the 30S+YjeQ.
However, our structure of the 30S+YjeQ has a complete r-proteins complement (Razi et al.,
2017b). Their hypothesis is that YjeQ induces conformational changes in the 30S subunit and
may destabilize the incorporation of these r-proteins. However, we noticed that the Connell
group purified the 30S subunit with high salt wash (1M) and perhaps that resulted in dissociation
of these r-proteins from the 30S subunit (Mulder et al., 2010).

4.2 Era depleted Escherichia coli strain, an old tool with regained potential due to recent
advances in cryo-EM

Over the past decades it was a tremendous effort to study the mechanism of 30S
biogenesis. The Williamson lab determines the rates of association of all ribosomal proteins to
16S rRNA by pulse-chase quantified by mass spectrometry (PC-QMS) (Talkington et al., 2005).
In this study, they demonstrated the distinct activation energies during biogenesis. Thus, they
suggest that there are multiple global rate-limiting steps in ribosome biogenesis.

In addition, the Woodson group used hydroxyl radical footprinting to follow the folding
of the 16S rRNA and its binding with r-proteins during 30S subunit assembly (Adilakshmi et al.,
2006). They determined the rates of RNA folding for the various 16S rRNA domains and
characterized multiple folding pathways, establishing that multiple parallel folding pathways are
possible during 30S maturation.

Studying the immature 30S particles accumulating in AyjeQ (Jomaa et al., 2011a),
ArimM (Guo et al., 2013; Leong et al., 2013) and AyjeQArbfA bacterial strains have proven to be
a powerful tool for investigating the function of these assembly factors in the maturation of the
30S subunit. Previous biochemical and structural analyses of immature particles from AyjeQ,

ArimM and AyjeQArbfA strains reveal that the accumulated immature particles represent late
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stages of maturation with a distortion at the decoding center. The similarity in their structural
defects and protein composition suggests that these non-essential assembly factors are involved

in the maturation of the decoding center of the 30S subunit and their function be overlapping.

Until now all these genetic studies of assembly intermediates on the 30S subunit were
characterized at low resolution. Solving structures of macromolecular complexes at high
resolution (3-4A) was not possible for cryo-EM. However, recent breakthroughs in hardware and
software have now empowered this technique to also obtain structures at comparable resolution.
Direct detector devices (DDDs) have finally replaced photographic film and Charge-couple
devices (CCD cameras) for imaging radiation sensitive specimens. These new detectors have
substantially better performance than previously used media. Consequently, 3D structures can be
obtained at high resolution. Indeed, maps at better than 3A resolution have been calculated for
ribosomes from different organisms (Bai et al., 2013; Brown et al., 2014; Shalev-Benami et al.,
2017). In addition, previously a major limitation in studying the assembly intermediates that
accumulate in the yjeQ or rimM deletion strains was the small number of images comprising the
collected datasets, preventing a comprehensive analysis of all conformational states adopted by
these intermediates. However, today we have microscopes like Titan Krios that can generate
massive datasets of millions of particle images. These microscopes are able to collect a large
number of particles that we can analyze. Thus, we used these new capabilities of resolution and
high throughput cryo-EM to solve and characterize the structure of the assembly intermediates
that accumulate under Era depleted conditions. By extensive analysis of all these particles, we
concluded that this depletion strain mainly accumulates one assembly intermediate. Perhaps, this
intermediate could be a “convergency node” that during assembling of the 30S subunits, all
particles need to pass through this stage. At this stage, Era is needed to assist in the folding of the

motifs and prevent them from trapping into local energy minima. Thus, Era, which is an essential
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assembly factor for cell survival, may function as a “rescue factor” ensuring the continuous

maturation process.
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Based in part on the previous version of this eLS article ‘Ribosomal
Proteins: Structure and Evolution’ (2001) by Brigitte Wittmann-Liebold
and Hanns-Riidiger Graack.

The ribosome is the macromolecular assembly
dedicated to translating the genetic information
into proteins. Ribosomes are made of several RNA
molecules and between 50 and 80 proteins. The
role played by these proteins has been the focus
of investigations for over five decades. Initially,
proteins were thought to be the only functional
component of the ribosome, whereas the rRNA
was considered merely a scaffold. This view has
evolved and now is clear that both the RNA and
protein components of the ribosome are func-
tionally important. The r-proteins play a role in
the assembly process of the ribosome and are also
essential for the structure and function of the ribo-
some. Their importance in the physiology of the
ribosome is revealed by the fact that mutations
in ribosomal proteins lead to ribosomopathies,
a group of diseases that include developmental,
haematological, metabolic and cardiovascular
disorders, as well as cancers.

Introduction

Ribosomes are essential enzymes that synthesize all proteins in
the cell. All ribosomes consist of two subunits, a large and a
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small one, each containing rRNA and several dozens of riboso-
mal proteins (r-proteins). Our understanding of the contributions
of the r-proteins to the structure and function of the ribosome
has evolved over the years, as new insights into the processes of
ribosome assembly and protein synthesis were discovered. Func-
tional models of the ribosome in the 1970s initially suggested
that r-proteins are the functional component of the ribosome and
the rRNA is merely a scaffold keeping the r-proteins in optimal
position for function. However, the subsequent decade brought
clear evidence that the rRNA is involved in ribosomal function.
An example is the interactions of the Shine-Dalgarno with the
messenger RNA (mRNA) during initiation of protein synthesis or
the fact that the decoding centre and peptidyl transferase centre
(PTC) is exclusively made of rRNA. These discoveries changed
the previous view and created in the 1980s a new prevailing model
suggesting that the r-proteins constitute the scaffold that stabilises
the structure of the rRNA for optimal function. Further research
in the last 20 years has made clear that the ribosome functions
following a model that lies somewhere in between these two
extremes. It is now accepted that r-proteins are much more than
a simple ‘RNA glue’ (Wilson and Nierhaus, 2005) and they have
several specific functions. See also: Ribosomal Proteins: Role
in Ribosomal Functions; Ribosomes and Ribosomal Proteins:
More Than Just ‘Housekeeping’

Several examples have been identified of r-proteins that directly
participate in key aspects of the ribosome functionality, including
decoding fidelity, binding of elongation factors or controlling the
access of the nascent peptide chain into the channel. It is clear
now that a prerequisite for optimal functioning of the ribosome
requires an extensive interplay between r-proteins and rRNA.
Even though not all the r-proteins are essential (about one third
are dispensable), the current view is that both r-proteins and
rRNA are equally important for the assembly and function of the
ribosome.

elS © 2017, John Wiley & Sons, Ltd. www.els.net 1
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Figure 1

Ribosomal proteins exhibit globular domains and long extensions. Proteins in the ribosome typically contain one or more globular

domains that locate in the surface of the ribosome and long extensions that reach far into the internal parts of the ribosome. r-Protein uS9 (a) and ulL4 (b)
from Bacillus subtilis showing this frequent topology. Reprinted from Sohmen et al. (2015) © Nature Communications distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/).

Most of the r-proteins are located around the periphery of the
ribosome structure and few of them are located at the interac-
tion surface between the two subunits. Proteins in the ribosome
typically contain one or more globular domains with similar
folds found in other non-r-proteins. This includes, for example,
B-barrels or a-helices packed against a p-sheet and often similar
domains found in different r-proteins interact with RNA in dif-
ferent ways (Wimberly et al., 2000). Nearly all r-proteins contain
long extensions in addition to their globular domains. These can
be helical, long f-hairpins or unstructured loops. These exten-
sions make intimate contacts with the rRNA and reach far into
the internal parts of the ribosome (Figure 1). They are rich
in basic residues, which allow them to neutralise the charge
repulsion of the RNA backbone. Importantly, these extensions
allow r-proteins to contact several RNA elements simultaneously,
which is probably important for the stabilization of the overall
structure of the ribosomal subunits and to implement allosteries
existing between r-proteins and rRNA.

In this article, we first described how the ribosome field
has recently adopted a new nomenclature system to name the
r-proteins in the eukaryotic and prokaryotic ribosome. Next, we
explain the different protein complement exhibited by the ribo-
some in bacteria, yeast and human mitochondria and our current
understanding of the function of r-proteins in both the assem-
bly process of the ribosome and protein translation. Mutations in
r-proteins lead to a slow growth phenotype in bacteria and a group
of diseases in eukaryotes generically known as ribosomopathies.
These severe phenotypes reveal that r-proteins play important
roles. We also described how ribosomal proteins have represented
an extremely useful tool for the study of protein evolution.

Current Nomenclature
of Ribosomal Proteins
Since the 1960s that ribosome investigations began, several con-

ventions for naming r-proteins became embedded in the litera-
ture. Each laboratory working in the r-proteins from Escherichia

coli devised its own naming system making very difficult to make
sense of the published data. The problem became larger when
other groups started to assign names to archaeal and eukary-
otic ribosomal proteins. Some of these names were the same as
those used in the bacterial ribosome. However, at the time names
were assigned, the sequences of the r-proteins had not been deter-
mined and the same names were used for different r-proteins.
Compounding the problem, groups working in yeast ribosomal
proteins developed several naming systems.

Fortunately, in 2014 the field came together and adopted a
new convention for naming r-proteins (Tables 1 and 2) (Ban
et al., 2014) that is now broadly adopted. The r-proteins in
E. coli were the first to be identified and sequenced. Conse-
quently, their archaeal and eukaryotic homologues were assigned
E. coli names. The r-proteins found in the three domains of life
(bacterial, archaea and eukaryotes) are given the prefix ‘u’ for
‘universal’ followed by the bacterial names first adopted in 1971
(Wittmann et al., 1971). In the 1971 convention, r-proteins from
the small subunit have the form of SX, where X is a number, and
r-proteins from the larger subunit are designated LY, where Y is
also a number. Bacterial proteins without a eukaryotic homologue
are designated using the prefix ‘b’. Finally, eukaryotic proteins
without a bacterial homologue have the letter ‘e’ before the pro-
tein name.

Structure of the Ribosome
in Different Organisms

In all living organisms, the ribosome consists of two functional
subunits: a smaller subunit (Figure 2a) responsible for base
pairing between the mRNA codon and the aminoacyl-transfer
ribonucleic acid (tRNA) anticodon at the decoding centre; and
a larger subunit (Figure 2b) responsible for peptide bond forma-
tion at the peptidyl transferase centre. Although ribosomes carry
the same function in all living organisms, they are different in
size and level of complexity. The overall shape of the ribosomes
was first observed in negatively stained electron microscopy

2 elS © 2017, John Wiley & Sons, Ltd. www.els.net

136



Ribosomal Proteins: Their Role in the Assembly, Structure and Function of the Ribosome

Table 1 New nomenclature for r-proteins from the small riboso-
mal subunit

Table 2 Nomenclature for r-proteins from the large ribosomal
subunit

New name Bacteria name Yeast name Human name  New name Bacteria name Yeast name Human name
bS1 S1 - - ulL1 L1 L1 L10A
eS1 - S1 S3A ulL2 L2 L2 L8
uS2 S2 SO SA ul3 L3 L3 L3
uS3 S3 S3 S3 uL4 L4 L4 L4
uS4 S4 S9 S9 ul5 L5 L1l L1l
eS4 - S4 S4 ul6 L6 L9 L9
uS5 S5 S2 S2 eL6 - L6 L6
bS6 S6 - - elL8 - L8 L7A
eS6 - S6 S6 bL9 L9 - -
uS7 S7 S5 S5 uL10 L10 PO PO
eS7 - S7 S7 uL11 L11 L12 L12
uS8 S8 S22 S15A bL12 L7/L12 - -
eS8 - S8 S8 ulL13 L13 L16 LI13A
uS9 S9 S16 S16 eL13 - L13 L13
uS10 S10 S20 S20 uL14 L14 L23 L23
eS10 - S10 S10 eL14 - L14 L14
uS11 S11 S14 S14 uL15 L15 L28 L27A
uS12 S12 S23 S23 eL15 - L15 L15
eS12 - S12 S12 ulL16 L16 L10 L10
uS13 S13 S18 S18 bL17 L17 - -
uS14 S14 S29 S29 uL18 L18 L5 L5
uS15 S15 S13 S13 eL18 - L18 L18
bS16 S16 - - bL19 L19 - -
uS17 S17 - - eL19 - L19 L19
eS17 - S17 S17 bL20 L20 - -
bS18 S18 - - el.20 - L20 L18A
uS19 - S19 S19 bL21 L21 - -
bS20 S20 - - elL21 - L21 L21
bS21 S21 - - ul22 L22 L17 L17
bTHX THX - - el.22 - L22 L22
eS21 - S21 S21 ul23 L23 L25 L23A
eS24 - S24 S24 ulL.24 L24 L26 L26
eS25 - S25 S25 elL.24 - L24 L24
eS26 - S26 526 bL25 L25 - -
eS27 - S27 S27 bL27 L27 - -
eS28 - S28 528 el.27 - L27 L27
eS30 - S30 S30 bL28 L28 - -
eS31 - S31 S27A elL28 - - L28
RACKI1 - Ascl RACKI1 ulL29 L29 L35 L35
. . . elL29 - L29 L29
b, bacterial; e, eukaryotic; u, universal. uL30 L30 L7 L7
eL30 - L30 L30
images (Vasiliev, 1974; Lake, 1976). Cryo-electron microscopy ~ bL31 L31 - -
(cryo-EM) and single particle analysis rendered the first 3D struc- ~ eL31 - L31 L31
tures of ribosomes (Frank, 1997). However, it was only when the =~ bL32 L32 - -
X-ray structures of the individual bacterial ribosomal subunits — eL32 - L32 L32
(Ban et al., 2000; Wimberly et al., 2000; Harms et al., 2001)  bL33 L33 - -
and the entire ribosome (Yusupov et al., 2001; Schuwirth er al.,  eL33 - L33 L35A
2005) began to emerge that accurate atomic models of the bac-  bL34 L34 - -
terial ribosome became available. Remarkable recent advances  eL34 - L34 L34
in direct electron detectors for cryo-EM (Desai et al., 2017) and ~ bL35 L35 - -
crystallography (Ben-Shem ez al., 2011) over the last decade have ~ bL36 L36 - -
provided also atomic resolution models of the eukaryotic ribo-  eL36 - L36 L36
some (Figure 3). See also: Single Particle EM (continued overleaf)
elS © 2017, John Wiley & Sons, Ltd. www.els.net 3
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Table 2 (continued)

New name Bacteria name Yeast name Human name
el.37 - L37 L37

elL.38 - L38 L38

el.39 - L39 L39

eL40 - L40 L40

elL41 - L41 L41

el42 - L42 L36A

el43 - L43 L37A

P1/P2 - P1/P2 P1/P2

b, bacterial; e, eukaryotic; u, universal.

The bacterial ribosome is a 70S assembly with a molecular
mass of 2.3 MDa and comprised of the small 30S and large 50S
subunits (Figures 2 and 4a). The 30S subunit is made of 16S
rRNA and 21 r-proteins named from S1 to S21 (with a prefix u or
b; see below) (Table 3) (Ban er al., 2014). The 16S rRNA folds

into four domains that constitute the key landmarks of the 30S
subunit: body (5" domain), platform (central domain), head (3’
major domain) and helix 44 (3’ minor domain) (Figure 2a) (Wim-
berly et al., 2000). The four domains fold around the decoding
centre that constitutes the functional core of the 30S subunit. The
508 subunit is made of the 5S and 23S rRNAs and 34 r-proteins
designated from L1 to L36 (with u or b prefix) (Table 3) (Ban
et al., 2014). The view frequently referred to as the ‘crown view’
of the 50S subunit looks like a halved pear, where the bottom is
the ‘body’ and the top is called ‘central protuberance’. The two
lateral protuberances are the L1 and L7/L.12 stalks. The front side
of the 50S particle is a flat surface through which the particle
interfaces with the 30S subunit. The back of the particle is round
and faces the solvent (Figure 2b). The 23S rRNA forms most
of the body of the 50S subunit and the 5S rRNA is an important
component of the central protuberance. The six different domains
identified in the secondary structure of the 23S rRNA and the one
domain in the 5S rRNA do not fold into independent domains,

us14-

Decoding
centre

us12

(@)

L1 stalk

bL28

Q

~

uL18

bL27

pL35 uL15

uL4

uL29

J

ulL23

uL24

Figure 2 Structure and main landmarks of the bacterial ribosomal subunits. (a) Front (left) and back (right) views of the structure of the 30S
subunit. Labels indicate the main landmarks of the ribosomal subunit and the r-proteins. Panel (b) shows the ‘crown view’ (left) and solvent (right) view of
the 50S subunit of Bacillus subtilis, respectively. Reprinted from Sohmen et al. (2015) © Nature Communications distributed under the terms of the Creative

Commons Attribution License (http://creativecommons.org/licenses/by/4.0/)
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Figure 3 Structure of the human 80S ribosome obtained by
cryo-electron microscopy. Cryo-electron microscopy of the human 80S
ribosome. The 40S subunit is shown in yellow and the 60S subunit is coloured
in cyan. The background picture is an electron micrograph obtained
by cryo-electron microscopy using a Gatan K2 direct electron detector.
Reprinted by permission from Macmillan Publishers Ltd: Nature (Khatter H,
Myasnikov AG, Natchiar SK, Klaholz BP. Structure of the human 80S ribo-
some 520, 640-645), copyright (2015).

as it is the case for the 30S subunit with the 16S rRNA. Instead,
the seven domains of the two rRNA molecules fold into a com-
pact intertwined structure (Ban et al., 2000). In the 70S ribosome,
there are several intersubunit contacts, or bridges, that hold the
two ribosomal subunits together. Most of these contacts break or
rearrange during the translation cycle (Figure 4a) (Yusupov et al.,
2001; Schuwirth et al., 2005). See also: Bacterial Ribosomes
In eukaryotes, the ribosome is made of the 40S and 60S
subunits, which upon association form the 80S particle
(Figure 4b,c). The size of the eukaryotic 80S ribosome ranges
from 3.3 MDa in lower eukaryotes to 4.3 MDa in higher eukary-
otes. The eukaryotic ribosome shares a common structural
core with the bacterial ribosome. This core is comprised of 15
r-proteins in the small subunit, 19 in the large subunit and 4400
bases in the rRNA. Most of these bases in the rRNA are in the

Table 3 Components of the ribosome in different organisms

functional cores of the two subunits. Most of the r-proteins in this
core contain additional extensions and insertions. In addition to
the core r-proteins, the 80S ribosome contains eukaryote-specific
proteins. Except for the stalk proteins (P r-proteins) that are
present in four or six copies, each r-protein is present as a single
copy, similarly to the bacterial ribosome. The rRNA molecule in
the 40S subunit is called 18S rRNA. The 60S subunit is formed
by three different rRNA molecules (25S rRNA, 5.8 rRNA and
5S rRNA), instead of the two found in bacteria (Table 3). All
the eukaryotic rRNA molecules contain additional bases that are
not found in the bacterial ribosome. The eukaryotic 40S and 60S
subunits share also structural similarity with the bacterial small
and large subunits, respectively. The 40S subunit has similar
landmarks to that of the 30S subunit, including the body, head,
platform and helix 44. The 60S subunit is also comprised of the
body, central protuberance and two stalks (L1 and P-stalks). See
also: Ribosomal Proteins in Eukaryotes

The structure of the 80S ribosome from Saccharomyces
cerevisiae was determined by X-ray crystallography in 2011
(Ben-Shem et al., 2011), providing an atomic resolution
description of its 79 proteins and 5500 rRNA bases (Figure
4b). Forty-five of the r-proteins in this ribosome are eukaryote
specific (Table 3). Many of them have unusual folds and contain
remarkably long tails and loops extending from the globular
domains of the r-proteins. Interestingly, most of these extensions
are located in the surface of the ribosome and not buried between
rRNA, as it is the case for the bacterial ribosome (Figure 1). Each
intersubunit bridge that has been described in the bacterial 70S
ribosome has a counterpart in the 80S ribosome. However, the
80S ribosome features additional eukaryotic specific bridges. In
contrast to bacteria where RNA-RNA contacts are predominant,
r-proteins are the main element participating in establishing the
intersubunit contacts in the yeast ribosome.

In humans, the 80S ribosome (Figure 4¢) has a molecular
weight of 4.3 MDa and contains the same four rRNA molecules
found in the yeast ribosome plus 80 r-proteins (33 in the 40S
subunit and 47 in the 60S subunit). This is one additional protein
(eL.28) compared to the yeast ribosome (Table 3).

In the last 2 years, the structure of the highly divergent ribo-
somes of human (Figure 4d) (Amunts et al., 2015) and yeast

Bacteria (E. coli) Lower eukaryotes Higher eukaryotes Yeast mitochondrial Human mitochondrial
(S. cerevisiae) (H. sapiens) (S. cerevisiae) (H. sapiens)
2.3MDa 3.3MDa 4.3MDa 3.3MDa 2.8 MDa
54 proteins 79 proteins 80 proteins 75 proteins 80 proteins
3 rRNA 4 rRNA 4 rRNA 2 rRNA 2 rRNA
Large subunit (50S) Large subunit (60S) Large subunit (60S) Large subunit (60S) Large subunit (60S)
33 proteins 46 proteins 47 proteins 39 proteins 50 proteins
23 rRNA - 2904 bases ~ 5.8S rRNA — 158 bases  5.8S rRNA — 156 bases  21S rRNA — 3296 bases  16S mt-rRNA — 1559
5S rRNA - 121 bases 25S rRNA - 3396 bases  28S rRNA — 5034 bases bases
58 rRNA — 121 bases 5S rRNA — 121 bases mt-tRNAYY 73 bases
Small subunit (30S) Small subunit (40S) Small subunit (40S) Small Subunit (40S) Small Subunit (40S)
21 proteins 33 proteins 33 proteins 34 proteins 30 proteins

16S rRNA — 1542 bases

18S rRNA — 1800 bases

18S rRNA — 1870 bases

15S rRNA - 1649 bases

12S mt-rRNA - 954 bases

elS © 2017, John Wiley & Sons, Ltd. www.els.net
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Figure 4 Gallery of ribosomal structures. A side-by-side comparison of the structures of the bacteria (E. coli) (PDB ID: 4v4q) (a), yeast (S. cerevisiae)
(PDB ID: 4v88) (b) and human (PDB ID: 4ug0) (c) ribosomes. Panel (d) and (e) show the structures of the mitochondrial ribosome from human (PDB ID:

3j9m) and yeast (PDB ID: 5mrf), respectively.

(Figure 4e) (Desai et al., 2017) mitochondria (mitoribosomes)
have been obtained using cryo-EM.

The structure of the human mitochondrial ribosome reveals that
this assembly is comprised of 80 r-proteins (30 r-proteins in the
small subunit and 50 in the large subunit) that are extensively
interconnected (Table 3). Thirty-six of the r-proteins are specific
to mitochondria and the r-proteins with homologues in bacteria
have substantial extensions. The increase in protein mass causes

the mitochondrial ribosome to have a distinct morphology. It
contains three rRNA molecules as the bacterial ribosome. The
12S mt-rRNA is the RNA component in the small subunit and
the 16S mt-rRNA and mt-tRNAY are the two molecules in the
large subunit (Table 3). The mt-rRNA in this ribosome is about
half the size of that in bacteria. The sequences that are common
to the bacterial rRNA adopt similar conformations, except for
helix 44 in the small subunit. This helix is a universal element

6 elS © 2017, John Wiley & Sons, Ltd. www.els.net

140



Ribosomal Proteins: Their Role in the Assembly, Structure and Function of the Ribosome

forming part of the decoding centre and it is also used to form
essential intersubunit bridges. In bacteria, the lower part of helix
44 is rigid and anchors through interactions with bS20. However,
in the human mitochondrial ribosome, the lower part of the helix
is highly flexible.

The yeast mitochondrial ribosome is somehow different from
its human counterpart. It is a 75-component assembly, but
with less extensive rRNA contractions. It contains two rRNA
molecules (21S rRNA in the large subunit and 15S rRNA in the
small subunit) and a mt-tRNA. The small subunit contains 34
r-proteins from which 14 are mitochondria specific. The protein
complement in the large subunit is comprised of 39 r-proteins
with 13 of them unique to mitochondria (Table 3).

Overall, all these structures reveal that bacterial and eukaryotic
ribosomes share a conserved core and suggest that ribosomes
from different domains of life evolved from a common ancestor
by addition of r-proteins and RNA sequences that confer extra
functionalities to these ribosomes.

Overview on the Function
of Ribosomal Proteins

The number of r-proteins forming part of the ribosome structure
ranges from 54 in bacteria to 80 in humans (Table 3), but despite
the presence of so many r-proteins the ribosome is functionally
a ribozyme. Although the participation of the r-proteins in the
peptide bond formation was entertained in the mid-1970s, it
was found subsequently that the peptidyl transferase activity of
the ribosome was extremely resistant to procedures that extract,
denature and digest proteins (Noller ez al., 1992). The structure of
the 508 ribosomal subunit (Ban et al., 2000) showing that there
are no protein elements within 17 A of the catalytic site for the
peptidyl transferase centre put finally to rest the possibility of
r-protein participating in the catalysis of peptide bond formation.
Then, if the ribosome is a ribozyme that functions as a
RNA-based catalyst to promote peptide bond formation, what
are the roles of the r-proteins? Foundational work by Nomura
(Mizushima and Nomura, 1970) and Nierhaus (Roth and Nier-
haus, 1980) earlier revealed a clear role of r-proteins in driving
folding of the rRNA and, thus, in ribosome biogenesis. However,
there have been a more limited number of studies successfully
identifying specific roles of r-proteins in the context of mature
ribosomal particles. The r-proteins have been also believed to
possess ribosome-independent functions since their discovery.
Significant progress has been made over the past decade in iden-
tifying many examples of r-proteins with a function beyond the
ribosome. For example, there are more than a dozen of eukaryotic
r-proteins that have been found to activate the tumour suppressor
p53 pathway and play a role in tumorigenesis. Ribosome-free
r-proteins can act as either oncoproteins or tumour suppres-
sors. Beyond these roles, other r-proteins have been shown to
participate in the innate immune response (Zhou et al., 2015).

Function of the Ribosomal Proteins
in the Assembly of the Ribosome

The role of r-proteins in ribosomal assembly assisting the folding
of the rRNA is now well established. Vintage experiments by
Nomura and (Traub and Nomura, 1969) and Nierhaus (Roth and
Nierhaus, 1980) defined the hierarchy of binding of the r-proteins
to the bacterial 30S and 50S subunits, respectively. The r-proteins
are designated as primary (bind directly to the rRNA), secondary
(binding is dependent on primary binding r-proteins) or tertiary
(binding is dependent on secondary binding r-proteins).

Work from the Woodson laboratory and others (Woodson,
2011) showed that in the absence of r-proteins, the rRNA rapidly
folds into secondary and tertiary structures resembling those
found in the ribosomal subunits. However, as the rRNA folds,
it easily becomes kinetically trapped in local energy minima of
its folding landscape. The presence of r-proteins during fold-
ing prevents the rRNA to fall into these energetic traps and also
expands the structural space accessible to rRNA stabilising com-
plex RNA folds that are inaccessible to pure RNA (Figure 5).
Binding of r-proteins simultaneously during folding guides the
rRNA folding and keeps it in a pathway leading to the cor-
rect structure. These studies also revealed that r-proteins assist
rRNA folding by an induced fit mechanism in which both the
r-protein and rRNA undergo structural changes. The r-protein
initially interacts forming a labile complex with the rRNA that
strengthens as assembly and co-folding proceeds. RNA structure
probing experiments from the Noller, Woodson and Weeks lab-
oratories have also provided evidence that much of the native
rRNA secondary structure in the ribosomal particles is formed
in a protein-independent manner, whereas native tertiary rRNA
contacts are often stabilised through protein-binding events (Adi-
lakshmi et al., 2008).

Even though the folding of the rRNA is driven by interaction
with r-proteins, the assembly of the ribosomal subunits in vivo
is highly flexible. Folding can occur through multiple accessible
pathways, assuring complete assembly still occurs even when a
r-protein is limiting. This was elegantly demonstrated recently
by the Williamson lab by using a genetic system to starved cells
of the essential r-protein bL.17 (Davis et al., 2016). Depletion
of this protein caused the accumulation of 13 distinct assembly
intermediates, structure of which was determined to be 4-5 A
using cryo-EM and quantitative mass spectrometry. These struc-
tures revealed that the protein-driven folding of the rRNA can be
rerouted through different pathways as needed as well as the com-
plexity of the folding landscape of the rRNA during assembly.

Function of the Ribosomal Proteins
in the Ribosome Structure
and Function

It has been more challenging to identify individual functions
for r-proteins during translation. This is because of the highly
cooperative nature of the interactions between rRNA and
r-proteins and between r-proteins themselves. This cooperativity
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Primary r-proteins
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Tertiary r-proteins
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intermediates
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J

Figure 5 Ribosomal proteins assist the folding of the rRNA during ribosomal assembly. A hypothetical folding landscape for the 505 ribosomal
subunit. At the top of the energy funnel, the rRNA starts to fold. Binding of r-proteins, simultaneously during folding, guides the rRNA folding and keeps it in
a pathway leading to the correct structure. The r-proteins are designated as primary when they bind directly to rRNA, secondary when binding is dependent
on primary r-proteins or tertiary for those when binding depends on secondary r-proteins. The structure at the bottom represents the 50S subunit after

reaching the mature state.

became apparent early on in experiments performed in the late
1970s, while characterising suppressor strains of E. coli to a
specific streptomycin-dependent mutant. Surprisingly, strains
reverting to an independent phenotype showed mutations in
any of the 50 r-proteins (Dabbs, 1978). Allosteric regulations
have been also found between r-proteins located as distant as
opposite sides of the ribosome. In addition, some r-proteins (or
parts of them) are highly flexible and their precise placement in
the ribosome structure is still not fully established and this fact
has hindered efforts in their functional elucidation. At least 22
r-proteins in Bacillus subtilis have been found to be nonessential
when deleted individually (Akanuma et al., 2012). This raises
the question of whether these r-proteins contribute any function
during translation or even why they have been preserved during
evolution.

Nevertheless, several studies from the last two decades have
been successful in identifying individual r-proteins playing a
significant role in the functionality of the ribosome. In this
section, we describe a few of these examples. In bacteria, bS1

is an r-protein weakly bound to the ribosome that also interacts
with mRNA. It has been proposed that bS1 actively participates in
translation initiation possibly by interacting with the mRNA and
directing it to the ribosome, thereby assisting subsequent mRNA
interactions with the anti-Shine-Delgarno sequence in the 3’ end
of the 16STRNA (Suryanarayana and Subramanian, 1983). Also
in bacteria, a few r-proteins influence significantly the accuracy
of the decoding process and ultimately the fidelity by which the
ribosome translates the sequence of the mRNA into a protein.
uS12 is one of these proteins, and both mutations or the complete
absence of this protein increases the accuracy of the ribosome.
These findings suggest that S12 increases the rate of translation at
the cost of accuracy. Conversely, mutations in uS4 and uS5 genes
cause a severe reduction in translation accuracy. One last bacterial
example is bL7/L12 r-proteins, which form one of the two stalks
of the 50S subunit. These proteins are involved in the binding of
elongation factors EF-Tu and EF-G as well as the initiation factor
IF-2 and the release factor RF-2 (Agrawal et al., 1998).
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The roles of eukaryotic r-proteins in the functioning of the
translation machinery have been studied in less detail than
those in bacteria. However, there are recent studies combining
structural, biochemical and genetic approaches suggesting impli-
cation of many eukaryotic r-proteins in binding participating
molecules of the translation machinery. Interestingly, most of the
r-proteins in bacteria for which a function has been identied have
a eukaryotic counterpart, initially implying these proteins have
the same function in eukaryotes. However, existing examples
made clear that evolutionary conservation does not necessarily
mean the same functional roles (Graifer and Karpova, 2015). For
example, uS4 in bacteria participates in the entry of the mRNA
molecule, while location of its eukaryotic counterpart in the 40S
subunit excludes this function (Rabl et al., 2011). Consequently,
the assignment of specific functions to eukaryotic r-proteins
typically requires additional new data. Overall, their roles remain
much less well understood mainly because methods for in vitro
reconstitution of eukaryotic ribosomes are not available yet.
This limitation makes it difficult to study the role of individual
r-proteins by analysis of reconstituted ribosomes missing a
r-protein or with this r-protein carrying specific mutations. In
this regard, yeast genetics has been a useful tool to produce ribo-
somes in vivo lacking r-proteins or containing specific mutations
on them and identify the function of individual r-proteins (Ghosh
et al., 2014). Similarly, cross-linking studies revealing intimate
contacts of r-proteins with various ligands of the eukaryotic
ribosomes, mRNA and translation factors (Demeshkina et al.,
2003; Graifer et al., 2004) and the recent atomic and near atomic
resolution structures of eukaryotic ribosomes obtained by X-ray
crystallography (Lomakin and Steitz, 2013) or cryo-EM (Figure
4) (Voorhees et al., 2014) have also been effective sources for
identifying functions of r-proteins in the translation process.
These approaches have revealed that r-proteins in eukaryotes
are implicated in numerous interactions with the translational
machinery and many of the r-proteins have several functions
(Graifer and Karpova, 2015).

What Makes a True Ribosomal
Protein?

The r-proteins are not the only proteins interacting with the rRNA
as it folds during subunit assembly. Two other large groups of
proteins also become associated with the ribosome at specific
stages along the assembly pathway: placeholder proteins and
assembly factors. See also: Factor-Mediated Ribosome Assem-
bly in Bacteria; Bacterial Ribosomes: Assembly

Placeholder factors are a distinct group of trans-acting factors.
In the classical view first proposed by S. J. Baserga (Dunbar et al.,
2000), proteins in this group are r-protein paralogues that share
extensive identity and similarity to them (Espinar-Marchena
et al., 2017). They are not components of the mature ribosome
and are unable to functionally replace their r-protein counterpart.
However, they all have a role in ribosome assembly. Placeholder
factors delay the incorporation of r-proteins by binding to the
same rRNA structures in the assembling ribosomal subunits that
the r-proteins bind typically with higher affinity. By this strat-
egy, placeholder factors prevent premature recruitment to the

nascent preribosomal particles of the respective r-protein counter-
part, catalysing important events that only the placeholder factors
can exert or prevent the rRNA to fold into kinetically trapped
intermediates that impede downstream maturation steps. The best
characterised example is that of the r-protein uL10 and its par-
alogue Mrt4 in S. cerevisiae. These two proteins compete for the
same binding site in the rRNA, but they are never present at the
same time in the pre-60S particles or mature 60S subunits.

Assembly factors, on the other hand, are a plethora of pro-
teins that facilitate not only the binding of r-proteins. Overall,
they constitute a platform to regulate and implement rRNA mod-
ifications and processing, as well as for quality control of the
ribosomal particles that are produced. In eukaryotes, these fac-
tors also mediate the intranuclear transport and exit of the pre-
ribosomal particles to the cytoplasm, as well as carriage of the
r-proteins synthesised in the cytoplasm to the nucleus for asso-
ciation with the preribosomal particles. Bacteria represents the
organism using the lowest number of factors with only about 20
reported to participate in the ribosome assembly process (Wil-
son and Nierhaus, 2007; Shajani et al., 2011). In archaea, about
40 protein trans-acting factors have been described (Ebersberger
etal.,2014). However, in eukaryotes, the ribosome assembly pro-
cess is assisted by more than 300 trans-acting factors in yeast
(Woolford and Baserga, 2013) and in humans over 600 factors
have been shown so far to be required for the biogenesis of the
ribosomes (Tafforeau et al., 2013).

The fact that placeholder proteins and some of the assembly
factors play a role in the stabilisation of transient conformations
and overall folding of the rRNA brings an interesting functional
analogy between these two groups of proteins and bona fide
r-proteins. Future research may show that mechanistically place-
holder proteins, assembly factors and r-proteins may work very
similarly in assisting rRNA folding, but the question remaining is
whether these factors and r-proteins are coming from a common
ancestor. There is currently no evidence supporting this hypoth-
esis. However, what is clear is that differently from r-proteins,
placeholder proteins and assembly factors have evolved to fall
off from the ribosome once they have completed their function
because their binding site either overlap with current r-proteins
or with important subunit bridges, essential for the association
with the 50S subunit. Consequently, what it makes a true r-protein
is the fact that once they bind they remain bound to the riboso-
mal particle and become an integral part of the functional mature
ribosome.

Ribosomal Proteins Are a Window
to the Past

The hypothesis of the ‘RNA world’ (Gilbert, 1986) predicts that
life started in a simpler form than the DNA-RNA-—protein tripar-
tite system observed today. In living organisms, typically DNA
constitutes the information carrier and the chemical reactions
supporting life are catalysed by proteins. The information stored
in the DNA is translated into proteins during translation, a pro-
cess dependent on RNA. In the ‘RNA world’, enzymes were
comprised of RNA capable of autocatalytic replication, and thus,
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this molecule was both capable of bearing the information and
performing catalysis. Due to the limited catalytic repertoire of
RNA, RNA primordial enzymes must have formed complexes
with polypeptides that would have conferred the RNA with nec-
essary reactive capabilities. These polypeptides would have been
in the form of small peptides initially but evolved later into longer
peptides. These peptides were likely unable to initially maintain
their structure, but as their complexity increased over time they
became able to fold into stable structures independently from the
RNA scaffold and originating the cellular proteins as we know
them today.

The ribosome is so central in sustaining life in all cells that
evolution has only caused a limited divergence of its features
and molecular structures. Most of the primordial RNA-peptide
complexes populating the ‘RNA world’ were lost over geological
timescales. However, the ribosome is a ‘living fossil’ (Lupas and
Alva, 2017) and constitutes a survivor of the primordial ‘RNA
world” allowing to retrace the evolutionary steps that led to the
folded proteins of today. In the oldest part of the ribosome, the
PTC located at its core, r-proteins are largely lacking any sec-
ondary structure. Further from the centre, the r-proteins have an
increased content of secondary structure and at the periphery, they
present folds that resemble those seen in cytosolic-independent
proteins. However, r-proteins at the surface of the ribosome still
do not have hydrophobic cores that typically drive the folding of
independent proteins. The lack of these cores makes r-proteins
still dependent on the RNA for folding. It is tempting to imag-
ine that the protein families observed today as having emerged
from RNA-peptide complexes similar to the ribosome after they
achieved sufficient complexity to fold independently, rather than
through interactions with the RNA scaffold.

The ribosome is the last survivor of the ‘RNA world” and offers
a chance to study the enzymes supporting life more than 3.5
billion years ago and how cellular proteins became functionally
independent enzymes.

Ribosomal Proteins and Disease

Growth and cellular proliferation are highly dependent on proper
ribosome function and assembly. Dysregulation of any of these
two processes due to mutations in r-proteins causes not only
the cells but the entire individual to exhibit severe phenotypes.
Several mutations described in r-proteins cause a complete loss
of function, and these mutations are typically embryonic lethal
(Marygold et al., 2007; Terzian and Box, 2013). However, the
bulk of the described mutations in r-proteins cause only a partial
loss of function and lead to a group of diseases generically called
ribosomopathies.

A common characteristic in most ribosomopathies induced
by mutations in r-proteins is that typically they result in
tissue-specific phenotypes rather than systemically spread
miss function. This is unexpected, as proper ribosome function is
essential to sustain growth and proliferation in all cells. Several
arguments have been put forward to explain the tissue-specific
phenotypes exhibited by ribosomopathies. It is plausible that
certain r-protein mutations may be deleterious only in specialised
ribosomes dedicated to the translation of a class of mRNA. If

: Their Role in the Assembly, Structure and Function of the Ribosome

this class of mRNA is only present or essential for cells in a
tissue, it could explain the tissue-specific phenotypes exhibited
by ribosomopathies. Certain cells may also contain specific
mRNAs with sequences that are difficult to translate. These
cells may be more sensitive to partial loss of function of an
r-protein as these mutations may compromise translation of the
difficult-to-translate mRNAs, but not other mRNA molecules.

Similarly, it is difficult to understand how loss of ribosomal
function, which leads to slow cellular growth and cell death, is
typically followed with development of cancer, a disease char-
acterised by the appearance of cells exhibiting uncontrolled cell
division and proliferation (Armistead and Triggs-Raine, 2014).
To explain how ribosomopathies cause a hyperproliferative dis-
ease, investigators have proposed that it is the suppressor muta-
tions that appear to compensate for reduced ribosome biogenesis
may be what lead to dysregulation of cell division and cancer.
These secondary mutations may perturb regulation of oncogenes
and tumour suppressors promoting cellular transformation. It is
also possible that loss of function of r-proteins compromises the
immune system and, thus, the ability of these patients to clear can-
cerous cells that appear spontaneously (de la Cruz et al., 2015).

There has been an increasing interest in further elucidating
the role or r-proteins in the ribosomopathies. These diseases
include a large variety of both hypo- and hyperproliferative disor-
ders, which manifest as development disorders in organogenesis,
haematological disorders or cancers, as well as cardiovascular
and metabolic disorders (Narla and Ebert, 2010; Teng et al.,
2013). A detailed description of these diseases and the r-protein
defects associated with them is beyond the scope of this article.
There are multiple excellent reviews on this topic, and we refer
the reader to them (Freed et al., 2010; Narla and Ebert, 2010;
Teng et al., 2013; de Las Heras-Rubio et al., 2014).

Conclusions and Perspectives

It has now become clear that the three core mechanisms of
protein synthesis, including decoding, catalysis of peptide bond
formation and the translocation of mRNA and tRNA, are per-
formed by rRNA. However, it is also apparent that the r-proteins
play essential roles in the functionality of the ribosome. Fast and
efficient folding of the rRNA during ribosome assembly is driven
by r-proteins, but many of the roles of r-proteins in the func-
tion, structure and allosteric communication between parts of the
ribosome are still elusive. Current work in many groups using
new approaches in biochemistry, genetics and structural biology
ensures rapid progress in elucidating many of the still unknown
functions of r-proteins. These new discoveries are of practical
importance as they are paving the way to use the r-proteins as
new targets for the development of new and more potent antimi-
crobials and cancer therapies.
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Glossary

708 The eukaryotic ribosome is also called 70S ribosome,
referring to their sedimentation coefficients in Svedberg units.

80S The eukaryotic ribosome is also called 80S ribosome,
referring to their sedimentation coefficients in Svedberg units.

Evolution Change in the heritable characteristics of biological
populations over successive generations.

Placeholder protein Protein that share extensive identity and
similarity to the ribosomal proteins but they are unable to
functionally replace their r-protein counterpart.

Ribosomal protein Proteins that are considered intrinsic part of
the ribosomal structure.

Ribosome assembly factor Proteins factors that assist the
process of assembly of the ribosomes both in eukaryotic and
prokaryotes.

Ribosome Macromolecular assembly that synthesizes every
protein in the cell.
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Final touches and quality control on the
assembly of the eukaryotic ribosome

Aida Razi & Joaquin Ortega

One of the most fundamental processes of
life is protein synthesis by the ribosome.
Although much is known about the func-
tion and structure of this macromolecular
complex, our understanding on its assem-
bly is still vague. In this issue of The EMBO
Journal, Malyutin et al (2017) provide a
detailed picture of one of the latest
assembly stages of the yeast 60S riboso-
mal subunit. The cryo-EM map of the 60S-
Nmd3-Lsgl-Tifé complex sheds new light
on the function of Nmd3, Lsgl and Tif6—
and their relea right
before the 60S subunit joins the pool of
actively translating ribosomes.

mech

See also: AG Malyutin et al (April 2017) and
C Ma et al (March 2017)

he eukaryotic ribosome consists of
T four ribosomal RNA molecules

(rRNA) and ~80 ribosomal proteins
(r-proteins). These components are orga-
nized into the 40S small and 60S large sub-
that forming the 80S
ribosome. Ribosome assembly starts in the
nucleus and is completed in the cytoplasm,
with immature particles exported from the
nucleus to the cytoplasm during this
process. Assembly of the eukaryotic ribo-
some involves more than 200 biogenesis
factors that support folding, processing and
modifications of the rRNA, enable nuclear
export of the assembling ribosomal particles
or functionally test the active sites of the
subunits (Karbstein, 2013; Woolford &
Baserga, 2013; Greber, 2016). The general
mechanisms by which these factors perform
their functions remain poorly understood.

units associate

Pioneering work from the Hurt and
Beckman’s laboratories (Bradatsch et al,
2012) provided the first moderate resolution
(11.9 A) cryo-EM reconstruction of a pre-
60S particle revealing how multiple assem-
bly factors bind immature ribosomal
particles. The recent introduction of direct
electron detectors in cryo-electron micro-
scopy (cryo-EM) is transforming our under-
standing of the role of assembly factors
(Razi et al, 2017). We are now able to
capture high-resolution snapshots of the
assembly process that shows multiple matu-
ration factors simultaneously bound to pre-
ribosomal particles. In this issue, Malyutin
et al (2017) present the cryo-EM structure of
the 60S subunit in complex with Nmd3,
Lsgl and Tif6 (Fig 1), providing a 3D view
of one of the latest stages of 60S maturation.

Assembly factor Nmd3 associates with
the pre-60S particle in the nucleus and
participates in the nuclear export process
along with a myriad of transiently interacting
factors. Most of these factors are released
prior to nuclear export. However, Nmd3
remains associated with the ribosomal parti-
cle until late during cytoplasmic maturation,
where it is ultimately released in a process
assisted by the GTPase Lsgl (Hedges et al,
2005). Tif6 is a ribosome anti-association
factor that is released at the end of the matu-
ration process assisted by the Efll GTPase
and protein Sdol. The reconstitution of the
60S-Nmd3-Lsgl-Tif6 complex by Malyutin
et al (2017) was done in vitro using purified
components and mature 60S subunits, and it
likely captures the complete subunit right
before the release of Nmd3 and Tif6 in the
cytoplasm of yeast cells.

The cryo-EM map reveals that Nmd3
spans the joining face of the 60S subunit
from the uLl protein on the L1 stalk, covers
the E and P sites and ends up contacting
Tif6, which is bound at the sarcin-ricin loop
(SRL). The cryo-EM map is of sufficient
resolution to build an atomic model of all
three domains of Nmd3. The N-terminal
domain of Nmd3 contacts Tif6, the second
domain adopts a fold similar to that of
r-protein eL22 and occupies the P site, while
the third domain contacts the L1 stalk,
which is seen to adopt a closed conforma-
tion. Density for GTPase Lsgl is also appar-
ent in the cryo-EM map. This protein binds
at the intersubunit surface of the 60S subunit
contacting helix 69, essential for association
with the smaller subunit. A striking finding
of the structure is that binding of Lsgl
induces a shift of rRNA helix 69 that causes
guanosine 2261 to flip out towards residues
near switch I in the GTPase domain of Lsgl,
possibly triggering GTP hydrolysis. This
observation suggests that helix 69 could act
as a general activator of GTPases involved
in large subunit biogenesis. The structure
also suggests a role for Nmd3 in promoting
the loading of uL16, a step that causes dras-
tic conformational changes leading to the
formation of the mature subunit.

The cryo-EM map of the 60S-Nmd3-Lsg1-
Tif6 complex provides new examples of how
assembly factors act as checkpoint proteins
in the mature subunits. It reveals that the
domain of Nmd3 bound to the E site adopts
a topology remarkably similar to eIF5A, a
protein factor necessary for the rescue of
ribosomes stalled on polyproline-containing
sequences. One of the domains of Nmd3
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Figure 1. Yeast 60S subunit bound to assembly factors.

Cryo-EM structure of the yeast 60S subunit in complex with assembly factors Nmd3 (teal), Lsg1 (gold) and Tif6
(red). This structure provides a 3D view of one of the latest stages of 60S maturation capturing the complete
subunit right before the release of Nmd3, Lsg1 and Tif6 in the cytoplasm of yeast cells. This final step allows the
60S subunit to join the pool of actively translating ribosomes.

also occupies the P site, thus adding to the
list of assembly factors that perform quality
control checks and test the functionality and
conformation of specific ribosome sites.
Finally, this study deepens our under-
standing of how late-stage assembly factors
are released right before the active 60S
subunit joins the pool of translating ribo-
somes. Cryo-EM analysis of several partial
sub-complexes undertaken in this study, in
addition to the full 60S-Nmd3-Lsgl-Tif6
complex, allowed the authors to propose a
sequence of events leading to the release of
Nmd3, Lsgl and Tif6. They suggest that
breakage of the interaction between Nmd3
and Tif6 constitutes the initial event that
destabilizes the complex. The L1 stalk is
then free to move from a closed to an open
conformation, thereby pulling out Nmd3

© 2017 The Authors

from the P and E sites. The absence of direct
contacts between Lsgl and Nmd3 suggests
that another factor, possibly Efll, may be
responsible for disengaging Nmd3 from Tif6
and initiate the release. Subsequent entry of
Sdol, recruited by Efl1, releases Tif6.

In a related publication (Ma et al,
2017), the Woolford and Gao’s groups
reported the cryo-EM structure of a pre-
60S particle purified with epitope-tagged
Nmd3. They found that these particles are
depleted for r-proteins uLl6, uL10, uLll,
el40 and el41l and are bound to the
Nmd3, Lsgl, Tif6 and Rehl assembly
factors. The structure reported in that
study likely typifies the maturation stage
of the 60S subunit just prior to that
shown in the Malyutin et al (2017) article.
Therefore, it brings additional insights on
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the maturation events occurring at these
late  stages. A noticeable difference
between the two structures is that the
density for Lsgl appears fragmented in the
pre-60S particle. The N-terminal region of
Nmd3 is also not well ordered, suggesting
that Nmd3 and Lsgl bind in a flexible
manner. These observations are consistent
with these pre-60S particles representing a
late cytoplasmic stage just prior to the incor-
poration of uL16. This stage of maturation is
earlier than that described in the structure of
the in vitro reconstituted 60S-Nmd3-Lsgl-
Tif6 complex and suggests a different order
of release for Nmd3 and Tif6 from that
proposed in Malyutin et al (2017). The
structure by Ma et al (2017) implies that Tif6
is the last remaining factor released from
the maturing particle and that Nmd3 release
precedes this event. Additional structures and
genetic analysis will need to be done to
resolve these conflicting models.

Overall, the structures presented by
Malyutin et al (2017) and Ma et al (2017)
provide two important snapshots of a cellu-
lar pathway essential to sustain life. We see
cryo-EM with the incorporation of direct
electron detectors as a technique of great
promise that is currently transforming our
understanding of the ribosome biogenesis
process and the role played by assembly
factors. Studies in the last decade linking
defects in ribosome assembly with cancer
development make these studies of general
importance and have the potential to trans-
late into clinical benefits.
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ABSTRACT

Cryo-electron microscopy (cryo-EM) had played a
central role in the study of ribosome structure and
the process of translation in bacteria since the de-
velopment of this technique in the mid 1980s. Until
recently cryo-EM structures were limited to ~10 Ain
the best cases. However, the recent advent of direct
electron detectors has greatly improved the resolu-
tion of cryo-EM structures to the point where atomic
resolution is now achievable. This improved resolu-
tion will allow cryo-EM to make groundbreaking con-
tributions in essential aspects of ribosome biology,
including the assembly process. In this review, we
summarize important insights that cryo-EM, in com-
bination with chemical and genetic approaches, has
already brought to our current understanding of the
ribosomal assembly process in bacteria using pre-
vious detector technology. More importantly, we dis-
cuss how the higher resolution structures now at-
tainable with direct electron detectors can be lever-
aged to propose precise testable models regarding
this process. These structures will provide an effec-
tive platform to develop new antibiotics that target
this fundamental cellular process.

INTRODUCTION

X-ray crystallography and cryo-electron microscopy (cryo-
EM) have been key techniques used to understand the struc-
ture and function of the bacterial ribosome. In the year
2000, the groups of Venki Ramakrishnan, Tom Steitz and

Ada Yonath published atomic resolution structures of the
30S and 50S ribosomal subunits (1-3). This historical land-
mark culminated a long quest aimed at solving the structure
of the ribosome that started in the 1970s in Harry Noller’s
laboratory when the secondary structure of the 16S and 23S
rRNA was elucidated. In the time span between these two
historical landmarks, many groups contributed to slowly
define the topography of the bacterial ribosome. To name
a few, significant progress was obtained by the Stoffler’s
group (4,5) using immune electron microscopy to define the
spatial arrangement of the ribosomal proteins (r-proteins).
Cross-linking approaches in the Brimacombe’s group (6-8)
allowed to reveal r-protein-rRNA and r-protein contacts.
Peter Moore and Don Engelman used neutron scattering to
determine the relative positions of the r-proteins in the 30S
subunit (9) and comparative sequence analysis was also in-
strumental to infer the higher order structures adopted by
the 5S, 16S and 23S rRNAs (10-15).

All along, but especially after the development of the
specimen vitrification process by Dubochet ez al. (16) in
1984, cryo-EM has contributed significantly to the joint ef-
fort of determining the structure of the ribosome. Initially,
low-resolution cryo-EM maps of the ribosome, mainly from
Frank’s group (17), provided the envelopes to dock high-
resolution structures of individual r-proteins and fragments
of RNA that several groups were busy solving. Around the
1990s, it was believed that this divide and conquer approach
would eventually render the atomic resolution structure of
the 70S ribosome (18). However, in the latter half for the
1990s solid progress in ribosome crystallization and con-
current improvements in synchrotron radiation sources led
to the structural determination of ribosomal subunits at
atomic resolution from entire particles.
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The contributions of cryo-EM to ribosome biology are
not only limited to structure. An important part of our un-
derstanding of the protein synthesis process is also derived
from cryo-EM. An important challenge in this effort has al-
ways been that the ribosome is a molecule in constant mo-
tion and that fluctuates between different states during the
process of protein translation (19-21). Most of these states
constitute transient structures that are difficult to trap in a
crystalline form, and consequently challenging to be solved
by X-ray crystallography. However, mixtures of complexes
populating the ribosome work cycle and coexisting in the
same sample are not a limiting factor for cryo-EM. Image
classification approaches (22-25) have long been used to
separate particle subpopulations and build 3D reconstruc-
tions for each conformer in the mixture.

Until recently, the drawback of this approach was that
the resolution of the resulting reconstructions was limited
to ~8 A resolution in the best cases (26,27). Atomic reso-
lution models were only attainable when all the individual
components of the complex were known to atomic resolu-
tion and it was possible to dock them unambiguously into
the limited resolution cryo-EM maps (28). Recent advances
in direct electron detector cameras (direct detectors) have
dramatically changed the resolution limit that is now attain-
able by cryo-EM (29-31). These detectors have opened a
much easier way to gather atomic resolution information on
translating ribosome intermediates that are extremely chal-
lenging to crystallize. The avalanche of ribosome structures
in the 3-4 A resolution range that have recently been pro-
duced from these new detectors (32-36) demonstrate that it
is currently possible to retrieve the entire inventory of states
co-existing during the work cycle of the ribosome and gain
a complete portrait of the protein synthesis process in three
dimensions.

These recently published structures of mature ribosomes
provide little insight into ribosome biogenesis. The next
frontier in the ribosome field is to understand the assem-
bly process. Ribosomal subunit assembly has been the sub-
ject of >50 years of investigation that began with seminal
studies by the Nomura (37-41) and Nierhaus (42-44) lab-
oratories in the late 1960s and early 1970s to map the re-
constitution of the 30S and 50S subunits in vitro. Structural
interest in this field has resurfaced in the last several years,
sparked by the publication of several cryo-EM structures of
ribosome assembly intermediates (Figure 1A) (45-51) and
complexes of ribosomal subunits with protein assembly fac-
tors (Figure 1B) (52-55). All these structures were produced
from electron micrographs collected either on photographic
film or standard charge-couple device (CCD) cameras. Con-
sequently, the obtained resolution in these structures was
~10 A or lower. The advent of direct electron detectors now
offers the possibility to study these assembly intermediates
and complexes at atomic resolution, which will most likely
transform our understanding of the ribosome assembly pro-
cess.

In this review, we briefly describe how in light of recent
progress in direct electron detector devices, cryo-EM rep-
resents now an ideal tool to study the process of assembly
of the ribosome. We also summarize the main contributions
that cryo-EM so far has brought in combination with chem-
ical and genetic approaches to our understanding of this

30S+RbfA

‘/’
.

Figure 1. Cryo-EM structure of 30S subunit assembly intermediates and
complexes of the 30S subunit with assembly factors. (A) Gallery of cryo-
EM structures of immature 30S subunit that accumulate in Escherichia coli
strains lacking one or multiple assembly factors. The assembly factor that
has been knocked out in the strain is indicated in the label. A density map
of the mature 30S subunit is at the top of the panel for comparison pur-
poses. This structure was obtained by applying a 20 A low pass filter to the
atomic structure of the 30S subunit (PDB ID: 2AVY). All these structures
were obtained at resolutions ranging from 11 to 17 A resolution and from
images recorded on a CCD camera or film. (B) Cryo-EM structures of the
30S subunit in complex with either YjeQ or RbfA. These structures were
obtained at 10 and 12 A resolution, respectively. Images for the 30S + YjeQ
complex were recorded in a CCD camera and the images for the complex
with RbfA were recorded on film.
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process in bacteria. Finally, we discuss the potential that
the new direct electron detectors will provide into how ri-
bosome assembly occurs.

OVERVIEW OF THE RIBOSOME ASSEMBLY PRO-
CESS IN BACTERIA

The bacterial 70S ribosome is a ribonucleoprotein complex
composed of a large 50S and small 30S subunit. The 30S
subunit is responsible for the decoding of the mRNA and
consists of the 16S rRNA molecule and 21 r-proteins named
from S1 to S21 (with a u or b prefix) (56). The 50S subunit
contains the active center where peptide bond formation is
catalyzed and it is made of two RNA molecules, the 23S
and 5S rRNAs and 34 r-proteins designated from L1 to L36
(with a u or b prefix) (56). The three rRNA molecules form
the core of the particles, whereas r-proteins mainly sit on the
surface of the structure.

Bacterial ribosome assembly commences with the tran-
scription of rRNA as a single precursor transcript contain-
ing the three rRNAs for the two subunits (along with one
or two tRNA molecules) (57). RNase III performs the pri-
mary processing that separates the three rRNAs. The re-
sulting fragments are called precursor rRNAs and contain
additional nucleotides at both their 5 and 3’ ends called
precursor sequences (57). The coordinated action of mul-
tiple RNases removes the precursor sequences to generate
the mature rRNA molecules. After transcription, the rRNA
molecules undergo covalent modifications and form local
secondary structures that are rapidly recognized and bound
by r-proteins. Vintage studies by Nomura (37,38.40,58),
Nierhaus (59,60) and more recent experiments from the
Williamson and Woodson laboratories (61,62) have defined
the hierarchy of binding of r-proteins and the forces shap-
ing rRNA and r-protein interactions during subunit assem-
bly. The binding of r-proteins is designated as primary (di-
rectly to the rRNA), secondary (dependent on primary r-
proteins) or tertiary (dependent on secondary r-proteins).
Evidence to date suggests that r-protein binding to the
rRNA drives folding that stabilizes local RNA structure
and induces conformational changes to create new binding
sites for secondary proteins (63,64). Likewise, these stud-
ies suggest that, at least in vitro, ribosome assembly appears
to occur via multiple parallel pathways without significant
rate-limiting steps, outlining a process of large complexity
and built-in redundancy to ensure efficient assembly even
under unfavorable conditions (62,65).

Mainly through genetic approaches and through the slow
assembly of ribosomes in vitro, the field came to realize that
in cells the assembly process is extremely efficient because of
being assisted by many assembly factors. These factors in-
cluded enzymes responsible for the processing and covalent
modifications of the rRNA and ribosomal proteins, rRNA
chaperones, GTPases and helicases (66-69). However, for
most of the factors their precise functions in ribosome bio-
genesis are still uncharacterized (70).

CRYO-ELECTRON MICROSCOPY AS AN IDEAL
TOOL FOR STUDYING RIBOSOME BIOGENESIS

Similarly, to the protein translation process, all aspects of
the ribosome assembly process involve dynamic events. The
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assembling ribosome is a complex in constant change. New
r-proteins are incorporated and its rRNA is being cova-
lently modified and processed as it fluctuates between dif-
ferent conformations. The complexity and dynamics inher-
ent to the ribosome represents a major limiting factor for
the crystallization of ribosome assembly intermediates and
thus, their study using X-ray crystallography (71). In cryo-
EM, the assembling ribosomes are embedded in a thin layer
of vitreous ice and remain in a fully hydrated state (16,72).
Ribosomal particles are not forced into any crystal lattice
or subjected to steric constrains, therefore, in principle cryo-
EM allows for the visualization of the entire dynamic course
of the assembly process. One limitation to keep in mind is
that because multiple copies of assembling ribosomes that
have the same structure must be averaged to produce the 3D
structure, the assembly states that are more easily observed
are those that represent long-lived intermediates or local
minima conformations within the free-energy landscape of
the ribosome assembly process.

All the existing chemical or genetic approaches presently
used (see below) to capture assembly intermediates in bac-
teria invariably produce a heterogeneous mixture of com-
plexes that must be sorted out. In the last decade sev-
eral image-processing packages for cryo-EM images (73—
75) have implemented maximum-likelihood (ML) classifi-
cation approaches (22) to sort out the particle images into
structurally homogeneous subsets. This methodology has
been proven to be very robust for classifying noisy cryo-EM
images. Once the different subpopulations have been identi-
fied and separated, individual 3D reconstructions at atomic
resolution can be generated for each of the individual as-
sembly intermediates.

Until recently cryo-EM images from the electron micro-
scope were recorded in photographic film. Subsequently, the
field transitioned to the use of CCD cameras. These cam-
eras allowed for the development of automation during data
collection and offered the possibility to produce more and
significantly larger data sets that allowed for higher resolu-
tion 3D structures and to study structurally heterogeneous
assemblies (76,77). However, the attenuation of the signal
and blurring of the image resulting from the indirect detec-
tion of the electrons in these devices often resulted in struc-
tures that were limited to ~10-15 A resolution (Figure 2A).
The recent development of direct detectors has transformed
cryo-EM into a much more powerful technique. These de-
vices record electrons directly with little or no noise. Im-
ages collected in these detectors contain much higher con-
trast and have better preservation of the high-resolution sig-
nal (Figure 2B) (29,78). Images obtained in a detector are
capable to produce 3D structures to much higher resolu-
tion (Figure 2B) (<3 A in many cases) that those obtained
from CCD cameras (Figure 2A). Direct detectors also have
extremely fast image read-outs, which produce ‘movies’ in-
stead of single snapshots. Movies produced by these detec-
tors allow compensating for ‘beam-induced motion’. This is
the movement that the particles in the specimen experience
because of the energy deposited by the electron beam while
the image is being collected, resulting in blurring and res-
olution degradation (79,80). Collecting multi-frame movies
instead of single snapshots allows for an effective tracking
and correction of this movement efficiently restoring the
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Figure 2. Direct detectors produce images with better preservation of the high-resolution information. (A) Cryo-electron micrograph (left panel) obtained
in a CCD camera showing immature 45Sgpga ribosomal particles obtained from a depletion strain of Bacillus subtilis lacking the RbgA protein. The right
panel shows a 3D reconstruction of the 45Srpga particle obtained from CCD images similar to that displayed on the left panel. This 3D structure was
refined to 13 A resolution. (B) Cryo-electron micrograph (left panel) of a similar immature ribosomal particle (44.5Sygc particle) obtained in a direct
electron detector. These particles were purified from a depletion strain of B. subtilis lacking the YsxC protein. The contrast and structural details in this
image are significantly higher than in the equivalent micrograph from a CCD shown in panel (A). Direct detector images similar to that shown in this

panel, produced a 3D structure at ~5 A resolution.

high resolution in the images (30,81,82) (Figure 3). Over-
all, direct detectors represent a quantum leap for the ca-
pability of cryo-EM to deliver atomic resolution (27) and
recently published ribosome structures (34,83-85) consti-
tute outstanding examples of what is now possible using
cryo-EM. These structures illustrate the current potential
of cryo-EM to gather atomic resolution structural informa-
tion of the ribosome assembly process.

Therefore, because of major improvements in both soft-
ware and hardware, cryo-EM can now deliver atomic res-
olution structures. These advances make cryo-EM an ideal
tool for the structural understanding of dynamic processes
such as the assembly of the ribosome. Cryo-EM is defini-
tively posed to bring a flood of new biological insights into
this complex biological process in the upcoming years.

CHEMICAL AND GENETIC APPROACHES TO CAP-
TURE IN VIVO ASSEMBLED RIBOSOMAL SUBUNIT
INTERMEDIATES FOR STRUCTURAL STUDIES

The Williamson lab was among the first groups to analyze
bacterial immature ribosomal particles using electron mi-
croscopy (86). In this pioneer study, 30S subunits were as-
sembled in vitro from purified 16S rRNA and ribosomal
proteins. As the assembly reaction was allowed to proceed,
aliquots were removed and imaged by negative staining elec-
tron microscopy. Using this approach, it was possible to ob-
serve many 30S particles at different stages of the matura-
tion process. More importantly, this analysis showed that
image classification approaches were effective in sorting out
the multiple subpopulations of intermediates existing at the
various time points without the need for biochemical pu-
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Figure 3. Restoration of high-resolution information by beam-induced correction. (A) Micrograph showing 30S ribosomal subunits obtained by merging
the 30 frames from a movie obtained in a Gatan K2 direct electron detector without previous beam-induced motion correction. The micrograph (left)
and particles (center) extracted from this micrograph are clearly drifted. The disappearance of the “Thon rings’ in the power spectra from the micrograph
reveals the loss of high-resolution information due to drifting. The power spectra are obtained by calculating the Fourier Transform of the micrograph.
(B) Performing beam-induced motion correction of the movie frames prior to generating the merged image recovers the high-resolution information in the
micrograph (right panel). This is demonstrated by analysis of the power spectra of the corrected micrograph that shows clearly defined ‘“Thon rings’. Both
the micrograph and extracted particles also do not show any sign of drifting after the beam-induced motion correction was applied.

rification. These results also provided specific structural ev-
idence for the existence of parallel assembly pathways in
vitro. However, the question remaining was whether the ob-
served structures recapitulate the assembly intermediates
existing in vivo.

A significant challenge faced to structurally study the ri-
bosome assembly process in vivo is that bacteria are highly
efficient in assembling ribosomes and the process occurs in
a timescale of just a few minutes. Consequently, ribosome
assembly intermediates do not naturally accumulate in sig-
nificant amounts in bacterial cells (87). To date, structural
biologists have leveraged mainly two types of approaches
to trigger accumulation of assembly intermediates: chemi-
cal and genetic.

The essence of the chemical approach consists of using a
small-molecule inhibitor to disable or slow down a specific
step in the ribosome assembly process, leading to the ac-
cumulation of immature subunits that can be purified and
characterized (Figure 4A). Using small-molecule inhibitors
as probes for studying a complex biological process has
advantages. For example, the chemical compound can be
added or removed easily from the cell system and the inhi-
bition effect appears in a time scale of minutes (88).

This type of approach was instrumental in the dissection
of the protein synthesis process. This was possible because
there is a plethora of chemical probes (antibiotics and other
small molecule inhibitors) that affect this process (89,90)
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and they were used extensively to capture ribosomes in nu-
merous conformational states during protein translation.
Unfortunately, presently there is a scarcity of chemical
probes that could be used to study the assembly process
of the ribosome. Some of the antibiotics inhibiting transla-
tion cause accumulation of 30S and 50S ribosomal subunit
precursors (91). However, to date, only lamotrigine, a drug
that is also used as an anticonvulsant, has been confirmed
as a specific inhibitor of bacterial ribosome biogenesis by
targeting a still uncharacterized function of the translation
initiation factor IF2 in ribosome assembly. This effect only
takes place at cold temperatures but not at 37°C (92). In
eukaryotes, only three other compounds have been shown
to inhibit specific factors in ribosome assembly in eukary-
otes (93-95). These examples clearly shed light on the po-
tential of small molecule inhibitors as probes to study ribo-
some assembly and to uncover the role of new assembly fac-
tors. Therefore, even though chemical approaches in com-
bination with cryo-EM hold tremendous promise and offer
unique advantages for the study of the ribosome assembly
process, current progress is hampered for the limited num-
ber of available probes. Nevertheless, the moment is ripe for
a collaborative effort to identify specific chemical inhibitors
of ribosome assembly that will be of great use as probes (92).
Instead, genetic approaches have been extensively used
to investigate the role of assembly factors in ribosome bio-
genesis. The main approach has consisted in creating single
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Figure 4. Chemical and genetic approaches to capture in vivo assembled ribosomal subunit intermediates. (A) The diagram represents the assembly line
of the 308 subunit. Chemical approaches use small-molecule inhibitors to block a specific step in the ribosome assembly process, which leads to the
accumulation of immature subunits. These particles can be purified and characterized using biochemical or structural methods including cryo-EM. (B) In
genetic approaches single-gene deletion strains are created by homologous recombination where the open-reading frame coding region of the gene for an
assembly factor is replaced with a marker cassette. Absence of a particular assembly factor causes a slowdown of the specific assembly steps assisted by
this factor, which eventually leads to accumulation of assembly intermediates that are possible to purify for subsequent analysis.

(or double) deletion strains for one of the assembly factors
to disable or slow down the ribosome biogenesis process.
These strains accumulate immature subunits in sufficient
amounts to be isolated and characterized (Figure 4B).

The foundation of this experimental approach is that
the ribosomal particles that accumulate upon single dele-
tion of one of these protein factors are informative on the
maturation reaction catalyzed by this enzyme. An impor-
tant premise for this statement is that the ribosomal par-
ticles that accumulate constitute the actual substrate for
the factor (45-51). However, it is not trivial to confirm this
assumption because genetic perturbations cause a steady-
state in which, the actual particles that accumulate may have
evolved and do not necessarily constitute the actual sub-
strate for the assembly factor. Instead, they may represent
particles that have transitioned into a local energy minimum
that are thermodynamically stable and off pathway. Ideally,
these particles should also be able to mature into functional
subunits to rule out that they are not simply dead-end as-
sembly products (Figure 5). It is only recently that a couple
of studies (see section 6 below) (96,97) have asked which of
these potential scenarios concur in single deletion strains
used to capture assembly intermediates.

Despite these caveats, biochemical and structural stud-
ies of particles accumulating in single gene deletion strains
of assembly factors have provided a great deal of informa-
tion regarding the function of a group of assembly factors,
mainly those involved at the late stages of maturation (45—
51). In the next section, we summarize these studies and the
significance of their findings.

WHAT HAVE WE LEARNED FROM STRUCTURAL
STUDIES OF RIBOSOME ASSEMBLY INTERMEDI-
ATES PURIFIED FROM DELETION STRAINS?

Several studies have been published in the last few years
where single deletion (or depletion) strains of assembly fac-
tors were used to trigger accumulation of assembly inter-
mediates for purification and analysis by cryo-EM. Struc-
tural characterization of several late 30S assembly interme-
diates that accumulate in Escherichia coli cells lacking either
YieQ (RsgA) (45), RimM (46,49), KsgA (48) or both YjeQ
and RbfA (50) assembly factors revealed that the immature
30S particles that accumulate in these null strains are at the
late stages of the maturation process (Figure 1A). Most of
the structural motifs of these ribosomal subunits resemble
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Figure 5. Diagram describing the nature of the immature ribosomal particles accumulating in bacterial cells depleted from assembly factors. In the presence
of assembly factors, ribosomal assembly progresses normally to produce mature 30S subunits. In the absence of one or multiple assembly factors, it is
possible that the assembly intermediate, which represents the actual substrate for the factor remains as such and accumulates (on-pathway intermediate). It
is also plausible that the true on-pathway intermediate may be thermodynamically unstable and end up evolving into a more energetically favorable state.
This particle then progresses into the immature particles that are observed accumulating in the null strains and eventually into the mature 30S subunits. A

fraction of the particles could also be targeted for degradation.

those of the mature 30S subunit, however they all present a
severe distortion at the decoding center that renders these ri-
bosomal particles unable to associate with the 50S subunit
and engage in translation. These observations, along with
cryo-EM structures of either YjeQ, RbfA and Era (another
30S assembly factor) in complex with mature 30S subunits
(Figure 1B) (52-55) postulated that these assembly factors
bind immature 30S particles at or near the decoding center
to assist in the folding of this functional core.

These studies highlight significant differences regarding
the late stages of maturation of the prokaryotic small ribo-
somal subunit with respect to that in eukaryotes. During the
late stages of 40S maturation in yeast there are seven sta-
bly bound assembly factors: Tsrl, Rio2 and Dim1 bind to
the subunit interface, Pnol and Nobl to the platform and
Enpl and Ltvl to the mRNA opening channel. Together,
these factors provide a multi-pronged approach to prevent-
ing premature translation initiation (98,99). This is neces-
sary because pre-40S particles can bind mRNAs, transla-
tion initiation factors and 60S subunits that are present in
the cytoplasm at high concentrations. Therefore, these seven
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assembly factors cooperate to inhibit each step in the trans-
lation initiation pathway.

In bacteria, assembling 30S subunits at the late stages of
maturation are also exposed to high concentrations of tR-
NAs, mRNAgs, translation factors and large ribosomal sub-
units that are present in the cytoplasm. When YjeQ (52,53)
and RbfA (55) are bound, they are positioned to block bind-
ing of the translation initiation factors IF1 and IF3 (Fig-
ure 1B). Similarly, Era binds the anti-Shine Dalgarno se-
quence at the 3’ end of 16S rRNA (54), thus likely prevent-
ing mRNA recruitment (Figure 1B). However, in the 30S
subunit ligand blocking is also achieved by the structure of
the rRNA itself. The cryo-EM structures of the immature
308 Arimar and 3084 ep subunits (45,46,49) revealed that the
upper domain of helix 44 is dislodged (Figure 1A). Thus,
inter-subunit bridges cannot be formed, and the decoding
site helix sterically blocks joining with the 50S subunit. Fur-
thermore, the rearrangements of helix 44 distort the decod-
ing site, which is then unable to provide the minor groove
interactions critical for productive recognition of amino-
acylated tRNA and translation initiation. It is also unclear
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whether YjeQ, RbfA, RimM and Era test the functionality
of nascent ribosomal subunits by mimicking elements of the
translational cycle, as it is the case for some of the eukary-
otic assembly factors assisting the maturation of the small
ribosomal subunit (98). Therefore, based on what cryo-EM
has revealed, several significant differences seem to exist in
the way prokaryotic and eukaryotic cells prevent ribosomal
subunits from being engaged in translation before their mat-
uration has been completed.

Similar work has also been done with assembly factors in-
volved in the biogenesis of the 50S subunit, including RbgA
(47,51), YphC or YsxC (96). These factors are all essen-
tial GTPases (100-103). Using Bacillus subtilis strains in
which one of these three proteins was under the control of
an inducible promoter, it was possible to purify incomplete
508 particles that accumulated in the cells under depletion
conditions for these factors. Characterization of the imma-
ture particles by cryo-EM (Figure 6A) and other techniques,
including quantitative mass spectrometry (QMS), revealed
that these factors primarily play a role mainly at the late
stages of maturation of the 50S subunit. Their role is related
to the maturation of the central protuberance and peptidyl
transferase center of the 508 subunit (47,51,96).

Overall, analysis of these assembly intermediates revealed
that the functional cores of the 30S and 50S ribosomal sub-
unit are the last structural motif to adopt a mature confor-
mation.

Most of these assembly factors acting at these late stages
of the process bind to the maturing functional site of the
subunits to likely assist their folding. Their coordinated ac-
tions also prevent immature particles from prematurely en-
gaging in protein synthesis. The mechanistic insights on
how each assembly factor assists in this process and their
precise functions remain largely unknown.

Even though most of these structures were obtained be-
fore the direct detectors were available and the resolution of
these structures is moderate (>10 A) (Figure 1), these stud-
ies clearly illustrate the potential of cryo-EM to visualize in
three dimensions the ribosome assembly process.

LIMITATIONS OF USING RIBOSOME ASSEMBLY
INTERMEDIATES ACCUMULATING IN DELETION
STRAINS FOR CRYO-EM STUDIES

An important question underlying the use of assembly in-
termediates accumulating in single deletion (or depletion)
strains as samples for cryo-EM structural studies on ribo-
some assembly is whether these particles can progress to a
mature subunit that can associate and form functional 70S
ribosomes. In addition, it is also essential to understand the
nature of these particles and whether they constitute on-
pathway assembly intermediates and true substrate for the
assembly factors (Figure 5).

The first study addressing the question of competency
for maturation of these immature particles chose to ana-
lyze an incomplete 50S particle (45Srgpa) (51) purified from
a B. subtilis strain in which the essential assembly factor
RbgA had been depleted (100). Pulse-labeling experiments
followed by quantitative mass spectrometry (qMS) demon-
strated that the 45Sggpa particles that accumulate in the
cells under RbgA depletion conditions are competent for

maturation and progress into functional 70S particles. This
initial finding provided reassurance that at least some of the
particles that accumulate in these depletion strains do not
represent a dead-end product of the reaction and thus, they
are likely informative about the function of assembly factors
(Figure 5).

More recently, a second study (97) performed pulse-chase
experiments to test whether the 30S4 . and 30S 4 i,m par-
ticles, accumulating in single deletion strains of the YjeQ
and RimM assembly factors progress to mature 30S sub-
units. In these experiments, a discrete population of 17S
rRNA that accumulated in the AyjeQ, ArimM and wild
type strains was labeled by adding *H (tritium)-uracil to the
growing culture and the 17S/16S rRNA ratio was used as a
proxy to estimate the proportion of immature 30S subunits
that progressed to mature 30S subunits. The obtained re-
sults were consistent with the progression of at least a sub-
stantial proportion (~50%) of the 30S4,eq and 30Sa imm
particles into mature 30S subunits (Figure 5).

Surprisingly, the same study (97) found that affinity bind-
ing of assembly factors YjeQ, Era, RbfA and RimM to the
30S4,jeq and 30S4 v immature particles is weak and that
binding would not occur at physiological concentrations. In
alignment with these results, mass spectrometry analysis re-
vealed that in vivo the occupancy level of these factors in
these immature 30S particles is below 10% and that the con-
centration of factors does not increase when immature par-
ticles accumulate in cells. These results suggest that in the
absence of these factors, the immature particles evolve into
a thermodynamically stable intermediate that exhibits low
affinity for the assembly factors (Figure 5). It also implies
that the true substrates of YjeQ, RbfA, RimM and Era are
immature particles that precede the ribosomal particles ac-
cumulating in the knockouts strains.

This conclusion aligns well with a presumed role of these
factors in chaperoning the folding of rRNA. It seems likely
that these assembly factors may play a role in stabilizing
specific rRNA motifs at or near the decoding center in cer-
tain conformations (52-55,104). In the absence of any of
these factors, the conformation of the rRNA motifs that
these factors should bind may transition into a local en-
ergy minimum that is thermodynamically more stable. The
proposed model from this study (97) is that in the sin-
gle deletion strains the on-pathway intermediate that con-
stitute the real substrate for each factor progresses to a
downstream assembly intermediate that exhibits low affin-
ity to the factors. Indeed, recent studies (45,46,49,50) found
that the 30S, /0 and 30S 4 particles accumulating in
the ArimM and AyjeQ null strains are structurally similar.
Therefore, it seems that in the knockout strains the different
on-pathway intermediates that are recognized by the spe-
cific assembly factors may be progressing into a structurally
similar local energy minimum intermediate (Figure 5).

A similar study (96) investigated the nature of assembly
intermediates in the 50S subunit in B. subtilis strains de-
pleted from RbgA, YphC and YsxC. In this study, it was
found that these assembly factors bind specifically to the im-
mature particles that the depletion strains accumulate. This
result is different from what it was found for the 30S sub-
unit assembly intermediates that accumulate in the absence
of YjeQ and RimM (97). These results suggest that the 50S

157



Nucleic Acids Research, 2017, Vol. 45, No. 3 1035
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Figure 6. Cryo-EM structures of ribosome assembly intermediates obtained using direct electron detector cameras. (A) Gallery of cryo-EM structures from
assembly intermediates of the 50S subunit from B. subtilis. These intermediates accumulate in the cells of B. subtilis strains depleted for assembly factors
YhpC (45Syphc) and YsxC (44.5Sysxc). (B) The cryo-EM structures obtained with a direct detector are at sufficient resolution to allow identification of
individual rRNA helices still remaining in an immature state. This panel shows rRNA helices in the P and E site of the 50S subunit that are not adopting
the mature conformation. A corresponding density for these helices is not observed in the density map. The atomic model of the B. subtilis 50S subunit
(PDB ID: 3j9W) was docked onto the cryo-EM map to indicate the conformation of these rRNA helices in the mature 50S subunit. This figure is a modified
version of that in the publication from Ni e al. (96).
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immature particles constitute either the actual on-pathway
substrates or their conformations have not diverged signif-
icantly and they are still recognized by the factors (Figure
5). Therefore, the structural differences existing in these im-
mature particles compared to the mature 50S subunit are
likely more informative of the function of the assembly fac-
tors than those inferred from the 30S assembly intermedi-
ates. These two studies (96,97) also indicate interesting dif-
ferences in the thermodynamic stability of the assembly in-
termediates of the 30S and 50S subunits.

The fact that assembly factors acting at late stages seem
to be playing a role in the stabilization of transient RNA
conformations introduces an interesting functional analogy
between assembly factors and bona fide r-proteins. Should
further research provide mechanistic details of the role of
the assembly factors as an RNA chaperone, it may suggest
that the function for the assembly factors is not substan-
tially different than the function played by r-proteins. An
intriguing difference between the two groups of proteins is
that bona fide r-proteins remain bound to the ribosomal par-
ticle, but assembly factors fall off or are removed once their
chaperone function has been completed. The fact that their
binding site overlaps with important intersubunit bridges
that are essential for the association with the 50S subunit
(52-55,104) makes necessary their release and it may have
driven this functional divergence.

Overall, in vivo assembled immature particles accumu-
lated through genetic approaches present several limitations
when used for cryo-EM studies to infer about the function
of assembly factors. However, particles characterized up to
date have still provided a great deal of functional insights
about assembly factors and the late stages of assembly.

OVERCOMING EXISTING LIMITATIONS FOR THE
STUDY OF THE RIBOSOME ASSEMBLY PROCESS
IN BACTERIA

All assembly intermediates that have been structurally char-
acterized by cryo-EM so far have been purified from single
deletion strains or depleted strains lacking individual as-
sembly factors. In addition, most of these structures were
obtained from electron micrographs captured either on film
orin a CCD and thus, they were only obtained to moderate
resolution. Consequently, our current understanding of the
function of assembly factors and how these functions are
performed in three dimensions is most likely vague at best.

Recent developments in hardware and software for cryo-
EM has made possible to obtain the first structures of as-
sembly intermediates in bacteria at a level of detail ap-
proaching atomic resolution. An example of the use of these
new advancements is a recent publication (96) presenting
the structure at ~5 A resolution of two 50S immature par-
ticles obtained upon depletion of YphC and YsxC, two es-
sential assembly factors (Figure 6A). Different from previ-
ous moderate-resolution (~10-15 A) cryo-EM studies (45—
47,49-51), the structures obtained from direct detectors al-
low visualization of individual rRNA helices in the inter-
mediate particles that are still in an immature conformation
(Figure 6B). Consequently, these structures are generating
testable models regarding the function of protein factors in
assembly.

With the technology to obtain atomic resolution struc-
tures using cryo-EM of immature ribosomal particles now
available, developing methods that have the capability to in-
troduce immediate perturbations in the assembly process
and allow rapid capture of these intermediates are much
needed to move the field forward. Certainly, chemical ap-
proaches and the use of small inhibitor molecules against
assembly factors (Figure 4A) hold great promise and are
uniquely suited to contribute to our structurally under-
standing of the sequence of events that leads to assembly
of the mature subunits with high temporal precision. The
ability of small molecules to target specific functions and
to produce perturbations with basically no-lag phase allows
for a much simpler interpretation of the structures and the
information they convey regarding the function of the tar-
geted factors. Similarly small molecule inhibitors of rRNA-
ribosomal protein interactions or rRNA folding events also
have great potential for isolation of other structurally valu-
able intermediates (88). Unfortunately, they do not repre-
sent at this moment a realistic option due to the scarcity of
effective small molecules available to inhibit specific steps of
the ribosome assembly process in bacteria (88).

On the other side, the intrinsic thermodynamic instability
of the assembly intermediates that accumulate in cells us-
ing current genetic approaches (96,97) requires modifying
and extending these methods to be able to achieve purifica-
tion of the on-pathway assembly intermediates that consti-
tute the true substrate for particular assembly factors. Hav-
ing these purification methods in place will allow obtaining
snapshots of the entire spectrum of states existing in the cell
during the ribosome biogenesis process by cryo-EM. How-
ever, to what extent the protocols for extraction, purifica-
tion, and cryo-EM specimen preparation will allow us to
obtain an unbiased description of these intermediates states
is also an open question that needs to be addressed with
considerable urgency.

Recent structural work using direct electron detectors
for the structural analysis of ribosome assembly interme-
diates in yeast (105) is providing examples for potential ap-
proaches that could be applied in bacteria and they would
likely capture the on-pathway assembly intermediates rep-
resenting the true substrate of particular assembly factors.
In this publication nucleoplasmic pre-60S ribosomal parti-
cles were purified by tandem affinity purification after in-
troducing a TAP tag (Figure 7A) in the assembly factor
Nog2, which associates with nucleoplasmic pre-60S ribo-
somal particles. The structure of the purified Nog2 par-
ticles was solved to ~3 A resolution using cryo-EM and
showed over 20 different assembly factors bound mainly
to an arc region extending from the central protuberance
to the polypeptide tunnel exit and the domain called inter-
nal transcribed space 2. Guided by chemical cross-linking
of proteins coupled with mass spectrometry, it was possi-
ble to build the atomic model for 19 of the assembly factors
bound to the assembly intermediate.

Considering that in this work the TAP-Nog?2 factor was
expressed at close to physiological concentrations and that
in the tandem affinity purification the tagged factor recov-
ered under native conditions along with associated partners,
it is quite likely that this remarkable structure has a close
resemblance to the on-pathway assembly intermediate that
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Figure 7. Tandem affinity purification (TAP) as a method for purification
of ribosome assembly intermediates. (A) Schematic of the C-terminal tag
used for TAP. The tag consists of protein A (ProtA) and a calmodulin
binding peptide (CBP) separated by a Tobacco Etch Virus (TEV) protease
cleavage site. (B) Overview of the TAP strategy for purification of ribosome
assembly intermediates. This method requires the fusion of the TAP tag to
the C-terminal end of the target protein (assembly factor) and introduc-
tion of this construct into the host cell. Upon induction the tagged assem-
bly factor will interact with the assembly intermediate (true substrate) in
the cells. Cell extracts are prepared and passed through two affinity pu-
rification steps. In the first step, ProtA binds tightly to an IgG matrix car-
rying along the assembly factor in complex with the immature subunit.
However, contaminants are washed away. Elution from this column is at-
tained by cleaving the construct with TEV protease. The eluted complex
is then loaded in a second column containing calmodulin beads, which
have high affinity for the CBP module on the TAP tag (CBP). Additional
washes allow for further removal of contaminating proteins. Final elution
is achieved under mild conditions with EGTA. All buffer conditions used
during this procedure are mild. Therefore, the obtained purified assembly
factor in complex with the immature ribosomal particle is eluted under
native conditions.
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constitutes the true substrate of these assembly factors and
that bacterial studies have endeavored to capture, so far with
much more limited success.

Tandem affinity purification (Figure 7) was initially de-
veloped in yeast, but has been subsequently employed suc-
cessfully in the analysis of protein—protein interactions and
protein complexes in other organisms including mammals,
plants, Drosophila and more importantly for the work dis-
cussed here, also in bacteria. At this point, only a limited
number of examples exist in the usage of tandem affinity pu-
rification for characterization of protein complexes in bac-
teria. A few instances include, Gully ez al. that first used
this approach to isolate native protein complexes (106) and
Shereda et al. (107) that employed this method to purify the
RecQ complex and identified three new heterologous pro-
teins that associate with this complex. The most relevant
example for the prospects of using tandem affinity purifica-
tion for the study of ribosome biogenesis in bacteria was
work from the same laboratory (108) that discovered the
formation of a specific ribonucleoprotein complex between
SrmB, a DEAD-box protein, and ribosomal proteins ul4,
uL24 and the 5’ region of the 23S rRNA. All of these exam-
ples provide exciting prospects for the use of this purifica-
tion method for capturing on-pathway assembly intermedi-
ates that constitute the true substrate of particular assembly
factors.

The incorporation of tags in the rRNA has been a recent
successful approach for the purification of in vivo assem-
bled immature ribosomal particles in bacteria. Gupta et al.
(109) devised a strategy for purification of pre-16S rRNA-
containing assembly intermediates of the 30S subunit. In
this approach, an MS2 bacteriophage RNA stem-loop was
placed at different positions in the 5" or 3’ precursor se-
quences of the 17S rRNA and used for affinity purification
using beads pre-bound with MS2 fusion protein. The differ-
ent location of the MS2 tag led to the purification of three
intermediates, each one of them containing different length
of the 5" or 3’ precursor sequences.

Exploring the conformation of the precursor 16S rRNA
in these intermediates using chemical probing revealed, sim-
ilar to the cryo-EM studies from single deletion strains of
assembly factors (45,46,48,49) that these particles are at the
late stages of maturation and all lack mature functional
sites. Similarly, they were also depleted of some of late bind-
ing r-proteins that enter late in the assembly; in particular
uS2, uS3 and bS21 were severely underrepresented in all of
these intermediates. An important conclusion of this work
is that the 17S rRNA acts as a major scaffold for 30S sub-
unit biogenesis, which occurs following multiple assembly
pathways. More importantly, this MS2-tag based purifica-
tion method also offers a number of in vivo snapshots of
assembling 30S subunits, however they have yet to be char-
acterized by cryo-EM. Only then, it will be possible to de-
termine their potential to contribute to our understanding
of the late stages of maturation of the 30S subunit and the
structural aspects related to the processing of the precursor
sequences of the 17S rRNA.

Finally, a recent review paper (88) has also proposed the
idea of using small molecule inhibitors as affinity purifica-
tion tags for low abundance ribosomal intermediates. Once
effective small molecule inhibitors of the ribosome matura-
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tion process become available, this approach will certainly
represent an exciting alternative to the tandem affinity pu-
rification method described above for purification of on-
pathway immature particles indicated above. The small size
of molecular inhibitors makes them less likely to introduce
structural artifacts upon perturbations in assembly.

FUTURE PERSPECTIVES AND CONCLUSION

Since the development of the vitrification process by Dubo-
chet and colleagues (16) in 1984, cryo-EM has been an es-
sential contributor to the structure and function of the ri-
bosome. The recent developments in hardware and soft-
ware and new emerging methods to capture on-pathway ri-
bosome assembly intermediates in complex with assembly
factors are currently positioning cryo-EM to make tremen-
dous contributions to the understanding of the ribosome
assembly process in bacteria. Undoubtedly, the rich struc-
tural information contained in the structures that cryo-EM
will produce in the upcoming years using these new devel-
opments will provide an extremely valuable framework for
the dissection of the molecular roles and function of assem-
bly factors involved in the maturation of the two ribosomal
subunits. Furthermore, these structures will provide an ef-
fective platform to develop new antibiotics against this fun-
damental cellular process and pave the way to use these as-
sembly factors as antimicrobial targets. Finally, the fact that
some of the bacterial GTPases functioning as assembly fac-
tors have eukaryotic counterparts (69) ensures that some of
the new insights brought by cryo-EM about the assembly
process in bacteria will also provide new therapeutic oppor-
tunities for cancer.
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ABSTRACT

YphC and YsxC are GTPases in Bacillus subtilis that
facilitate the assembly of the 50S ribosomal subunit,
however their roles in this process are still unchar-
acterized. To explore their function, we used strains
in which the only copy of the yphC or ysxC genes
were under the control of an inducible promoter. Un-
der depletion conditions, they accumulated incom-
plete ribosomal subunits that we named 45Sypnc and
44.5Svy¢,c particles. Quantitative mass spectrometry
analysis and the 5-6 A resolution cryo-EM maps of
the 45Sypnc and 44.5Sy,c particles revealed that the
two GTPases participate in the maturation of the cen-
tral protuberance, GTPase associated region and key
RNA helices in the A, P and E functional sites of
the 50S subunit. We observed that YphC and YsxC
bind specifically to the two immature particles, sug-
gesting that they represent either on-pathway inter-
mediates or that their structure has not significantly
diverged from that of the actual substrate. These re-
sults describe the nature of these immature particles,
a widely used tool to study the assembly process
of the ribosome. They also provide the first insights
into the function of YphC and YsxC in 50S subunit
assembly and are consistent with this process oc-

curring through multiple parallel pathways, as it has
been described for the 30S subunit.

INTRODUCTION

A challenge in studying ribosome assembly in bacteria is
that cells do not accumulate assembly intermediates. Early
studies (1-3) relied on pulse labeling and polyacrylamide
gels to study the small amounts of incomplete ribosomal
particles that accumulate in normal cells. These experiments
identified several 30S and 50S intermediates that overall ac-
counted for only a 2-5% of the total rRNA present in ex-
ponentially growing bacteria.

More recently, a few groups have explored the use of small
molecule screenings to find chemical inhibitors of specific
steps in the ribosome assembly process (4). Small molecules
have been extremely effective as precision tools to dissect
the translation process performed by the mature ribosome.
Many of these small molecules are used as antibiotics and
researchers have also used them to capture the conforma-
tional changes that mature ribosomes undergo as they de-
code the mRNA sequence and synthesize the polypeptide
chain. However, there are only a handful of chemical probes
that inhibit ribosome biogenesis in yeast and mammals (5—
9) and only one in bacteria (10). With so few inhibitors avail-
able to probe such a complex process, to date ribosome bio-
genesis has been studied almost exclusively by genetic and
biochemical approaches.

A genetic approach that has been popular (11-14) con-
sists of using single gene deletion strains for trans-acting
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factors that assist the assembly process of the ribosome. In
these strains, the ribosome biogenesis process slows down
significantly and it is then possible to isolate and character-
ize the immature subunits that are the product of the pertur-
bation. Analysis of these particles has provided some of the
initial insights into how protein factors assist the assembly
process of the ribosomal subunits. For example, character-
ization of several 30S assembly intermediates that accumu-
late in Escherichia coli cells lacking either YjeQ (11), RimM
(12,13) or RbfA (14,15) led to the conclusion that these as-
sembly factors act at the late stages of assembly assisting the
maturation of the decoding center of the 30S subunit.
Genetic approaches have also been a prominent exper-
imental tool to establish the function of assembly factors
assisting the maturation of the 50S subunit. Of particular
interest are three GTPases: RbgA (also known as YIqF),
YphC and YsxC. These proteins are essential for growth
in Bacillus subtilis. Initially, genetic approaches established
that the three GTPases act late in the assembly process of
the 50S subunit (16-18). More recently (19,20) using a B.
subtilis strain in which RbgA was under the control of an
inducible promoter, it was possible to purify incomplete
50S particles (45Srpga) that accumulated in the cells un-
der depletion conditions for this factor. Characterization
of the 45Sgpea particles by quantitative mass spectrometry
(gqMS), cryo-electron microscopy (cryo-EM) and chemical
footprinting revealed that RbgA plays a critical role in the
maturation of the central protuberance and peptidyl trans-
ferase center of the 50S subunit. Importantly, pulse-labeling
experiments determined that the 45Srpga particles that ac-
cumulate in the cells under RbgA depletion conditions are
competent for maturation and progress into functional 70S
particles. This finding was important as it provided reassur-
ance that the 45Sgpga particles do not represent a dead-end
product of the reaction and thus, they render physiologi-
cally relevant information about the function of RbgA.
Despite these advances, the mechanistic insights of how
RbgA assists the maturation of the functional core of the
50S subunit or the exact functions of the other two GT-
Pases (YphC and YsxC) remain largely unknown. Similarly
to RbgA, cells depleted in YphC or YsxC also accumulate
incomplete 508 subunits, named 45Sypnc and 44.5Sy ¢ par-
ticles, respectively (17). Therefore, we undertook the anal-
ysis of these particles to reveal the function of YphC and
YsxC in the assembly of the large ribosomal subunit.
Quantitative mass spectrometry (QMS) analysis revealed
that the 45Sypnc and 44.5Syc particles lacked several late-
binding r-proteins indicating that they represent, as for the
45Srpga particles, late assembly intermediates of the 50S
subunit. Cryo-EM reconstructions showed that these parti-
cles exhibited significant structural differences with the ma-
ture 50S subunit in important functional sites, including the
A, P and E sites, central protuberance and GTPase associ-
ated region suggesting that YphC and YsxC, together with
RbgA, play key roles in the maturation of these regions.
To further investigate the nature of the immature
45SRrbga, 45Syphc and 44.5Sygc particles and determine
whether they constitute the actual substrates for the GT-
Pases, we tested the binding of each factor to the immature
particles. We found that RbgA, YphC and YsxC can indi-
vidually bind to each of the immature particles as well as to
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the mature 50S subunit. This binding is specific as it trig-
gers a stimulation of the intrinsic GTPase activity of the
assembly factors. However, a hierarchy of binding similar
to that found for bona fide r-proteins was not apparent for
the binding of these factors. This finding is consistent with
recent kinetic work revealing that assembly of the ribosome
occurs through multiple parallel pathways, which introduce
the necessary flexibility and redundancy to make ribosome
assembly an extremely robust and efficient process. The im-
mature particles also supported binding of multiple assem-
bly factors simultaneously. These results suggest that the
assembly intermediates that accumulate in the absence of
RbgA, YphC or YsxC are thermodynamically stable. They
either constitute the actual substrates for the assembly fac-
tors or their conformations have not diverged significantly
from that present in the actual substrate, so that RbgA,
YphC or YsxC still bind to them.

MATERIALS AND METHODS

Purification of mature 50S subunits and immature 45Sypuc,
45Sgpga and 44.5Syc particles

The mature 508 subunits and immature 45Sypnc, 44.58ysxc
and 45Sppga particles were purified from IF2-depleted
(RB419), YphC-depleted (RB290), YsxC-depleted (RB260)
and RbgA-depleted (RB301) B. subtilis strains, respectively.
Generation of these strains has been previously described
(17,21). The mature 50S subunit and immature 45Srpea
particles were purified as described previously (19). The
44.5Sysc and 45Sypnc particles were purified by the same
procedure used with the 45Sgpea particles.

Protein overexpression clones

The pET21b-ylgF plasmid used to overexpress RbgA was
expressed with a C-terminal Hisg-tag was generated as de-
scribed previously (16). The pET15b-yphC and pET15b-
ysxC plasmids used to overexpress YphC and YsxC with
a N-terminal Hisg tag cleavable by thrombin protease
were produced as follows. The sequence of the yphC gene
(NCBI reference sequence: NC_000964.3) and ysxC gene
(NCBI reference sequence: NC_016047.1) were optimized
for overexpression in E. coli cells using the GeneOptimizer
software® and subsequently synthesized (Life Technolo-
gies; Thermo Fisher Scientific) with a Ndel and a BamHI
site in the 5" and 3" ends of the gene, respectively. The genes
were cloned into the carrier pMA-RQ (ampR) plasmid us-
ing the Sfil and Sfil cloning sites and subsequently sub-
cloned into the final expression vector pET15b using the
Ndel and a BamHI restriction sites. The final constructs
were verified by sequencing (MOBIX, McMaster Univer-
sity).

Protein overexpression and purification

YphC and YsxC were overexpressed as N-terminal Hisg-tag
proteins by transforming E. coli BL21 (DE3) with pET15b-
yphC and pET15b-ysxC plasmids, respectively. For both
proteins, one liter of LB medium containing 100 pg/ml
ampicillin was inoculated with 10 ml of saturated overnight
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culture and cells were grown to ODgy = 0.6 by incuba-
tion at 37°C and shaking at 225 rpm in an Excella E24 in-
cubator (New Brunswick). Expression was induced by the
addition of 1mM isopropyl B-D-1-thiogalactopyranoside
(IPTG). Cells were then induced for 3 h at 37°C and har-
vested by centrifugation at 3700g for 15 min. Cell pellets
were washed with 1 x phosphate-buffered saline (PBS)
buffer (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na,HPO, at
pH 7.4) and re-suspended in 20 ml of binding buffer con-
taining 50 mM NaPO, pH 8 and 0.3 M NaCl contain-
ing a protease inhibitor cocktail (Complete Protease In-
hibitor Cocktail Tablets. Roche). The cell suspension was
passed through a French press at 20 000 1b/in? pressure
three consecutive times and the lysate was spun at 30 000g
for 45 min to clear cell debris, then filtered with a 0.45 pm
filter and loaded into a HiTrap Metal Chelating Column
(GE Healthcare Life Sciences) previously equilibrated with
binding buffer. Nonspecifically bound proteins were washed
with buffer containing 20 mM NaPO,4 pH 7.5, 0.5M NaCl
and 60 mM imidazole. Elution of YphC and YsxC was
done by increasing the concentration of imidazole to 250
mM. Purity of the fractions was assayed by SDS-PAGE and
fractions containing each respective protein were collected,
pooled together and dialyzed overnight against 20 mM
NaPO, pH 7.5 and 5% glycerol. Dialyzed protein prepara-
tions were centrifuged at 12 000g for 10 min in an Eppen-
dorf Mini-spin centrifuge to remove any precipitated pro-
tein. The N-terminal Hisg-tags of YphC and YsxC were re-
moved by digestion with thrombin (Sigma) that was added
in the amount of 25 U/ml to the pooled fractions contain-
ing the target proteins during dialysis. The reaction mixtures
were then loaded onto a Hi-Trap Q HP anion exchange
column (GE Healthcare Life Sciences) for YphC protein
and Hi-Trap SP HP column (GE Healthcare Life Sciences)
for YsxC protein. The columns were pre-equilibrated with
Buffer A (20 mM NaPO,4 pH 7.5, 5% glycerol). A linear gra-
dient of NaCl concentration from 0 mM and 1 M was used
to wash and elute the protein. YphC and YsxC were eluted
at a concentration of 350 and 500 mM NacCl, respectively.
Protein-containing fractions were verified by SDS-PAGE,
concentrated, and NaCl was removed by exchanging the
buffer to desalting buffer (50 mM Tris—-HCI (pH 7.5), 750
mM KCI, 5 mM MgCl,, 20 mM imidazole, 2 mM DTT and
10% glycerol) using a 10 kDa-cutoff centrifuged concentra-
tor (Amicon). In the final step of concentration the buffer
was exchanged to storage buffer (50 mM Tris—-HCI at pH
7.5,750 mM KCl, 5 mM MgCl,, 2mM DTT and 10% glyc-
erol) also using a 10 kDa-cutoff centrifuged concentrator
(Amicon). Pure proteins were frozen in liquid nitrogen and
stored at —80°C.

RbgA was overexpressed as a C-terminal Hisg-tag pro-
tein by transforming E. coli BL21 (DE3) with the pET21b-
ylgF plasmid. The overexpression and purification protocol
for RbgA was identical to that used for YphC and YsxC.
However, RbgA only required a HiTrap Metal Chelating
Column (GE Healthcare Life Sciences) to be purified. There
were also the following differences in the buffers used for the
purification: the binding buffer used in this case contained
20 mM NaPOy4 pH 7.5, 0.5 M NaCl and 20 mM imidazole.
The washing buffer for the HiTrap Metal Chelating Column
was 20 mM NaPO, pH 7.5, 0.5 M NaCl and 60 mM imi-

dazole. The protein eluted at a concentration of 250 mM
imidazole. The fractions containing RbgA were pooled and
dialyzed against buffer containing 20 mM NaPO4 pH 7.5
and 5% glycerol. The C-terminal Hisg-tag in RbgA was not
removable.

Binding assays

Binding assays were done using a previously published pro-
tocol but with modifications (22). In particular, Nanosep
Omega centrifugal devices (PALL) (100 kDa cut-off) were
prepared by blocking for non-specific binding of proteins
by incubating the filter membrane with 500 wl of 1% [w/vV]
bovine serum albumin (BSA) for 90 min. Filters were then
washed by rinsing with 500 w1 of RNase free water and then
removing any residual blocking solution by adding 500 .1 of
RNase free water and spinning at 12 000g for 10 min. Bind-
ing reactions were prepared by incubating 200 pmoles of
each assembly factor with 40 pmol of mature or immature
ribosomal particles in a 100 pl reaction in Binding Buffer
(10 mM Tris-HCl at pH 7.5, 7 mM magnesium acetate, 150
mM NH4Cl and | mM DTT). GTP, GDP and GMPPNP
was added in the reactions as indicated at a final concen-
tration of 1 mM. Reactions were incubated at 37°C for 30
min followed by centrifugation in the 100 kDa centrifugal
devices at 12 000g for 10 min to separate ribosomal parti-
cles and bound factors that were retained by the filter from
unbound proteins in the flow-through (FT) fraction. The
flow-through was collected and the filter was gently washed
twice with 100 w1 of Binding Buffer followed by a 5 min spin
at 12 000g. Finally, the ribosomal particles and bound pro-
teins retained by the filter were vigorously resuspended in
100 pl of Binding Buffer and collected as the bound frac-
tion (B). To resolve the flow-through and bound fractions,
30 pl of sample were mixed with 6x SDS-PAGE loading
buffer and loaded into a 4-12% Criterion™ XT Bis-Tris
gel (Bio-Rad). Samples were run in XT MOPS buffer (Bio-
Rad). Gels were stained with Coomassie Brilliant Blue and
visualized using a ChemiDoc MP system (Bio-Rad).

Quantitative mass spectrometry

Samples were purified as described above with either 500
mM (high salt) or 150 mM (low salt) NH4Cl present during
the sucrose cushion centrifugation. For the low salt sam-
ples, 10 pmol of each sample (50S, 45Srpga, 45Syphc Or
44.5Sysc) was spiked with 10 pmol of 70S particles puri-
fied from wild-type cells grown in '*N-labeled media as de-
scribed previously (19). Samples were then precipitated, re-
duced, alkylated, and digested to tryptic peptides accord-
ing to Jomaa et al. (19). Peptides were injected onto a C18
nanoflex column (Eksigent), and eluted using a 120 min 5-
45% convex acetonitrile gradient.

Data was initially collected in a data-dependent acqui-
sition mode with a cycle consisting of a 200 ms MS! scan
followed by 30 100 ms MS? scans, selecting precursors ex-
ceeding 125 counts per second. Precursors were excluded for
12 s after their being selected twice. Datasets were searched
against the B. subtilis proteome using Mascot. Search re-
sults were combined to generate a spectral library using
Skyline (23).
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Data was also collected in a data-independent SWATH
acquisition mode (24), using a 250 ms MS! scan followed
by 32 MS? scans ranging 4001200 Th, each 25 Th in width.
Using the spectral library noted above, product ion chro-
matograms from the SWATH acquisition were extracted for
4N and N species using Skyline. Peptides and transitions
were filtered to eliminate spectral interference and poorly
ionized precursors. "“N/>N abundance ratios were calcu-
lated for each transition. Protein abundance was calculated
as the median value of this ratio, normalized to the median
value observed for protein L20, which was expected to be
bound stoichiometrically.

Samples undergoing the high salt wash were spiked with
amixture of '*N- and '*N-labeled 70s particles as described
(25), and peptide abundances were determined from MS!
data obtained on an Agilent G1969A ESI-TOF mass spec-
trometer according to Gulati et al. (25). Protein abundance
was again calculated as the median '#N /N ratio, normal-
ized to that of protein L20.

GTPase assays

To measure intrinsic GTPase activity, RbgA and YsxC were
incubated at a concentration of 2 uM with a range of GTP
concentrations (0—1 mM). YphC in equivalent reactions was
added to a concentration of 200 nM. The background of the
assay itself was measured by running control reactions with
no enzyme at each GTP concentration. These background
values were subtracted from the total GTPase activity ex-
hibited by the reactions containing the assembly factor at
each GTP concentration. To determine the stimulation of
RbgA, YsxC and YphC GTPase activity by the ribosomal
particles, we assembled reactions containing 50 nM concen-
tration of assembly factor and an equal concentration of
either mature 50S subunits or one of the immature parti-
cles. All assays were performed by first calculating the back-
ground GTPase activity from each ribosomal particle (50S
subunit, 45Syphc, 44.5Sysxc and 45Srpga particles) at 50 nM
incubated from 0 to 1 mM of GTP. This background sub-
traction ensured accuracy in the calculations by removing
all background phosphate production not due to the assem-
bly factors themselves.

All reactions were incubated at 37°C for 30 min before
measuring the released free phosphate by the malachite
green assay (BioAssays Systems). The assay showed a lin-
ear behaviour for this incubation time. Reactions were per-
formed in the reaction buffer (50 mM Tris—-HCI (pH 7.5),
200 mM KCl, 10 mM MgCl, and 1| mM DTT) and termi-
nated by the addition of malachite green reagent. Released
phosphate was detected by monitoring the color formation
at 620 nm using a 96-well plate reader (Tecan Sunrise). The
apparent Ky and k¢, values were calculated by fitting the
data to the Michaelis-Menten equation with non-linear re-
gression using the GraphPad Prism software. All these as-
says were performed at least in triplicate and with at mini-
mum of two different preparations of the assembly factors
and ribosomal particles.

Cryo-electron microscopy and image processing

Purified ribosomal particles (45Sypnc, 44.5Syexc) were di-
luted to a concentration of 40-50 nM in buffer E (10 mM
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Tris—HCI at pH 7.5, 10 mM magnesium acetate, 60 mM
NH4Cl and 3 mM 2-mercaptoethanol). Approximately 3.6
wl of the diluted sample was applied in the holey carbon
grids (c-flat CF-2/2-2C-T) with an additional layer of con-
tinuous thin carbon (5-10 nm). Before the sample was ap-
plied, grids were glow discharged in air at 5 mA for 15 s.
Vitrification of samples was performed in a Vitrobot (FEI)
by blotting the grids twice, 15 s each time and with an offset
of —1.5 before they were plunged into liquid ethane.

Grids were loaded in a Gatan 626 single tilt cryo-holder
and introduced into a FEI Tecnai F20 electron microscope
operated at 200 kV and equipped with a Gatan K2 Sum-
mit direct detector device camera. This detector was used in
counting movie mode with five electrons per pixel per sec-
ond for 15 seconds exposures and 0.5 s/frame. This method
produced movies consisting of 30 frames with an exposure
rate of ~1 e~ /A2 Movies were collected with a defocus
range of 1-2.5 pm and a nominal magnification of 25 000,
which produced images with a calibrated pixel size of 1.45
A.

The 30 frames in each movie were aligned using the
program alignframesleastsquares_list (26) and averaged
into one single micrograph with the shiftframes_list pro-
gram (26). These programs are available from (https://
sites.google.com/site/rubinsteingroup/home). These micro-
graphs were used to estimate the parameters of the con-
trast transfer function using CTFFIND3 (27) and also to
determine the coordinates for particles in the frames of the
movies. This last step was performed using the autopicking
procedure in Relion (28). The coordinates obtained were
used to extract candidate particle images from the 30 un-
aligned frames in the movie. The motion of the individ-
ual particles in the frames was tracked and corrected using
alignparts_lmbfgs algorithm (26). This procedure produced
one stack of particle images fully corrected from beam-
induced motion from the first 20 frames of each movie.
Therefore, the total accumulated dose to produce these par-
ticles images was 20 e~ /A2, The initial number of particle
images in the data sets for the 45Sy,nc and 44.5Syc struc-
tures was 105 302 and 91 724, respectively. These particle
data sets were subjected to two- and three-dimensional clas-
sification with Relion (28). In the case of the 45Syync par-
ticle three-dimensional classes were built from 101 264 par-
ticle images and the 45 369 particles assigned to one class
were used to build the final consensus 3D map. A similar
approach was followed with the 44.5Syc structure where
three-dimensional classes were produced from 87 684 parti-
cle images. The final three-dimensional consensus map for
the class I conformation was built from the 36 033 particle
images that were assigned to one of the 3D classes obtained
in the 3D classification and the consensus class I map was
produced from the 46 430 particle images from another of
the 3D classes.

Subsequently, the data sets producing the consensus
structures were subjected to focus classification with sub-
traction of the residual signal using Relion (28) following
an approach previously described (29). The mask for focus
classification on the central protuberance, helix 38, GTPase
associated region and A, P and E functional sites was gen-
erated by converting the atomic model of the 50S subunit
(PDB ID 3j9w) into a density map after the following mo-
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tifs were removed from the atomic model: 5S rRNA, he-
lices from the 23S rRNA including h80-88 (nt 2280-2420),
h38 (nt 890-980), h42-44 (nt 1080-1160), h89-93 (nt 2480
2630), h68-71 (nt 1870-2000), h76-78 (2140-2200), and ri-
bosomal proteins uL16, bL27, uL6, bL33, bL35, bL28,
bL36, bL31, uL18, uL5, uL30, uL15, uL10 and uL11. This
density map was used to create a soft-edged mask and to
also subtract the signal of the mature motifs in the exper-
imental particles. The newly created stacks of particles af-
ter signal subtraction and the mask were used as input for
the focus classification run. During the classification step,
we kept all orientations fixed at the values determined in
the refinement of the consensus maps. Each data set ren-
dered three distinct classes that were subjected to a separate
3D auto-refinement using the cryo-EM structure of the 50S
subunit from B. subtilis (PDB ID 3j9w) low pass filtered to
50 A.

Prior to visualization, sharpening of the cryo-EM maps
was done by applying a negative B-factor estimated using
automated procedures (30). Relion processes were calcu-
lated using the SciNet cluster (31) and a VM Ware-based
Ubuntu linux server with 32 processors / 256 GB RAM
within the McMaster Service Lab and Repository (MSLR)
computing cluster. We used the program ResMap (32) to
estimate the local resolution of the structures. The UCSF
Chimera program (33) was used for the visualization of
cryo-EM maps and render figures. To identify the rRNA
helices in the 45Syphc and 44.5Sy ¢ structures that were dif-
ferent from the mature 50S subunit the atomic model of the
B. subtilis 50S subunit (PDB ID 3J9W) was docked into the
cryo-EM maps first as a rigid body using Chimera and then
the fitting was optimized by Molecular Dynamics Flexible
Fitting (MDFF) (34).

RESULTS

The 45Sypnc, 44.5Sysxc particles represent late assembly in-
termediates

Depletion of YphC or YsxC in B. subtilis cells results in
the accumulation of altered large ribosomal subunits (17)
that we called 45Syphc and 44.5Sygc (Supplementary Fig-
ure S1). To purify these particles, we used strains with a
single copy of the yphC or ysxC genes under the control
of an IPTG-inducible promoter (17). In the presence of
the inducer, lysates from these strains fractionated by su-
crose density gradient ultracentrifugation produced ribo-
some profiles that were indistinguishable from those of wild
type cells (17). However, the absence of IPTG produced a
drastic reduction in the level of 70S and the accumulation
of 45Syphe and 44.5Sy ¢ particles that we purified (Supple-
mentary Figure S1). In addition, we also purified mature
508 subunits (Supplementary Figure S1) and 45Sgpea par-
ticles as we previously described (19).

To determine the protein complement of the three imma-
ture particles (45Sypnc. 44.5Syxc and 44.5Sgpga) and the
mature 50S subunit all cells were grown in '“N-labeled me-
dia. The purified particles from these cells were then mixed
with a reference spike containing a fixed concentration of
>N-labeled 70S ribosomes and we measured their protein
levels relative to this spike using qMS. This analysis showed

that r-proteins uLL16, bL28 and bL35 (r-protein nomencla-
ture according to Ban ef al. (35)) were severely depleted (oc-
cupancy < 0.25), and that bL27, bL33 and bL36 were sig-
nificantly depleted (occupancy > 0.25) from all three 45S
particles (Figure 1A; orange and purple, respectively). No
peptides were found for bL34 in our analysis for any of
the samples, thus the occupancy level for this r-protein re-
mained uncharacterized. The mature 50S subunits exhib-
ited a full complement and no signs of depletion for any of
these r-proteins. This control experiment confirmed that the
buffers used for particle purification and mass spectrome-
try analysis were not the cause of any of the depletions ob-
served for the other six r-proteins. To determine the effect
of NH4Cl on r-protein association, these assays were per-
formed in duplicate with particles purified either under low
(150 mM) or high (500 mM) salt conditions. Interestingly,
purification under high salt conditions led to similar occu-
pancy profiles, with depleted proteins exhibiting even lower
abundance (Figure 1B).

ulL16, bL27, bL28, bL33, bL35 and bL36 are all r-
proteins that bind late in 50S subunit reconstitution exper-
iments (36-40). Therefore, we concluded from this analysis
that the 45Sypnc, 44.5Sysc particles, similar to the 45Srpea
particles, represent late assembly intermediates.

The immature particles accumulating in the YphC and YsxC-
depleted cells exhibit multiple conformations

Perhaps the most remarkable finding of the qMS analy-
sis was the fact that the depletion pattern of the 45Sy,nc,
44.5Sysc and 45Sppea particles is identical. This result
led us to investigate the structural similarity between the
three particles and whether the function of YphC and YsxC
could be inferred from the structures of the 45Sypuc and
44.5Sysxc-

To this end, purified 45Syphc and 44.5Sygc particles
were imaged by cryo-EM (Supplementary Figure S2; top
panels) with a direct detector device camera allowing for
full-correction of the beam-induced motion that the ribo-
somal particles experienced during the image acquisition
process (Supplementary Figure S2; bottom panels). Three-
dimensional classification of the 45Sy,pc data set using the
entire signal in the particle images revealed one distinct
three-dimensional class. However, the 44.5Syqc particles
exhibited two three-dimensional classes (Figure 2A and B).
The percentages of the images assigned to class I and II
were 44% and 56%, respectively. The most striking struc-
tural differences between the three maps representing the
immature particles and the mature 50S subunit structure
were in the A, P and E sites. The central protuberance and
region nearby the bL7/L12 stalk also differed substantially
from the mature subunit (Figure 2A) suggesting that this
motif and the functional sites of the subunit are still in an
immature state. However, the core of the subunit resembled
closely the conformation of the mature 50S subunit (Sup-
plementary Figure S3).

Consistently with the qMS data (Figure 1), the six r-
proteins that were found severely depleted in the immature
particles (uL16, bL27, bL.28, bL33, bL35 and bL36) were
all also missing from the cryo-EM maps of the 45Sy;nc and
44.5Svyc particles. These r-proteins are located at the base

168



Nucleic Acids Research, 2016, Vol. 44, No. 17 8447

<L) <l
A Ribosomal protein occupancy S FERNTER
"\15,_ mn:}c-")-mc::->
g [-o—sos @ 455mgn  —@— 45Swc  —@- 44, 53\«“.:] W6
g Ve, i
1. bL20
s Wﬂh hbe i | S L i W24
o u
[ bL27
' d :
g t s -L bL33
S0 i D
A o B A RS R A zﬁ;mm v
2 =23 350057 333033333 ss 23328« dowsalthighsalt

Figure 1. Ribosomal protein occupancy measured by qMS. (A) Ribosomal protein occupancy in 50S (gray), 45Srpga (red), 45Sypnc (blue) and 44.5S8ysc
(green) particles purified in the presence of 150 mM NH4Cl. MRM-like transitions were extracted for each product ion from the SWATH datasets (see
methods) and '#N /!N abundance ratios were calculated and normalized to the median value determined for protein L20. Circles denote individual MR M-
transition measurements, lines signify the median '#N/!*N abundance ratio measured for each protein. (B) Protein occupancy for a subset of ribosomal
proteins measured in particles purified in the presence of either 150 mM (low salt; left) or 500 mM (high salt; right) NH4Cl. Occupancy from 0 to 1 scales

from white to blue.

of the central protuberance (Figure 2C). In addition, there
were six other r-proteins that were present at ~100% occu-
pancy according to qMS (Figure 1), however density corre-
sponding to these proteins was partially or completely miss-
ing from the cryo-EM maps (Figure 2A). These r-proteins
were uL6, uL10, uL11 in the bL7/L12 stalk and uL5, bL.31
and uL18 in the central protuberance (Figure 2D).

The cryo-EM maps obtained for these classes had a mean
resolution of 6.5 A (45Sypnc), 5.8 A (44.5Syc, class 1) and
62A (44.5Sysxc, class IT) (Supplementary Figure S4A) with
local resolution calculations indicating that the resolution
of the core of the immature particles is higher than these
values (Supplementary Figures S4B and S4C). This is con-
sistent with the features of the cryo-EM maps in these re-
gions showing clear separation of a-helices and B-sheets in
the r-proteins (Supplementary Figure SSA) and the pitch
of the rRNA helices (Supplementary Figure S5B). Instead,
regions of the cryo-EM maps still in an immature state
(central protuberance and functional sites) (Supplementary
Figure S4B and S4C) refined to resolutions values lower
than the mean resolution of the cryo-EM maps. The non-
homogenous resolution likely reflects the stable conforma-
tion of the core of these particles, already in the mature con-
formation, and the relatively flexible nature of the central
protuberance and functional sites, which are yet to reach the
mature conformation. These maps constitute the highest-
resolution structures available to date for a bacterial imma-
ture ribosomal particle.

Overall, we found that depletion of YphC or YsxC led to
the accumulation of particles that have areas of the central
protuberance, L7/12 stalk and functional sites still in an im-
mature conformation. Therefore, we concluded that YphC
or YsxC are involved in the maturation of these functional
sites, which occur at the late stages of assembly of the 50S
subunit. This function is similar to that suggested for RbgA
(19,20).

Essential helices in the A, P and E sites of the 50S subunit
adopt an immature state in the 45Sypc and 44.5Syq,c parti-
cles

The resolution at which the maps for the 45Syp,c and
44.5Sy¢c particles were obtained using the direct detec-
tor camera was sufficient to identify clearly the individual
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rRNA helices that differed from those of the mature 50S
subunit in these structures.

The first and most important group of helices that were
different in the 45Sy,nc and 44.5Syc immature particles
were those involved in the binding of the tRNA in the A,
P and E sites. Densities for helix 89 and for helices 91-93,
which are part of the A and P sites were not observed in the
cryo-EM maps (Figure 3A and Supplementary Figure S6).
Similarly, helix 71 in the P site and the long helix 68, a ma-
jor structural component of the E site, also did not exhibit a
correspondent density (Figure 3B and Supplementary Fig-
ure S6). Interestingly, these helices were completely absent
in the cryo-EM maps suggesting that they are still flexible
and adopt multiple conformations within the population of
individual particles.

Helix 69 is another functionally important motif located
in the P site and in the immature particles also diverges
structurally from the mature 50S subunit (Figure 3B). This
helix mediates the essential B2a intersubunit bridge, where
helix 69 contacts the decoding site of the 30S subunit. A
density for helix 69 is apparent in the 44.5Sygc class I and
class IT maps, however this helix was bent outward from the
mature position by ~30° (Figure 3B, lower panels, aster-
isks). This non-native conformation of the helix likely pre-
vents the premature association of the immature particles
with the 30S subunit.

Overall, the structural divergence found in the A, P and
E sites in the 45Sy,nc and 44.5Syc particles with respect
to the mature 50S subunits most likely prevents these parti-
cles from becoming prematurely engage in translation. The
obtained structures suggest they are likely to be defective
in tRNA binding and in their ability to associate to the
30S subunit. Furthermore, these maps demonstrate that
the 45Syphc and 44.5Syc particles have not structurally
reached the mature state.

Maturation dependencies between the central protuberance,
helix 38 and the GTPase associated region

In addition to the RNA helices forming the A, P and E sites,
the 45Syphc and 44.5Syc particles also presented struc-
tural differences with the mature subunit in three other im-
portant functional domains. These regions were the central
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Figure 2. Cryo-EM maps of the 45Sypnc and 44.5Syxc ribosomal parti-
cles. (A) Surface rendered views of the maps show that the 45Sypnc par-
ticle was present in one conformational state, whereas the 44.5Syc par-
ticles exhibited two. The map for the mature 50S subunit was obtained
from the 3.9 A resolution cryo-EM structure of the 50S subunit from B.
subtilis (PDB ID: 3j9w) by applying a low-pass filter at comparable reso-
lution. Landmarks in the 50S subunit are labeled in the mature subunit.
CP stands for central protuberance. (B) Cross-sections through the three-
dimensional map of the 45Syppc particle and the two conformational states
of the 44.5Sy ¢ particle. (C) Location in the 50S subunit mature structure
of the ribosomal proteins that were found severely depleted or absent in the
45Sypnc and 44.5Sysxc particles. (D) The six ribosomal proteins displayed
in the structure of the 50S subunit were found to be present at ~100% oc-
cupancy by qMS, but a corresponding density for these proteins was not
observed in the 45Syphc and 44.5Sygc maps.
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Figure 3. Structure of the functional core of the 45Syphce and 44.5Syc
immature particles. (A) Zoomed view of helices 89-93 in the A site of the
50S subunit. A ribbon representation of these helices (PDB ID: 3j9w) was
fitted into the map of the mature 50S subunit (top panel) and the 45Sypnc
and 44.5Sy ¢ immature particles (bottom panel). (B) This panel shows the
structural details of the P and E sites in the immature particles and how
they compare with the mature 50S subunit. The indicated helices differ
structurally from the mature structure.

protuberance, helix 38 and the GTPase associated region
(Supplementary Figure S6).

The central protuberance appeared at a different assem-
bly stage in the obtained 45Syphc and 44.5Syqc structures.
However, none of the maps exhibited a fully assembled cen-
tral protuberance (Figure 2A). This motif is comprised of
helices 80-88 from domain V in the 23S rRNA (Supplemen-
tary Figure S6). These helices form the bulk of the central
protuberance, whereas the 5S rRNA forms its back. In the
maps obtained for the 45Syphc and 44.5Syc class 1T par-
ticles, densities for both helices 80-88 and 5S rRNA were
missing. However, in the map of the 44.5Syc class I, some
disconnected densities were apparent for these regions. Sim-
ilarly, the amount of density representing helix 38 and he-
lices 4244 comprising the GTPase associated region were
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also featuring variable amounts of density among the ob-
tained structures (Figure 2A).

To better understand the conformational changes that
these important functional domains undergo during the late
stages of assembly, we performed focus classification with
the three sets of particle images that generated the 45Sypnc,
44.5Sygc class T and 44.5Syc class I consensus cryo-EM
maps. To this end, we kept the signal in the particle images
corresponding to the central protuberance, helix 38, GT-
Pase associated region and helices forming the A, P and E
functional sites during the 3D classification. In addition, the
signal from all ribosomal motifs that had already reached
the mature state was masked out and subtracted from the
particle images (29). Each data set rendered three distinct
classes with a resolution range of 8-10 A for 44.5Syc par-
ticle (Supplementary Figure S7) and 9-14 A for the 45Syphc
particle (Supplementary Figure S8). These maps still al-
lowed for unequivocal identification of rRNA helices (Fig-
ure 4).

Comparison of the three structures identified from the
data set producing the consensus 44.5Syc class I structure
revealed that the rRNA helices forming the A, P and E site
were consistently not present in any of the maps. However,
the other immature regions including the central protuber-
ance, helix 38 and the GTPase associated region (helix 42—
44) presented variations (Figure 4A and B). The first class
(44.5Sysxc class Ia) did not show density for any of these
regions. The second class (44.5Sysc class Ib) had density
present for helix 42 and most of helices 43-44. It also dis-
played density for the proximal part of helix 38, although
the direction of this helix deviated by ~30° from the mature
conformation. There was also no density for helices 80-88
or 5S rRNA indicating that the central protuberance is still
in an immature state. Finally, the third class showed a fully
formed central protuberance and helix 38 and the GTPase
associated region was also close to the mature state (Figure
4B).

The data set generating the consensus 44.5Syqc class 1T
structure also produced three structures (Figure 4C). Two
of them (44.5Sygc class ITa and 44.5Syc class IIb) were
identical to the 44.5Svyxc class Ia and 44.5Syc class Ib de-
scribed above. The third structure (44.5Syxc class Ilc) pre-
sented densities similar to the mature structures for helix 38
(proximal region) and helices 42-44 corresponding to the
GTPase associated region. In addition, it also featured frag-
mented densities in the central protuberance corresponding
to helices 80-88 and 5S rRNA. This structure likely repre-
sents an immature particle in the process of folding the cen-
tral protuberance. The RNA helices in the A, P and E site
were consistently in an immature state in these three maps.

Finally, the data set producing the consensus 45Sypnc
map also produced three structures (Figure 4D). The first
structure was similar to 44.5Sysc class Ia and had no
density for the central protuberance and helix 38. It only
showed incipient densities for the GTPase associated re-
gion. The second structure was again equivalent to the
44.5Syc class Ib with most of the density for the GTPase
associated region present and helix 38 density deviated by
~30° from the mature conformation. The third map pre-
sented density for the three regions and in a conformation
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458vec Class ic

458wec Class la 458w Class Ib

Figure 4. Structure of the central protuberance and GTPase associated re-
gion of the 45Syphc and 44.5Sy ¢ immature particles. Closed-up views of
the central protuberance, helix 38 and the GTPase associated region (helix
42-44) in the cryo-EM maps of the multiple classes obtained from focus
classification for the 45Sypyc (B) and (C) and 44.5Syxc data sets (D). Panel
(A) shows this region in the mature 50S subunit (PDB ID: 3j9w) and the
three bottom panels (B), (C) and (D) in the immature particles. A ribbon
representation of helices 8088, helix 38 and helices 42-44 of the 23S rRNA
and 5S rRNA were fitted to the cryo-EM maps. The density representing
helix 38 in some of the classes obtained for the 44.5Syxc and 45Sypnc par-
ticles is indicated with a black arrow. The frontal view of the 50S subunit
(left) is for orientation purposes and the framed area correspond to the
zoomed views in the rest of the panel.

close to the mature state. However, similar to all the other
structures it showed fully immature A, P and E sites.

These structural data suggest that the GTPase associated
region, helix 38, central protuberance and A, P and E func-
tional sites fold sequentially and in a coordinated manner. It
starts with folding of helix 42 and is followed by the other
two helices that are part of the GTPase associated region
(helix 43-44) adopting the mature conformation. Simulta-
neously, helix 38 starts extending, however it initially at-
taches to the particle with an angle different from the ma-
ture structure (Movie 1). Subsequently, folding of helices
80-88 and 5SS rRNA forming the central protuberance drags
helix 38 toward his mature position (Movies 2 and 3). The
very last regions to mature are the A, P and E site. The den-
sities corresponding to the RNA helices forming these sites
were consistently missing in all the cryo-EM maps obtained
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for the 45Sypnc and 44.5Syc structure and discrete steps
during their maturation were not visualized.

YphC, YsxC and RbgA directly interact with both the mature
and immature ribosomal particles

The structural similarities of the 45Sypnc and 44.5Sygc par-
ticles prompted us to test whether YphC and YsxC have the
ability to bind to the two assembly intermediates or con-
versely, whether they only recognize the immature particle
that appears upon their depletion. We noticed that the two
immature particles analyzed structurally here resemble to
that of the 45Srpga particle (19,20). Thus, we also purified
45SRrpea particles and the RbgA protein and tested the bind-
ing of YphC, YsxC and RbgA to all three immature parti-
cles and to mature 50S subunits.

We first used a filtration assays to test the binding of
YphC, YsxC and RbgA to the mature 50S subunit and to
the three immature ribosomal particles (Figure 5). In these
assays, a mixture of the assembly factor with the ribosomal
particle was incubated at 37°C for 1 h in the presence of
1 mM GMPPNP. Subsequently, reactions were centrifuged
in a centrifugal concentrating device, which retains assem-
bly factor when bound to the ribosome particles and free ri-
bosomal subunits (bound fraction), but passes through the
membrane when not bound to ribosomes or free riboso-
mal subunits (unbound fraction). Both fractions were sub-
sequently analyzed by SDS-PAGE.

We found that none of the three proteins were retained by
the filter in the absence of ribosomes, but when combined
with the ribosomal particles YsxC exhibited similar bind-
ing to both the mature and immature particles (Figure 5C).
YphC and RbgA also associated with the immature and ma-
ture particles and although the quantitative nature of these
assays is limited, we could observe a larger fraction of the
protein in the bound fraction for reactions containing the
immature particles than for reactions containing the mature
508 subunit (Figure 5SA and B). In addition, the filtration
assays suggested that a strict hierarchy of binding for these
factors or to the ribosomal subunits does not exist.

To determine the effect of the nucleotide on the binding
affinity of RbgA, YphC and YsxC to the ribosomal parti-
cles, identical reactions were tested in the presence of ImM
GTP or ImM GDP (Supplementary Figure S9). In the case
of RbgA and YphC we found that the binding observed
in the presence of these two nucleotides was weaker than
in the presence of GMPPNP (Supplementary Figure SOA
and S9B). Instead, YsxC showed similar binding to the ri-
bosomal particles with the three nucleotides (Supplemen-
tary Figure S9C). These binding results for RbgA are in full
agreement with previous literature (16,41,42).

Next, we tested whether the ribosomal particles could
simultaneous bind multiple assembly factors. To this end,
we performed filtration assays (Figure 5D) where we incu-
bated the ribosomal particles with 5-fold molar excess of
each one of the assembly factors and in the presence of 1
mM GMPPNP. These assays revealed that several assembly
factors were retained with each of the immature particles
and the mature 50S subunit in approximately stoichiomet-
ric amounts. This experiment suggested that simultaneous
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Figure 5. Binding of RbgA, YphC and YsxC to the mature 50S subunit
and the 45Sypnc and 44.5Sygc immature particles. (A) Filtration assays
testing binding of RbgA to the mature 50S subunit and the 45Sy,pc and
44.5Sysc immature particles. A Coomassie blue stained 4-12% bis—tris
polyacrylamide gel shows the content of the flow-through (FT) and bound
(B) fractions of the filtration assay. Reactions contained RbgA alone or a
mixture of ribosomal particles with a five-fold molar excess of RbgA. The
molecular weight (M) is in kDa. Similar assay as described in the two pan-
els below showing a similar filtration assay to test the binding of YphC (B)
or YsxC (C) to the mature 50S subunit and the 45Sypnc and 44.5Syxc im-
mature particles. (D) Filtration assay testing binding of multiple assembly
factors to the ribosomal particles. In this assay a five-fold molar excess of
each factor with respect to the ribosomal particle was added to the assem-
bly reaction.
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Figure 6. Stimulation of the GTPase activity of YphC, YsxC and RbgA
by the mature 50S subunit and immature 45Syphc, 45Srpga and 44.58yxc
particles. (A) The GTP hydrolysis rates of YphC in the presence and ab-
sence of the mature and immature ribosomal particles were measured at
different concentrations of GTP to determine kinetic parameters. Equiv-
alent experiment with YsxC (B) and RbgA (C) to determine the kinetic
parameters of these enzymes.

binding of more than one of the assembly factors to the ma-
ture 50S and immature particles is possible.

RbgA, like most other GTPases exhibits low intrinsic
GTPase activity. However, this activity increases upon a
specific interaction with the 50S subunit (41,42). We hy-
pothesized that YphC and YsxC may exhibit a similar be-
havior and measured their GTPase activity in the absence
and presence of ribosomal particles to test whether the
binding observed in the filtration assays was specific. RbgA
was also included in these experiments as a control.

We started by performing a steady-state kinetic analy-
sis of the YphC, YsxC and RbgA intrinsic GTPase activity
(Figure 6 and Table 1). The three proteins had low affin-
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ity for GTP exhibiting an apparent Ky, for this nucleotide
in the micromolar range. They also showed a low intrin-
sic GTP hydrolysis rate. YsxC and RbgA exhibited a kcy
of ~5 and 10 h™!, respectively (Figure 6B and C and Ta-
ble 1). YphC contains two GTPase domains and it showed
a higher rate with a ke of ~82 h~! (Figure 6A and Table
1.) These basal levels of GTPase activity were comparable
to the ke reported for RbgA (42) and EngA (43), the or-
tholog of YphC in Escherichia coli.

We then tested the GTPase activity of YphC, YsxC and
RbgA in the presence of the mature 50S subunit and the
three immature particles (45Syphc, 44.5Sysxc and 45Srpga)
(Figure 6 and Table 1). The GTPase activity exhibited by
each ribosomal particle by itself at each GTP concentra-
tion was subtracted. These experiments showed that for the
three GTPases a significantly higher stimulation of the cat-
alytic rate of the enzyme against GTP (increase in k., Table
1) occurred in the presence of the mature 50S subunit. The
three immature particles also stimulated the catalytic rate
but always to a lesser extent. Overall, the YsxC catalytic
rate showed a much higher stimulation (~26-38-fold) in the
presence of the ribosomal particles than in the case of YphC
and RbgA (~2-11-fold).

Interaction with the ribosomal particles also had an effect
in the apparent Ky of the enzymes for GTP (Table 1). YphC
and RbgA followed a similar pattern exhibiting a small in-
crease in the apparent Ky value in the presence of 50S sub-
units but a decrease with the immature particles (with the
only exception of RbgA in the presence of 44.5Sy ¢ parti-
cle). Instead, YsxC showed a decrease in the apparent Ky
value with both mature and immature particles. An interest-
ing observation was that for the three GTPases, the biggest
decrease in the apparent Ky value was always observed in
the presence of the 44.5Syync particle. Consequently, we
observed an increase in the enzyme efficiency (increase in
keat/apparent Ky Table 1) for all the reactions performed
in the presence of ribosomal particles compared to those re-
actions with the assembly intermediates by themselves. The
highest increases in enzyme efficiency were always shown by
the reactions of the three GTPases containing the 44.5Syphc
particle.

Overall, these results suggest that each one of the GT-
Pases (YphC, YsxC and RbgA) have the ability to bind
in a specific manner to both the mature 50S subunit and
the three immature ribosomal particles. This finding is con-
sistent with the last steps of assembly of the 50S subunit
following multiple parallel pathways of assembly. The ob-
served binding promiscuity of the YphC, YsxC and RbgA
GTPases and the fact that a specific binding hierarchy does
not exist likely allows for the last steps of maturation of the
50S subunit to occur without following a precise sequence.

DISCUSSION

Inferring the function of YphC and YsxC from the analysis
of ribosome assembly intermediates

Recent work (19,20) has described that the RbgA GTPase
is involved in the maturation of the central protuberance,
tRNA binding sites and GTPase associating region. Here,
we describe that two additional GTPases, YphC and YsxC



8452 Nucleic Acids Research, 2016, Vol. 44, No. 17

Table 1. Kinetic parameters of YphC, YsxC and RbgA in the presence and absence of the mature 50S subunit and immature 45Syphc, 45SRbga and

44.5Sy«c particles

Apparent Ky kear/apparent Increase in Increase Increase in
(»M) kear (™) Km (pM~'h™')  apparent Ky in keat keat/apparent K

YphC 199 +£31.4 82.2+43 0.41 1 1 1
YphC+50S 217.4+£39.2 317.9+19.2 1.4 1.1 3.9 35
YphC+45SYphC 64.5+18.9 203.3+13.1 3.1 0.3 2.5 7.7
YphC+45SRbgA 108.3+21.2 172.4+9.3 1.5 0.5 2.1 39
YphC+44.55YsxC 1853+57.4 236.5+24.6 1.2 0.9 2.9 3.1
YsxC 1268 +116.6 55+33 0.004 1 1 1
YsxC +50S 377.1+166.7 212.3+40.9 0.5 0.3 38.1 128.1
YsxC +45SYphC 39.5+18.4 123+9.6 3.1 0.03 22.1 707.9
YsxC +45SRbgA 219.6 £174.6 147.6 £45.5 0.6 0.2 26.5 153
YsxC +44.5SYsxC 126.3+72.5 149 +£253 1.1 0.1 26.7 268.5
RbgA 82.8+9.4 109403 0.1 1 1 1
RbgA +50S 102.8 +24.4 121.7+£6.9 1.2 1.2 11.1 8.9
RbgA +45SYphC 15.5+16 72+7.5 4.6 0.2 6.6 35
RbgA +45SRbgA 53.4+21.6 61.9+52 1.2 0.6 5.6 8.8
RbgA +44.5S5YsxC 110.5+36.7 742+6.3 0.7 1.3 6.8 5.1

also contribute in the maturation of these essential riboso-
mal motifs.

Interestingly, we found that the 45Sypnc and 44.5Syc
particles that accumulate in B. subtilis strains upon deple-
tion of YphC and YsxC are structurally similar to each
other and also resemble the 45Sgpga particles that result
from the depletion of RbgA (19,20). From the analysis of
the immature regions in the cryo-EM maps, it is still diffi-
cult to pinpoint specific roles for RbgA, YphC and YsxC
during the assembly of the 50S subunit.

Identification of structurally divergent intermediates
would have been the expected outcome if each one of the
factors performs a distinct function not related to the func-
tion of other factors. Instead, we found that the cryo-EM
maps of the 45Sypnc, 44.5Sysxc and 45Sgpea particles were
similar. One possibility consistent with this result is that
RbgA, YphC and YsxC work in conjunction during the
maturation of the central protuberance, helix 38, GTPase
associated region and A, P and E functional sites and thus,
removing any of the factors leads to accumulation of the
same intermediate. However, similar intermediate struc-
tures would also be expected if depletion of each one of
these factors blocks the assembly at a different step and
leads to the accumulation of a different thermodynamically
unstable intermediate that evolves into a similar energeti-
cally stable conformation. Consequently, a related and rele-
vant question is whether these particles are on-pathway and
whether they represent the actual substrate for the assembly
factors.

We recently demonstrated that the 45Srpea particles are
competent for maturation and are eventually incorporated
into 70S ribosomes (19). In addition, the work presented
here reveals that the 45Sypnc, 44.5Sys«c and 45Sgpga parti-
cles specifically bind YphC, YsxC and RbgA suggesting that
they either constitute actual on-pathway intermediates or
their conformations have not diverged significantly from the
actual substrate recognized by the assembly factors. There-
fore, the structural differences existing in these immature
particles compared to the mature 50S subunit should be in-
formative of the function of the assembly factors.

High resolution cryo-EM structures provides precise testable
models about YphC and YsxC function

The presented structures were obtained using a direct elec-
tron detector and were refined to a resolution of 5-6 A.
They constitute to our knowledge the highest resolution
cryo-EM structures available for a bacterial ribosome in-
termediate. Therefore, different from previous moderate-
resolution cryo-EM studies on other assembly intermedi-
ates (11-13,15,19,20), these structures allow defining indi-
vidual rRNA helices in the 45Sy,nc and 44.5Syc parti-
cles that are still adopting an immature conformation. Con-
sequently, these structures are making possible to propose
precise testable models regarding the function of YphC and
Y'sxC in assembly. For example, Li ez al. (20) assigned RbgA
arole as an rRNA chaperone with the essential role of posi-
tioning helix 38 during 50S subunit maturation. The struc-
tures presented here indicate that helix 38 is able to adopt
its mature conformation in the absence of YphC or YsxC
(Movies 1-3). Similarly, our results also indicate that YphC
and YsxC are not essential for the assembly of the central
protuberance and GTPase associated center. However, the
RNA helices forming the A, P and E site consistently ap-
pear in an immature state in the 45Syphc, 44.5Syc struc-
tures (Figure 3), thus suggesting that the essential role of
YphC and YsxC may be more related to the remodeling of
the RNA helices in the functional core of the particle. Con-
sistent with this proposed function, a recent high-resolution
structure of EngA, the Escherichia colihomologue of YphC,
in complex with the mature 50S subunit (44) revealed that
this factor binds deeply into the tRNA passage at the P and
E site. Interestingly, binding of EngA results in significant
rearrangements of the same rRNA helices (helix 68-71) that
we found still in an immature state in the 45Sypnc, 44.5Sysxc
particles.

The high resolution obtained in the cryo-EM maps also
provides a structural explanation to deficiencies found in
the protein complement of these particles. For example, the
cryo-EM maps for the 44.5Syxc class Ib, 44.5Syc class 1Tb
and the 45Sypnc class Ib particles, the position of helix 38
completely blocks the binding site of uL16. Only when the
central protuberance is formed, helix 38 is dragged closed
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to its mature position making the uL16 binding site accessi-
ble and providing a justification for the almost complete ab-
sence of uL16 found in the 44.5Syc and 45Syphc particles.
The abnormal positioning of helix 38 and steric blockage of
the uL 16 binding site is a structural feature of the 44.5Sy ¢
and 45Sypnc particles shared with the cryo-EM map of the
45SRrbea particles that was described recently (19,20).

Certain features of the cryo-EM maps of the 45Sy,pc and
44.5Syxc particles are in full agreement with the assembly
of the ribosomal particle following multiple parallel path-
ways of assembly (45-48). In particular, we found that there
were not densities in these maps representing the RNA he-
lices comprising the A, P and E sites at the site for the ma-
ture 50S subunit or nearby (Figure 3). This finding suggests
that these rRNA motifs probably adopt a large number of
conformations that are those populating the multiple as-
sembly pathways undergoing in the cell. In addition, as de-
scribed for the 45Sgpga particles (19,20) these structures are
also consistent with the folding of the 23S rRNA not pro-
ceeding in 5'-3 fashions, as domains II, IV and V are still
in an immature state. However, all other domains including
I, IIT and VI already reached the mature stage (Supplemen-
tary Figure S6). This is in contrast to the assembly of the
16S rRNA forming the 30S subunit where the rRNA fold-
ing follows and strict 5'-3' transcriptional order (49).

Cryo-EM allows for direct visualization of the ribosomal as-
sembly process

The 45Sy,nc and 44.5Sy ¢ cryo-EM maps also describe the
discrete stages leading to the coordinated assembly of func-
tional important sites for the 50S subunit, including the GT-
Pase associated center, helix 38 and central protuberance
(Movies 1-3). It starts with the helix 42 reaching its ma-
ture conformation and followed by the folding of helix 43—
44, which are the other two helices comprising the GTPase
associated region. At this moment helix 38 start to grow,
however it initially attaches to the ribosomal particle with a
different angle. As helices 80-88 and 5S rRNA forming the
central protuberance start to fold simultaneously, helix 38 is
dragged towards its mature position. Two of the conforma-
tions observed for the central protuberance (classes I and I1
of the 44.5Sy«c particle) had also much resemblance with
two of the conformational classes that have been described
for the 45Srpga immature particle (19,20). These results sug-
gest that although the assembly of the central protuberance
follow multiple parallel pathways, the conformational vari-
ability existing among the population of assembling parti-
cles may not be as diverse as it has been observed for the
RNA motifs comprising A, P and E sites where discrete con-
formations were not observed.

These structures also suggest that the assembly of the cen-
tral protuberance in the bacterial ribosome occurs differ-
ently than in the eukaryotic ribosome. A recent study (50)
revealed the existence of an energetically favored interme-
diate of the 60S ribosomal subunit with a drastically rear-
ranged topology of the central protuberance. Compared to
its mature position, the 5S rRNA, an integral part of the
central protuberance exhibits an essentially unchanged fold
but the entire molecule is rotated by 180°. This non-native
conformation is stabilized by assembly factors Rsa4 and
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Nogl. In subsequent maturation steps, the 5S rRNA rotates
to its native position and for this movement it is predicted
that one of the assembly factors will have to provide a sub-
stantial power stroke. During the late stages of assembly of
the bacterial 50S subunit studied here, we did not observed
assembly intermediates exhibiting a central protuberance
with a rearranged topology.

CONCLUSION

Overall, these results provide the first insights into the func-
tion of YphC and Y'sxC at the late stages of assembly of the
50S subunit. Ribosome assembly intermediates generated
through depletion and knock-out bacterial strains consti-
tute today an important tool for studying the function of as-
sembly factors. Therefore, the key questions answered here
regarding the nature of these intermediates and their abil-
ity to inform on the reactions catalyzed by assembly fac-
tors constitute an important step forward toward our un-
derstanding of the ribosome assembly process.
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The 44.5Syc class I and class 11 cryo-EM maps have been
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EMDB ID for the 45Sy,nc cryo-EM map is 8276.
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Supplementary Data are available at NAR Online.
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The C-terminal helix in the YjeQ zinc-finger domain catalyzes
the release of RbfA during 30S ribosome subunit assembly
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ABSTRACT

YjeQ (also called RsgA) and RbfA proteins in Escherichia coli bind to immature 30S ribosome subunits at late stages of assembly to
assist folding of the decoding center. A key step for the subunit to enter the pool of actively translating ribosomes is the release of
these factors. YjeQ promotes dissociation of RbfA during the final stages of maturation; however, the mechanism implementing
this functional interplay has not been elucidated. YjeQ features an amino-terminal oligonucleotide/oligosaccharide binding
domain, a central GTPase module and a carboxy-terminal zinc-finger domain. We found that the zinc-finger domain is
comprised of two functional motifs: the region coordinating the zinc ion and a carboxy-terminal a-helix. The first motif is
essential for the anchoring of YjeQ to the 30S subunit and the carboxy-terminal a-helix facilitates the removal of RbfA once
the 30S subunit reaches the mature state. Furthermore, the ability of the mature 30S subunit to stimulate YjeQ GTPase activity
also depends on the carboxy-terminal a-helix. Our data are consistent with a model in which YjeQ uses this carboxy-terminal
o-helix as a sensor to gauge the conformation of helix 44, an essential motif of the decoding center. According to this model,
the mature conformation of helix 44 is sensed by the carboxy-terminal a-helix, which in turn stimulates the YjeQ GTPase
activity. Hydrolysis of GTP is believed to assist the release of YjeQ from the mature 30S subunit through a still uncharacterized

mechanism. These results identify the structural determinants in YjeQ that implement the functional interplay with RbfA.

Keywords: ribosome assembly; 30S subunit; YjeQ protein; RsgA protein; RbfA protein; GTPase

INTRODUCTION

The 70S ribosome is the macromolecular complex perform-
ing protein synthesis. It is comprised of two functional
subunits, the large 50S and the small 30S subunits (Rama-
krishnan 2002). The 50S subunit is composed of the 23S
and 5S rRNAs as well as 34 ribosomal proteins (r-proteins)
(Ban et al. 2000; Harms et al. 2001). The 50S subunit houses
the peptidyl transferase center (PTC), which is the catalytic
site for peptide bond formation. The 30S subunit contains
only one molecule of rRNA (16S rRNA) and 21 r-proteins
(Wimberly et al. 2000). The functional core in the 30S sub-
unit is the decoding center, which translates the sequence
of the mRNA into protein. Considering the size and com-
plexity of the ribosome, it is a remarkable feat that assembly
of the ribosomal subunits in bacterial cells occurs with such
high precision and efficiency.

A constant challenge for the cell to maintain high efficien-
cy in the process of ribosome assembly is to ensure that the
rRNA molecules stay in a productive line of folding toward
the mature structure, without falling into kinetic traps
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(Woodson 2008, 2011; Shajani et al. 2011). In particular,
the folding events involving the maturation of the decoding
center in the 30S subunit and PTC in the 50S subunit, occur-
ring at the late stages of assembly (Jomaa et al. 2011a, 2014;
Guo etal. 2013; Leong et al. 2013; Li et al. 2013) have a strong
tendency to fall into local energy minima. Therefore, bacte-
rial cells have acquired a number of protein factors that are
dedicated to assist the folding of these motifs critical for ribo-
some function (Wilson and Nierhaus 2007); however, it is
still not understood how they perform their function.
There are at least four protein factors (YjeQ [or RsgAl],
RbfA, RimM, and Era) that assist the folding of the decoding
center during the late stages of assembly of the 30S subunit.
Their roles in the maturation of the functional core of the
30S subunit may entail facilitating proper 17S rRNA folding,
assisting processing of the rRNA, or mediating protein—RNA
interactions. Cryo-electron microscopy (cryo-EM) (Sharma
et al. 2005; Datta et al. 2007; Guo et al. 2011; Jomaa et al.
2011b) revealed that at least three factors, Era, YjeQ, and
RbfA bind at or in close proximity to the decoding center
at sites that are not overlapping, indicating that simultaneous

© 2015 Jeganathan etal.  This article, published in RNA, is available under a
Creative Commons License (Attribution 4.0 International), as described at
http://creativecommons.org/licenses/by/4.0/.
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binding is stereochemically possible. Consistently, genetic ex-
periments (Bylund et al. 1998, 2001; Inoue et al. 2003, 2006;
Campbell and Brown 2008) suggested that these factors op-
erate in conjunction rather than independently. Indeed, a re-
cent study (Goto et al. 2011) described that binding of YjeQ
stimulates the removal of RbfA bound to the mature 30S sub-
unit. The RbfA protein binds to the small ribosomal subunit
at the junction between the body and head, most likely when
the particle is still in an immature state and alters the position
of helix 44 and 45 (Datta et al. 2007). This study (Goto et al.
2011) suggested that one of the functions of YjeQ is assisting
the release of RbfA and perhaps other assembly factors, once
maturation of the ribosomal particle is completed. Therefore,
accumulated evidence suggests that YjeQ, RbfA, RimM, and
Era function together to ensure the maturation of the func-
tional core of the 30S subunit.

Although the question here at large is how these four fac-
tors cooperate to ensure proper maturation of the decoding
center, the specific focus in this study is to identify the motifs
in YjeQ that implement the functional interplay between
YjeQ and RbfA (Goto et al. 2011).

The YjeQ protein is a GTPase broadly conserved across
most bacterial species. It exhibits slow intrinsic GTPase activ-
ity; however, interaction with the 30S subunit enhances this
activity by 160-fold (Daigle and Brown 2004). YjeQ is struc-
turally well conserved (Levdikov et al. 2004; Shin et al. 2004;
Nichols et al. 2007) featuring an amino-terminal oligonucle-
otide/oligosaccharide binding (OB-fold) domain, a central
GTPase module and a carboxy-terminal zinc-finger domain
(Supplemental Fig. S1A). The OB-fold domain consists of an-
tiparallel B-sheets that come together forming a p-barrel. In
the YjeQ GTPase domain the characteristic G motifs mediat-
ing the nucleotide binding (G1 (Walker A, P-loop)-G2 (T)-G3
(Walker B)-G4 (N/TKxD)-G5 [(T/G)(C/S)A]) are circularly
permutated and adopt a G4-G5-G1-G2-G3 pattern. Work
in the prototype ras GTPase showed that nucleotide binding
and hydrolysis leads to conformational changes typically con-
fined to two loops in the GTPase domain known as switch I
and switch II (Hall et al. 2002). Switch I in YjeQ encompass
the G2-loop and it is disordered in the YjeQ structures. The
G3 loop constitutes the switch II, which in this case is a long
stretch of amino acids connecting the GTPase domain with
the carboxy-terminal zinc-finger domain. Therefore, switch
Iand I arewell positioned in YjeQ to propagate the conforma-
tional changes occurring as a result of the GTP hydrolysis to
the upstream OB-fold and downstream zinc-finger domain,
respectively. The carboxy-terminal zinc-finger domain in
YjeQ is comprised of a 3'°-helix and a long loop containing
three cysteine residues and a histidine that mediate the tetra-
hedral coordination of one zinc ion. Beyond this loop there
are two additional a-helices. The function of the last car-
boxy-terminal a-helix is unclear, as it is not directly required
to coordinate the zinc ion (Supplemental Fig. S1A).

It has been described that the OB-fold domain is essential
for binding to the 30S subunit and GTPase stimulation

1204  RNA, Vol. 21, No. 6

(Daigle and Brown 2004), but a specific role for the GTPase
and zinc-finger domains has not been assigned. Here, we
found that the zinc-finger domain is comprised of two func-
tional motifs. The region coordinating the zinc ion, which is
essential for efficient binding of YjeQ to the 30S subunit
and the carboxy-terminal a-helix that is necessary for the re-
moval of RbfA from the mature 30S subunit. In addition, it
has been described (Goto et al. 2011) that when the 30S sub-
unit reaches the mature state, the GTPase activity of the bound
YjeQ increases. We found that the ability of the mature 30S
subunit to stimulate YjeQ GTPase activity also depends on
the presence of the carboxy-terminal a-helix in the zinc-fin-
ger domain. Our data are consistent with a model in which
YjeQ uses the carboxy-terminal a-helix as a sensor to gauge
the conformation of helix 44, an essential motif of the decod-
ing center that only adopts its mature conformation at the
very end of the assembly process. According to this model,
the carboxy-terminal a-helix senses that helix 44 has reached
the mature conformation and triggers GTP hydrolysis facili-
tating the release of YjeQ from the mature 30S subunit
through a still uncharacterized mechanism. Release of the as-
sembly factors is necessary for the mature 30S subunit to as-
sociate with the 50S subunit and engage in translation.

RESULTS

The carboxy-terminal zinc-finger domain of YjeQ
provides structural stability to the protein

To determine the specific function of the zinc-finger domain
of YjeQ in assisting the assembly of the 30S subunit, we con-
structed three protein variants with different truncations in
the carboxy-terminal region (Supplemental Fig. S1B). In
the first variant (YjeQ M1), the entire zinc-finger domain
was removed by introducing a stop codon in the position
of Leu 278 (Escherichia coli numbering) located in the loop
connecting this domain with the GTPase domain. For the
second variant the stop codon was introduced in the position
of Phe 287, right after the 3! helix, therefore removing the
loop coordinating the zinc ion. Finally, for the third variant
(YjeQ M3) the stop codon was introduced in the position
of Lys 320 removing the carboxy-terminal a-helix, but not
the loop coordinating the zinc ion.

To compare the stability of these YjeQ variants with the
wild-type YjeQ protein, we performed a precipitation test
in which the proteins were incubated at different tempera-
tures and NH,4Cl concentrations (Supplemental Fig. SIC).
From these experiments we concluded that in order to main-
tain the YjeQ variants in solution under the low salt con-
ditions required for our binding assays with the 30S
ribosome subunits (see below), the temperature had to be
maintained at 16°C or lower.

In addition, to ensure that these carboxy-terminal dele-
tions did not produce a global unfolding of the protein, the
wild-type YjeQ protein and YjeQ variants were analyzed by
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circular dichroism (CD) (Supplemental Fig. S2). This tech-
nique, consistent with the results from the precipitation
test, showed that at a temperature of 25°C or lower the
YjeQ variants were stable and properly folded. However,
the carboxy-terminal zinc-finger domain of the protein was
necessary for the YjeQ protein to remain structurally stable
at higher temperatures.

Finally, we tested the effect of removing the zinc ion on the
stability of YjeQ. Three cysteine residues (Cys 297, Cys 302,
and Cys 310) and a histidine (His 305) mediate the tetrahe-
dral coordination of one zinc ion to the carboxy-terminal
domain of YjeQ (Supplemental Fig. SIA). To remove the
ability of the domain to coordinate the zinc ion, Cys 297
and Cys 310 residues were mutated to alanine (YjeQ M5).
We found that when expressing this variant most of the pro-
tein produced was insoluble regardless of the temperature
used in the incubation of the culture (16°C, 25°C, and
37°C) (data not shown). This result suggested that in the
full-length YjeQ, the presence of the zinc ion is important
not only for the folding of the zinc-finger domain, but also
for the proper folding of the amino-terminal OB fold and
GTPase domains.

YjeQ requires the carboxy-terminal zinc-finger domain
to bind the mature 30S subunit

The OB-fold domain of YjeQ has already been identified as a
necessary motif for the binding of the protein to the 30S sub-
units and stimulation of its GTPase activity (Daigle and
Brown 2004). Here, to determine the role of the zinc-finger
domain of YjeQ in the binding of the protein to the small ri-
bosome subunit, we tested the ability of the carboxy-terminal
truncation variants of YjeQ (Supplemental Fig. S1B) to bind
mature 30S and immature 30S subunits purified from yjeQ
null E. coli cells. To this end, we used filtration assays in which
a mixture of the 30S subunits (mature or immature) with
YjeQ (full-length or variants) was incubated at 16°C for 15
min. After the incubation period, reactions were spun
through a 100 kDa centrifugal device that retains the YjeQ
protein or its variants only when bound to the ribosomal par-
ticles. The unbound fraction of protein was captured in the
flow-through. However, the protein bound to the 30S sub-
units was retained by the filter and subsequently resuspend-
ed. Resolving these samples by SDS-PAGE allowed us to
visualize the content of the flow-through and bound fractions
(Fig. 1).

In this assay, one of the factors affecting the amount of
binding of YjeQ to the 30S subunits is the salt concentration
in the reaction buffer. Filtration assays (Supplemental Fig. S3;
left panel) performed with buffers containing a concentra-
tion of NH,CI ranging from 60 to 600 mM showed that at
300 mM NH,CI, YjeQ bound to the 30S subunit at ~1:1 ratio,
which is the stoichiometry that has been previously estab-
lished for the 30S+YjeQ complex (Daigle and Brown 2004;
Himeno et al. 2004; Guo et al. 2011; Jomaa et al. 2011b).

Therefore, we used buffer containing 300 mM NH,CI for
these filtration assays, as these conditions were optimal to
measure specific binding of YjeQ to the 30S subunits and
minimize any potential nonspecific binding. Under these
conditions the filter did not retain YjeQ or the YjeQ protein
variants when they were by themselves, thus they all appeared
in the flow through upon centrifugation. Instead, the filter re-
tained all the mature and immature 30S subunits (Fig. 1A).

Under these conditions, we first tested the ability of full-
length YjeQ to bind the mature and immature 30S subunits
and found that the protein bound equally well to both parti-
cles in the presence of GMP-PNP (Fig. 1B). Then, we tested
the binding of the YjeQ variants to the mature 30S subunit
(Fig. 1B, top panel). We found that the YjeQ M1 variant lack-
ing the entire zinc-finger domain showed a fourfold decrease
in binding to the mature 30S subunit compared with wild-
type YjeQ. Similarly, the YjeQ M2 variant, containing only
the first 3'*-helix of the zinc-finger domain, showed a five-
fold decrease in binding. However, the YjeQ M3 variant
that had only missing the carboxy-terminal a-helix motif
showed slightly improved binding compared with wild-type
YjeQ (Fig. 1B, top panel).

A caveat in the filtration assay was that not all of YjeQ M3
protein was recovered in the flow-through nor in the bound
fractions. This suggested that a percentage of the YjeQ M3
protein was nonspecifically binding to the filter, despite strin-
gent blocking of the filter with solution of bovine serum al-
bumin (BSA). To confirm the ability of the YjeQ M3
variant to bind the mature 30S subunit a pelleting assay
was performed with both proteins (Fig. 1C). In the pelleting
assay, the binding reaction was laid over a sucrose cushion in
the same buffer conditions used for the filtration assay and
then subjected to ultracentrifugation. Protein binding to
the 30S subunit was found in the pellet fraction and the un-
bound protein was found in the supernatant fraction.
Proteins in both fractions were then visualized by SDS-
PAGE. Consistent with the filtration assay (Fig. 1C), the pel-
leting assay showed that the binding of YjeQ M3 to the ma-
ture 30S subunit was ~1.5-fold enhanced compared to that of
wild-type YjeQ (Fig. 1C). Considering that the stoichiometry
of the 30S+YjeQ complex is 1:1, these results suggest that un-
der the salt concentration used in the pelleting experiment
(300 mM NH,CI) approximately one-third of the YjeQ M3
variant was binding the mature 30S subunit in an unspecific
manner. It is plausible that exposure of a new surface in the
zinc-finger domain of YjeQ upon removal of the carboxy-ter-
minal a-helix may be causing the unspecific binding.

When analyzing the binding of the YjeQ variants to the im-
mature subunit, the binding of the YjeQ M1 and YjeQ M2
variants only decreased by approximately twofold when com-
pared with wild-type YjeQ. In the case of YjeQ M3, it bound
to the immature 30S subunit similarly to wild-type YjeQ (Fig.
1B, bottom panel).

Opverall, this data suggest that the zinc-finger domain plays
an important role for efficient binding of YjeQ to the mature
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FIGURE 1. Binding of YjeQ carboxy-terminal variants to the mature
and immature 30S subunits. (A,B) Ability of YjeQ (Y) and YjeQ variants
(M1, M2, M3, and M4) to bind to the mature (Mt) and immature (Im)
308 subunits analyzed by filtration assays. Coomassie blue stained SDS-
PAGE in A contains the controls for the experiment consistent in reac-
tions containing either YjeQ (full-length or variants) or 30S subunits
(mature or immature) by themselves. Reactions containing a mixture
of YjeQ protein and ribosomal particles contained a fivefold molar excess
of protein. Assembly mixtures were incubated for 15 min at 16°C in the
presence of 1 mM GMP-PNP. Following incubation, the reactions were
passed through a 100 kDa cut-off filter using centrifugation. The un-
bound protein was captured in the flow-through (FT) and the protein
bound to the ribosomal particles (B) was retained by the filter and resus-
pended by an equal volume of buffer. The molecular weight marker (M)
is in kDa. The flow-through and bound portions from these assays were
loaded into 4%—12% bis—tris polyacrylamide gels and resolved using
SDS-PAGE. (C) Pelleting assay of YjeQ M3 variant with the mature
308 subunit. A fivefold excess of YjeQ M3 was incubated with mature
30S subunits for 15 min at 16°C. Following the incubation, reactions
were laid over a sucrose cushion and subjected to ultracentrifugation.
Proteins that were unbound were collected in the supernatant (S), while
proteins that bound to the 30S particle were found in the pellet (P). The
molecular weight (M) is in kDa. The pellet and supernatant were resolved
by 4%-12% bis—tris SDS-PAGE and stained with Coomassie blue. The
bar diagrams under the gels in B and C indicate the binding of the
YjeQ variants to the 30S subunits with respect to wild-type YjeQ (setas 1).

1206  RNA, Vol. 21, No. 6

308 subunit, but does not require the carboxy-terminal a-he-
lix for this function. It also suggests that the zinc-finger
domain may not play as critical as a role for binding to the
immature 30S subunit. In this case, efficient binding to the
subunit seems to depend more on the OB-fold domain.

Lysine 298 and arginine 300 in the carboxy-terminal
zinc-finger domain of YjeQ are not essential
for binding to the mature 30S subunit

A previous structural study describing the cryo-EM structure
of the mature 30S subunit in complex with YjeQ (Guo et al.
2011) indicates that YjeQ binds in an orientation in which the
OB-fold domain interacts with helix 44 and the zinc-finger
domain interacts with the head of the 30S subunit mainly
through residues Lys 298 and Arg 300 (Fig. 5A, below).
The electrostatic interactions between the positively charged
side chains of these two amino acids and the negatively
charged phosphate groups of the 165 rRNA of the ribosomal
particle stabilize these contacts. To study the contribution of
Lys 298 and Arg 300 for binding of YjeQ to the ribosome sub-
unit, we mutated both residues to alanine in the full-length
YjeQ protein to produce the YjeQ M4 variant (Supplemental
Fig. S1B). In the precipitation test this mutant did not show
any instability when exposed at 37°C (Supplemental Fig.
S1C) and its CD spectra at all temperatures tested completely
overlapped with that of wild-type YjeQ (Supplemental Fig.
$2) indicating that the YjeQ M4 variant folds into its native
conformation. When we tested the ability of the YjeQ M4
variant to bind the mature and immature 30S subunit (Fig.
1A,B), we found that the YjeQ M4 variant had only decreased
binding to the mature and immature 30S subunits by twofold
and 1.3-fold, respectively. This result indicated, contrary to
what the cryo-EM structure suggested (Guo et al. 2011),
that residues Lys 298 and Arg 300 in the zinc-finger domain
of YjeQ are not essential for binding to the mature 30S
subunit.

The carboxy-terminal a-helix of the zinc-finger domain
is necessary for the 30S subunit-dependent GTPase
activity of YjeQ

In the absence of ribosome subunits YjeQ hydrolyzes GTP
slowly and exhibits a ke, of 9.4 h™ and a K, for GTP of
120 uM (Daigle et al. 2002). However, association with the
30S subunit results in a 160-fold stimulation of YjeQ
GTPase activity. Previous studies indicated that the first 20
amino-terminal amino acids are important for ribosome-
stimulated GTPase activity of YjeQ (Daigle and Brown 2004).

Here, we tested the carboxy-terminal truncations of YjeQ
to determine whether the zinc-finger domain plays any role
in this activity. The initial rates of GTP hydrolysis for full-
length YjeQ and YjeQ variants were measured in the presence
and absence of mature and immature 30S subunits. To this
end we used a malachite green assay to measure the amount
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of free phosphate produced in the reaction from GTP hydro-
lysis. Reactions were incubated for 1 h at 25°C before they
were quenched. This temperature was chosen instead of the
30°C that was used in previous studies (Daigle and Brown
2004) with YjeQ, to ensure that the YjeQ variants remained
stable during the course of the reaction (Supplemental Figs.
S1C, S2). The initial rate of the GTP hydrolysis was estimated
from the amount of free phosphate produced in each
reaction.

We found that all the carboxy-terminal truncation variants
of YjeQ exhibited an intrinsic initial rate of GTP hydrolysis
comparable to full-length YjeQ and that ranged from 1-4
pmol/min (Fig. 2). When the mature 30S subunit was includ-
ed in the reaction, the initial rate of the full-length YjeQ in-
creased by approximately eightfold (see Materials and
Methods). However, it did not increase considerably for
any of the carboxy-terminal variants of YjeQ, except for the
YjeQ M4 variant that showed an initial rate comparable to
wild-type YjeQ. Using the immature 30S subunit in the reac-
tions caused less than a threefold increase in the initial rate of
full-length YjeQ, but again no increase was observed for the
YjeQ variants (Fig. 2). This result is consistent with previous
work (Himeno et al. 2004) that show the stimulation of the
YjeQ GTPase activity by the immature 30S subunits is mini-
mal in comparison to the mature 30S subunit. However, the
fold-increase in the initial rate measured for the full-length
protein was substantially lower than the 160-fold stimulation
that had been reported (Daigle and Brown 2004 ). This differ-
ence is likely caused by the lower temperature (25°C versus
30°C) incubations in our assays.

Considering these results, we interpreted that the YjeQ M1
and YjeQ M2 variants did not show an increased level in 30S
subunit-dependent GTPase activity (Fig. 2), possibly because
both proteins cannot efficiently bind the mature 30S particle
(Fig. 1B). In addition, we found that YjeQ M3 was able to
bind the mature 30S subunit, but showed no increase in
30S subunit-dependent GTPase activity (Fig. 2). These results
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FIGURE 2. Stimulation of GTPase activity of YjeQ variants by mature
and immature 30S subunits. The GTP hydrolysis rate of the YjeQ vari-
ants alone or in the presence of mature (Mt 30S) and immature 30S (Im
308) subunits was assessed using the Malachite Green Phosphate assay as
described in Materials and Methods. The GTPase hydrolysis rates plot-
ted in the graph were determined by measuring the free phosphate pro-
duced after the reactions had been incubated for 60 min at 25°C.
Standard deviations shown in the plot correspond to three replicas of
the experiment.

indicate that while the carboxy-terminal a-helix in the zinc-
finger domain is not required for binding, it is a necessary
motif for stimulation of GTP hydrolysis by the 30S subunit.

YjeQ promotes the release of RbfA from the mature 30S
subunit through the carboxy-terminal o-helix of the
zinc-finger domain

Genetic and biochemical studies suggest that a function of
YjeQ during maturation of the 30S subunit is assisting on
the release of RbfA from the mature 30S subunit once the
maturation of the particle is completed (Goto et al. 2011).
It is not understood how this functional interplay is imple-
mented and the structural determinants in YjeQ that allow
the protein to perform this action. Prompted by the interest-
ing phenotype of the YjeQ M3 variant that binds the 30S sub-
unit without having an increase in its GTPase activity, we
tested the ability of this YjeQ variant to remove RbfA and de-
termined whether the CTE has any role in this activity.

To test the YjeQ M3 variant, we first modified the filtration
assay to visualize the displacement of RbfA by full-length
YjeQ. In these experiments, RbfA was first bound to the ribo-
somal subunits by incubating the reaction for 15 min. YjeQ
was then added and incubated for an additional 15 min be-
fore the reaction was spun in the centrifugal device to sepa-
rate free protein from that bound to the 30S subunits. The
content in the flow through and bound portion was then an-
alyzed by SDS-PAGE.

As in the assays testing the binding of YjeQ (Fig. 1B), the
concentration of NH,Cl in the buffer is a critical parameter
influencing the binding of RbfA to the small ribosome sub-
units. Performing the assembly reactions in buffers contain-
ing a range of NH,Cl concentration from 60 to 600 mM, we
determined that at 60 mM NH,CI, RbfA bound stoichiomet-
rically to the immature 30S subunit (Supplemental Fig. S3,
right panel). Binding of RbfA to immature 30S subunits is
better than to mature 30S subunits (Goto et al. 2011), there-
fore this analysis was done with immature particles. In the
case of mature 30S subunits, binding of RbfA is substoichio-
metric in buffer containing 60 mM NH,CI (Supplemental
Fig. S4A, middle panel). Consequently, the NH,Cl concen-
tration in these assays aiming to visualize the release of
RbfA upon binding of YjeQ was maintained at 60 mM
NH,CI, ensuring that binding of RbfA to the mature 30S sub-
unit was still occurring (Supplemental Fig. S4, middle panel).
We found that under these conditions YjeQ was able to effi-
ciently remove RbfA from the mature 30S subunit. The re-
moval of RbfA was very efficient in the presence of GTP
(~95%) and GMP-PNP (~90%). In the presence of GDP,
YjeQ displaced ~65% of the RbfA bound to the mature
30S subunit (Supplemental Fig. S4A, middle panel).

In the case of immature 30S subunits, YjeQ could not re-
lease RbfA from the immature particle, regardless of the nu-
cleotide present in the buffer (Supplemental Fig. S4A, bottom
panel). To establish that the inability of YjeQ to release RbfA
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from the immature 30S subunit was not due to the low salt
concentration on the buffer, this experiment was repeated
also at higher salt concentration (Supplemental Fig. S4B).
In this case the assembly reaction was carried out in the pres-
ence of GMP-PNP. We found that YjeQ still did not displace
RbfA from the immature 30S subunits, even at the high salt
concentrations and in the presence of GMP-PNP. Control
filtration assays performed in parallel using YjeQ, RbfA, or
both proteins in low or high salt buffer, showed that the filter
did not retain the proteins by themselves or when combined
in either buffer (Supplemental Fig. S4A, top panel; Supple-
mental Fig. S4B, left gel).

Now that a reliable assay was in place to visualize displace-
ment of RbfA from the 30S subunit upon YjeQ binding, we
tested the ability of the YjeQ M3 variant to perform this ac-
tion. In this case, reactions were incubated at 25°C in order to
maintain the solubility and folding of the YjeQ variant.
Subsequently, the reaction was spun in a centrifugal device
to perform the filtration assay. Interestingly, we found that
whereas wild-type YjeQ removed 100% of the RbfA bound
to the mature 30S subunit, the YjeQ M3 variant enhanced
binding of RbfA by fourfold instead of removing it (Fig.
3A). Consistently with this result, when the reactions were
laid over a sucrose cushion and subjected to a pelleting assay
we observed a similar result (Fig. 4B). Wild-type YjeQ re-
moved ~60% of the RbfA bound to the mature 30S subunit
and the YjeQ M3 variant increased binding of RbfA by 5.5-
fold. These results indicate that the carboxy-terminal a-helix
in the zinc-finger domain is the structural motif implement-
ing the ability of YjeQ to remove RbfA from the 30S subunit
once the maturation is completed. Furthermore, binding of
the YjeQ M3 variant lacking the carboxy-terminal a-helix
seemed to induce a conformation in the mature 30S subunit

that stabilized the binding of RbfA.

The carboxy-terminal extension of the zinc-finger
domain in YjeQ is necessary for its function in vivo

The in vitro experiments described above indicated that the
carboxy-terminal a-helix in the zinc-finger domain is an es-
sential element for the 30S subunit-dependent GTPase activ-
ity of YjeQ (Fig. 2), as well as for YjeQ to promote on the
release of RbfA once the maturation of the 30S subunit is
completed (Fig. 3). To test whether the carboxy-terminal
a-helix is necessary for YjeQ to assist in the assembly of the
30S subunits in vivo, we performed a complementation assay
by expressing the YjeQ M3 variant in the yjeQ null strain.
These cells were then tested for growth, rRNA and ribosome
content. The wild-type yjeQ or yjeQ m3 genes in these exper-
iments were reintroduced in the null strain with a high-copy
plasmid in which the expression is under the control of
an IPTG-inducible T5 promotor (Kitagawa et al. 2005).
Reintroduction of the gene in a plasmid, instead of in the
chromosome eliminated the possibility of polar effects on
downstream genes.
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FIGURE 3. YjeQ M3 is unable to remove RbfA bound to the mature
30S subunit. (A) Filtration assay to test the release of RbfA (R) from
the mature 30S subunit (Mt 30S) in the presence of YjeQ wild-type
(Y) and YjeQ M3 variant (M3). These reactions were performed by add-
ing the assembly factors in fivefold molar excess with respect to the 30S
subunits and in the presence of GMP-PNP. Incubations were done at
25°C. Flow-through (FT) and bound (B) fractions from the filtration as-
say were resolved in 4%-12% bis—tris SDS-PAGE and stained with
Coomassie blue. (B) Pelleting assay of identical reactions used in A.
The molecular weight marker (M) is in kDa. Supernatant (S) and pellet
(P) fractions from this assay were resolved in 4%-12% bis—tris SDS-
PAGE and stained with Coomassie blue. The bar diagrams under the
gels indicate the binding of the RbfA to the mature 30S subunit in
each reaction. The observed binding of RbfA to the mature 30S subunit
was defined as 1.

To analyze the growth, cells were grown at 25°C for up to
47 h and their optical density was measured and plotted over
time (Fig. 4A). We also calculated their growth rate (Table 1).
As previously described (Campbell et al. 2006; Goto et al.
2011) the E. coli yjeQ null strain exhibited a slow-growth phe-
notype (growth rate [GR] =0.14 h™") compared to the pa-
rental strain (GR =0.44 h™"). We found that expression of
wild-type YjeQ in small amounts achieved by using a low
concentration (1 pM) of IPTG was sufficient to partially cor-
rect the slow-growth phenotype of the null yjeQ strain (GR =
0.21 h™"). However, overexpression of YjeQ by using a higher
concentration of IPTG (100 uM) led the cells to grow slower
than the null strain (GR = 0.12 h™"). This was likely the result
of the toxic effect caused by an excess of YjeQ in the cells,
which causes 70S subunits to dissociate (Daigle and Brown
2004; Himeno et al. 2004). Consequently to prevent the tox-
icity effects due to high levels of expression of YjeQ, the com-
plementation experiments with the YjeQ M3 variant were
performed using low concentrations of IPTG. Expression
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FIGURE 4. The carboxy-terminal extension of the zinc-finger domain
in YjeQ is necessary for its function in vivo. (A) The parental strain and
the yjeQ null strain by itself or complemented with the plasmid express-
ing yjeQ, YjeQ M3 variant, or the empty vector were induced at =0 h
with the indicated concentration of IPTG and grown at 25°C for
47 h. Growth was monitored by measuring absorbance at 600 nm and
plotted against time. Standard deviations shown in the plot correspond
to three replicas of the experiment. (B) Total rRNA of cell cultures were
analyzed when cultures reached mid-log phase represented by ODgoq
=0.2. Total rRNA was extracted and resolved by electrophoresis in
0.9% synergel-0.7% agarose gel. The marker (M) is in base pairs. (C)
Ribosome absorbance profiles from the parental strain and yjeQ null
strain by itself or complemented with the plasmid expressing YjeQ,
YjeQ M3 variant, or the empty plasmid were fractionated by ultracentri-
fugation in 10%-30% sucrose gradients providing the profiles shown in
this panel. Peaks for the 30S, 50S subunits, and 70S ribosomes are indi-
cated. The proportion of free 30S to bound 308 (i.e., 30S subunits in 70S
complexes) in each case was calculated by integrating the areas under the
308 and 70S peaks of the sucrose gradient profiles. The area of the 30S
peak plus one-third the area of the 70S peak corresponds to the total 30S
population. The area of the 30S peak was divided by the total 30S absor-
bance to obtain the percentage of free 30S subunits and produce the pie
charts in this panel. The standard deviations shown correspond to three
replicas of the experiment. Peak area for the 30S subunit in each case was
measured with respect to the area under the 70S peak to calculate the
percentage of free 30S subunits in both strains. The calculated percent-
ages are shown in the pie charts. The standard deviations shown corre-
spond to three replicas of the experiment.

of the YjeQ M3 variant in this manner caused the cells to ex-
hibit a growth rate of 0.10 h™!, which is even slower than that
shown by the null yjeQ strain. In the control experiments
where cells were transformed with the empty vector we found
that it had no effect on the growth rate of the null strain (Fig.
4A; Table 1).

Total rRNA from the cells tested for growth was purified
and resolved by gel electrophoresis (Fig. 4B) after they had
been grown to mid-log phase. We found that the majority
of the rRNA purified from parental cells was mature 16S
rRNA, as opposed to the null yjeQ cells (alone or transformed
with the empty plasmid), which mainly contained precursor
17S rRNA. Cells complemented with the plasmid expressing
wild-type YjeQ showed that ~50% of the accumulated rRNA
had been processed into 16S rRNA. Conversely, in the cells
expressing the YjeQ M3 variant most of the rRNA remained
as unprocessed immature 17S rRNA (Fig. 4B).

Finally, we analyzed the ribosome profiles of the parental,
null yjeQ cells and cells complemented with either the empty
plasmid or that encoding wild-type YjeQ or the YjeQ M3 var-
iant (Fig. 4C). The parental strain produced the expected pro-
file with most of the particles assembled as 70S ribosomes and
two small peaks representing dissociated 30S and 50S sub-
units. In these cells only ~21% of the total 30S subunits
were free and not associated with the 50S subunit. Null yjeQ
cells and cells transformed with the empty plasmid produced
a profile in which 56% and 63%, respectively, of the total 30S
subunits did not associate to form 70S ribosomes (Daigle and
Brown 2004; Himeno et al. 2004). Complementation with the
plasmid expressing YjeQ caused the proportion of free 30S
subunits to decrease to 40%. However, the percentage of
free 30S subunits in cells expressing the YjeQ M3 was even
higher (62%) than that of the null yjeQ cells. Therefore, we
concluded from the analysis of the growth, rRNA, and ribo-
somal content that in vivo the YjeQ M3 variant was not able
to complement the slow-growth phenotype exhibited by
null yjeQ cells. Indeed, the observed phenotypes suggest
that YjeQ M3 exhibited a gain-of function that is toxic most
likely due to its enhanced binding to the 30S subunit and its
ability to promote binding of RbfA (instead of facilitating re-
lease). Tighter binding of YjeQ and RbfA combined most

TABLE 1. Growth rates of the E. coli yjeQ null strain in the YjeQ
and YjeQ-M3 variant complementation assay

E. coli strains Growth rate k=In2/DT (h™")

Parental 0.44 +0.01
AyjeQ 0.14+0.01
AyjeQ + p-empty (1 uM IPTG) 0.14+£0.01
AyjeQ +p-yjeQ (1 uM IPTG) 0.21+0.01
AyjeQ + p-yjeQ (100 pM IPTG) 0.12+0.01
AyjeQ + p-yje-m3 (1 pM IPTG) 0.10+0.01

Standard deviations were calculated from three replicas of the
experiment.
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likely impaired proper association of the 30S subunits with the
50S subunits to form 70S ribosomes. Consistently, we ob-
served that the proportion of the free 30S subunits in the
null yjeQ cells transformed with the plasmid expressing the
YjeQ M3 was higher than that of the nontransfected null
yjeQ cells.

DISCUSSION

In this study, we found that the carboxy-terminal zinc-finger
domain in YjeQ is important for the overall structural stabil-
ity of the protein. Interestingly, an in silico analysis of other
circularly permutated GTPases (Anand et al. 2006) conclud-
ed that a consequence of repositioning the G3/switch II motif
within the GTPase domain is that an anchoring carboxy-ter-
minal domain is then required to fasten switch II and main-
tain its efficiency for GTP binding and hydrolysis. Our
finding that the carboxy-terminal zinc-finger domain is nec-
essary for the stability of YjeQ is consistent with this model.

In addition, we also determined that the zinc-finger
domain of YjeQ is essential for the role of this protein in as-
sisting the late stages of maturation of the 30S subunit. The
presented data indicate that this domain is subdivided into
two functional motifs. The part of the domain coordinating
the zinc ion is the region that allows for efficient binding of
the protein to the 30S subunit, whereas the carboxy-terminal
a-helix is the region through which YjeQ senses the binding
to the mature 30S subunit triggering GTP hydrolysis in the
GTPase domain. The zinc-finger domain is attached to the
GTPase domain through the switch II region, which propa-
gates the conformational change. In addition, the carboxy-
terminal a-helix is also the region that implements the func-
tional interplay of YjeQ with RbfA and facilitates the removal
of RbfA from the mature 30S subunit once maturation of the
30S subunit is completed (Goto et al. 2011).

Recent structural studies with immature 30S subunits pu-
rified at late stages of assembly (Guo et al. 2011, 2013; Jomaa
et al. 2011b; Boehringer et al. 2012; Clatterbuck Soper et al.
2013; Leong et al. 2013; Yang et al. 2014) revealed that the de-
coding center is the last region to fold into the mature con-
formation during the assembly of the subunit. Multiple
assembly factors, including YjeQ, RbfA, RimM, and Era,
bind to this region (Sharma et al. 2005; Datta et al. 2007;
Guo et al. 2011; Jomaa et al. 2011b) at the late stages of as-
sembly and operate in conjunction to monitor the proper
folding of this region and prevent immature 30S subunits
from engaging in translation. During this process functional
interplays between assembly factors likely occur. In principle,
any of the maturation steps these proteins facilitate including
rRNA folding, rRNA processing, or mediating protein—RNA
interactions could be assisted by several of these proteins
simultaneously, rather than by protein factors individually.
In addition, functional interplays likely play an important
role in ensuring that all of the assembly factors are released
once the maturation process is completed. Factor release is
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essential for the mature 30S subunit to enter the pool of ac-
tively translating ribosomes (Shajani et al. 2011).

Although there is genetic, biochemical, and structural ev-
idence suggesting a functional interplay between these four
putative assembly factors, the specific mechanism on how
they work together to assist in maturation of the decoding
center remains to be described. Recently, a study (Goto
et al. 2011) identified that one of the functions of YjeQ is
to assist in the release of RbfA once the maturation of the
30S subunit has been completed. However, it is still not un-
derstood how this functional interplay between the two pro-
teins is implemented. A costructure of the 30S subunit in
complex with both YjeQ and RbfA that could be informative
about this mechanism has not yet been obtained. Further-
more, the cryo-EM structures of the YjeQ protein in com-
plex with the mature 30S subunit (Guo et al. 2011; Jomaa
et al. 2011b) propose two conflicting binding orienta-
tions of YjeQ to the 30S subunit. Therefore, an unambiguous
functional model from these structural data cannot be
derived.

In this study, we found that the part of the domain coor-
dinating the zinc ion in YjeQ is important for binding to
the 30S subunit and the carboxy-terminal a-helix is essential
for this factor to facilitate the release of RbfA from the mature
30S subunit. An important question is how these findings
conform to the two conflicting cryo-EM structures (Guo
et al. 2011; Jomaa et al. 2011b). The two cryo-EM structures
showed that YjeQ binds to the 30S subunit covering the re-
gion of helix 44 forming the decoding center and also con-
tacts the head and nearby region of the platform of the
ribosomal particle (Fig. 5A,B). However, the two structures
proposed a different orientation of the YjeQ protein in this
complex. One of the structures (Guo et al. 2011) placed
YjeQ with the OB-fold and GTPase domain contacting helix
44 and the carboxy-terminal zinc-finger domain interacting
with the head (Fig. 5A, left panel). The second structure
(Jomaa et al. 2011b) places YjeQ in an orientation rotated
by ~180° around an axis perpendicular to the interface sur-
face of the 30S subunit. In this structure, the OB-fold domain
is the region interacting with the platform and the carboxy-
terminal zinc-finger domain sits in helix 44 (Fig. 5B, left
panel).

Analysis of the two structures revealed that the data pre-
sented here are difficult to reconcile with the cryo-EM map
where the zinc-finger domain contacts the head domain
(Guo etal. 2011). According to this model, only three amino
acids within the loop coordinating the zinc ion are close
enough to interact with the phosphate-oxygen backbone of
the rRNA in the head of the 30S subunit (Lys 298 and Arg
300) or r-protein S13 (Tyr 299) (Fig. 5A, right panel). In
this structure, the rest of the zinc-finger domain, including
the carboxy-terminal a-helix does not directly contact with
either the head or the platform. Only Arg 331 in the car-
boxy-terminal a-helix comes close to the backbone of helix
24 (Fig. 5A, right panel). Our mutational study indicates
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FIGURE 5. Interaction of the zinc-finger domain of YjeQ with the 30S
subunit and working model for the functional interplay between YjeQ
and RDfA. Structures of the 30S+YjeQ complex as described in Guo
etal. (2011) (A) and Jomaa et al. (2011b) (B). The panel in the left shows
aview of the entire complex. Landmarks and domains of the YjeQ protein
are labeled. Area colored in red represents the YjeQ protein bound to the
30S subunit. The panel in the right shows azoomed in view of the complex
in the area of interaction of the zinc-finger domain with the 308 subunit.
The rRNA is colored in cyan except for some nucleotides (B) that are col-
ored in dark blue. A corresponding density for these nucleotides does not
exist in the cryo-EM map of the 30S+YjeQ complex (Jomaa et al. 2011b).
The side chains of important residues for this interaction are labeled.
Structures shown were obtained from the EMDB (EMD-1884 and
EMD-1895) and PDB (2YKR and 4A2I). Images of the structures were
prepared with UCSF Chimera software (Pettersen et al. 2004). (C)
Proposed model for the functional interplay between YjeQ and RbfA.
The model explains the mechanism through which YjeQ facilitates the re-
lease of RbfA once the maturation of the 30S subunit is completed.
Numbers in brackets refer to the steps of the model described in the text.

that the part of the domain coordinating the zinc ion is essen-
tial for YjeQ to bind the mature 30S subunit. Additionally, we
found that mutating two (Lys 298 and Arg 300) out of the
three residues that come into close contact with the head of

the 30S subunit did not abolish binding (Fig. 1B). Therefore,
it is difficult to envision how the carboxy-terminal a-helix
could facilitate the release of RbfA from the mature 30S sub-
unit with the zinc-finger domain in this location and having
minimal interactions with the ribosome (Fig. 5A, right
panel).

In the second cryo-EM structure (Jomaa et al. 2011b), the
zinc-finger domain of YjeQ sits in the upper domain of helix
44 near the decoding center (Fig. 5B). In this location, nega-
tively charged residues in the surface of the loop region coor-
dinating the zinc ion and more importantly the carboxy-
terminal a-helix face the negatively charged phosphate—oxy-
gen backbone of nucleotides in helix 44 (Fig. 5B, right panel).
This charge distribution in the two motifs of the zinc-finger
domain generates electrostatic repulsion with helix 44 caus-
ing a displacement of the upper domain of the helix from
its mature conformation (Fig. 5B, right panel). It is possible
that the carboxy-terminal a-helix in YjeQ facilitates the
release of RbfA from the mature 30S subunit by prevent-
ing the upper domain of helix 44 to adopt the mature
conformation.

RbfA binds in the neck region of the 30S subunit (Datta
etal. 2007) also causing a displacement of the upper domain
of helix 44 and helix 45. The cryo-EM structure of the 30S
subunit in complex with RbfA shows that upon binding,
these motifs surround RbfA and lock the protein deeply
into the cleft between the head and body. Considering that
complexes in this cryo-EM study were prepared with a 10-
to 40-fold excess of RbfA with respect to the 30S subunits
(Datta et al. 2007), it is plausible that the conformation visu-
alized by cryo-EM represent a “trapped” state of RbfA bound
to the mature 30S subunit with the displaced helix 44 and 45
blocking the release of the factor. One of our findings in this
study was that substantial binding of YjeQ to the immature
308 subunit is still observed in the absence of the zinc-finger
domain (Fig. 1C). Taking all these data into consideration,
we propose the following model (Fig. 5C) to explain the func-
tional interplay between YjeQ and RbfA in mediating the
maturation of the decoding center. (1) RbfA first binds in
the neck region of the immature 30S subunit, which at this
point still exhibits the part of helix 44 forming the decoding
center in an immature state. (2) RbfA assists in the recruit-
ment of YjeQ, which initially binds to the 30S subunit largely
through the OB-fold domain. (3) As the upper domain of he-
lix 44 continues to fold into its mature state, the region in this
helix forming the binding site for the zinc-finger domain of
YjeQ adopt the proper conformation to allow YjeQ to bind
the 30S subunit through both the OB-fold and zinc-finger
domains. This is likely the conformation shown by one of
the cryo-EM structures (Jomaa et al. 2011b). (4) Binding of
YjeQ through the zinc-finger domain to the 30S subunit pre-
vents the upper domain of helix 44 to fold over the bound
RbfA and lock this factor in the “trapped” state shown by
the cryo-EM map of the 30S+RbfA complex (Datta et al.
2007). (5) By maintaining the upper domain of helix 44 in
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a non-native conformation, YjeQ facilitates the release of
RbfA. (6) Release of RbfA is sensed by the carboxy-terminal
a-helix, activating hydrolysis of the GTP molecule bound to
YjeQ. (7) The reduced affinity of YjeQ-GDP for the 308 facil-
itates the dissociation of YjeQ from the mature subunit
through a still uncharacterized mechanism, allowing the up-
per domain of helix 44 to adopt the conformation observed
in the decoding center of the mature subunit. Dissociation
of YjeQ also uncovers essential intersubunit bridges (B2a
and B3) allowing the mature 30S subunit to associate with
the 50S subunit and engage in protein translation.

An important consideration regarding our experimental
set up to analyze the YjeQ-induced release of RbfA is that it
does not completely mimic the sequence of events most likely
occurring in the cell (Fig. 5C). Mainly, in our assays we
bound RbfA directly to the mature 30S subunit and then
YjeQ was added to test RbfA release. In the cell, it is most like-
ly that RbfA would bind to the immature 30S subunit (in-
stead to the mature 30S subunit) and YjeQ-induced release
would take place once this subunit has evolved and becomes
a mature subunit. Unfortunately, attempts of starting our re-
actions with the immature 30S subunit in complex with RbfA
and maturing these subunits in vitro to then test the release of
RbfA with YjeQ were unsuccessful. Nevertheless, it is likely
that the binding mode of RbfA to the mature 30S subunit
in our in vitro assays closely resembles that existing in the
analogous complex in vivo. Consequently, conclusions with-
drawn from these binding assays most likely apply to the mat-
uration process occurring in vivo. In this regard, future
efforts to determine the structure of mature and immature
30S subunits in complex with RbfA and YjeQ will be impor-
tant to visualize the conformational changes suggested by the
model described above and how the implementation of the
functional interplay between YjeQ and RbfA occurs.

MATERIALS AND METHODS

Cell strains and protein overexpression clones

Parental Escherichia coli K-12 (BW25113) and E. coli AyjeQ strains
were obtained from the Keio collection (Baba et al. 2006).

The pDEST17-yjeQ plasmid used to overexpress wild-type YjeQ
protein with an amino-terminal His, tag cleavable by TEV protease
was produced as previously described (Jomaa et al. 2011b). The
pDEST17-yjeQM1, pDEST17-yjeQM2, pDEST17-yjeQM3, and
pDEST17-yjeQM4 plasmids used to overexpress the YjeQ car-
boxy-terminal deletion variants were generated by using the
QuikChange II XL Site-Directed Mutagenesis Kit (Agilent
Technologies). To this end, the parental pDEST17-yjeQ plasmid
was used as the template for site-directed mutagenesis reactions
that introduced a stop codon in the position of L278 (YjeQM1),
F287 (YjeQM2), K320 (YjeQM3) or to create the point mutations
K298A and R300A (YjeQM4). The Q5 Site-Directed Mutagenesis
Kit (New England Biolabs) was used to produce the pDEST17-
¥jeQMS5 plasmid containing mutations C297A and C310A. In this
case, we used the same template plasmid as the other mutants.
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Overexpression of RbfA was obtained using the pET15b-rbfA
plasmid. To produce this plasmid the sequence of the rbfA gene
(NCBI reference: NC_007779.1) was optimized for overexpression
in E. coli cells using the GeneOptimizer software and subsequently
synthesized (Life Technologies; Thermo Fisher Scientific) with a
Ndel and a BamHI site in the 5’ and 3’ ends of the gene, respectively.
The gene was cloned into the carrier pMA-T plasmid using the Sfil
and Sfil cloning sites and subsequently subcloned into the final ex-
pression vector pET15b using the Ndel and a BamHI restriction
sites. The resulting pET15b-rbfA plasmid produces the RbfA protein
with an amino-terminal Hiss tag cleavable by thrombin.

We used sequencing (MOBIX, McMaster University) to validate
all overexpression clones.

Protein overexpression and purification

Wild-type YjeQ protein and the constructed variants (YjeQ M1,
YjeQ M2, YjeQ M3, YjeQ M4, and YjeQ M5) were overexpressed
as amino-terminal Hise-tag proteins by transforming E. coli BL21-
Al cells with the corresponding expression plasmids constructed
to produce these proteins (see above). Typically, 1 L of cells were
grown in LB medium at 37°C to an ODgg, of 0.6 and expression
was induced with 0.2% L-arabinose. Wild-type YjeQ and YjeQ
M4 were induced for 3 h at 37°C, whereas YjeQ M1, YjeQ M2,
and YjeQ M3 were induced for 16 h at 16°C due to the instability
and low solubility of the proteins at 37°C. In the case of the YjeQ
M5 variant, expression was tested at 16 h at 16°C, 5 h at 25°C,
and 3 h at 37°C. Cells were harvested after induction by centrifuga-
tion at 8500g for 15 min. The cell pellets were then washed with 1x
PBS buffer (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na,HPO,, 1.76
mM KH,PO, at pH 7.4), centrifuged at 1400g for 20 min and resus-
pended in 20 mL of lysis buffer (50 mM Tris—-HCI at pH 8.0, 10%
[w/v] sucrose, 100 mM NaCl). The cell suspension was passed
through the French press three consecutive times at 20,000 Ib/in’
to lyse the cells. Lysate was separated from cell debris by centrifuga-
tion at 30,000g for 40 min and NaCl was added to the clarified lysate
to bring the concentration to 0.5 M. The lysate was then filtered with
a 0.45 pm filter and loaded onto a HiTrap Metal Chelating column
(GE Healthcare Life Sciences) equilibrated with 50 mM Tris—HCl at
pH 8.0, 0.5 M NaCl and 5% [v/v] glycerol. The column was washed
with buffer containing concentrations of imidazole of 45 mM and
90 mM. Finally, proteins were eluted by increasing the concentra-
tion of imidazole in the buffer to 240 mM. The purity of fractions
was monitored by 15% SDS-PAGE. Fractions with pure protein
were collected and dialyzed overnight at 4°C against buffer contain-
ing 50 mM Tris—HCl at pH 8.0 and 5% [v/v] glycerol. For YjeQ M1,
YjeQ M2, and YjeQ M3, the dialysis buffer also included 120 mM
NaCl to increase protein solubility.

The amino-terminal His,-tag was removed by digestion with pu-
rified tobacco etch virus (TEV) protease during the previous over-
night dialysis step. To this end, 0.05 mg of TEV protease per
milligram of YjeQ was added to the pooled and dialyzed fractions
containing the wild-type or YjeQ variants. Following digestion
and dialysis, the reaction was loaded onto the HiTrap Metal
Chelating column (GE Healthcare Life Sciences) previously equili-
brated with 50 mM Tris—-HCI at pH 8.0, 60 mM imidazole, 0.2 M
NaCl, and 5% [v/v] glycerol. The flow through containing the un-
tagged protein was recovered and purity of fractions showing
cleaved protein was monitored by 15% SDS-PAGE. Fractions with
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pure, cleaved protein were dialyzed overnight at 4°C against buffer
containing 50 mM Tris-HCI at pH 8.0 and 5% [v/v] glycerol. For
YjeQ M1, YjeQ M2, and YjeQ M3 the dialysis buffer also included
120 mM NaCl. Pure proteins were concentrated using a 10 kDa-cut-
off filter (Amicon). Proteins were frozen in liquid nitrogen and
stored at —80°C.

The RbfA protein containing an amino-terminal Hiss-tag was
overexpressed in E. coli BL21-DE3 cells transformed with the
pET15b-rbfA plasmid. One liter of cells was grown in LB medium
at 37°C to an ODgq of 0.6 and then induced with 1 mM isopropyl
B-D-1-thiogalactopyranoside (IPTG) for 3 h at 37°C. Following in-
duction, cells were harvested and lysed using the same protocol and
buffers as in the case of the YjeQ protein. The first step of purifica-
tion of RbfA included a HiTrap Metal Chelating column (GE
Healthcare Life Sciences) that was performed in an identical manner
to the YjeQ purification except that the column washes before elu-
tion were done with buffers containing 30 and 75 mM imidazole.
Fractions containing RbfA protein were collected, pooled, and dia-
lyzed overnight at 4°C against buffer containing 50 mM Tris—HCl at
pH 8.0 and 5% [v/v] glycerol. Dialyzed RbfA was then loaded onto a
HiTrap Q HP Anion Exchange column (GE Healthcare Life
Sciences) previously equilibrated with 50 mM Tris—-HCI at pH 8.0
and 5% [v/v] glycerol. Nonspecifically bound proteins were washed
with 50 mM NaCl and RbfA was eluted by increasing the NaCl con-
centration to 100 mM. Purity of the fractions was monitored by 15%
SDS-PAGE. Fractions with pure RbfA were dialyzed overnight at 4°C
against buffer containing 50 mM Tris—HCl at pH 8.0 and 5% [v/v]
glycerol and concentrated using a 10 kDa-cutoff filter (Amicon).
Purified RbfA was frozen in liquid nitrogen and stored at —80°C.
The amino-terminal Hise-tag in RbfA was not removed in order
to facilitate visualization of the protein in the binding assays with
the 30S ribosomal subunits (see below).

Purification of 30S ribosomal subunits

Parental (BW25113) and AyjeQ E. coli cells were used as the source
for purification of the mature and immature 30S ribosomal sub-
units. We used centrifugation over sucrose cushions and gradients
as previously described (Jomaa et al. 2011a) to purify both ribosom-
al particles from these cells (Supplemental Fig. S5A). In the case of
the mature 30S subunits, sucrose gradients loaded with ribosomal
particles from parental cells were resolved under “dissociating” con-
ditions (buffer containing 1.1 mM magnesium acetate) that leads to
the dissociation of the 70S subunits and allows for an efficient puri-
fication of mature 30S subunits. Under “associating conditions”
(buffer containing 10 mM magnesium acetate), the parental strain
yielded a characteristic ribosome profile with the majority of 30S
subunits assembled as mature 70S particles, establishing that these
cells have a normal wild-type phenotype (Supplemental Fig. S5A).
Immature 30S subunits were purified from AyjeQ. In this case,
sucrose gradients loaded with purified ribosomes were resolved un-
der “associating conditions.” These cells typically accumulate a large
proportion of free immature 30S subunits (~39%) (Supplemental
Fig. S3A), thus these conditions allowed us to obtain a homogeneous
preparation of immature subunits without contaminating mature
308 subunits.

The rRNA analysis of 30S subunits from parental and AyjeQ
E. coli cells was performed to verify that our purifications of 30S sub-
units consisted of mature and immature 30S subunits, respectively

(Supplemental Fig. S5B). For each preparation, we took ~10-50
pmol of purified ribosome subunits and used the RNeasy Mini
Kit (Qiagen) to purify the rRNA following manufacturer’s proto-
cols. Subsequently, purified rRNA samples from the fractions corre-
sponding to the 308, 50S, and 70S peaks in the sucrose gradients
were resolved in a 0.9% synergel-0.7% agarose gel using previously
described methods (Wachi et al. 1999). This approach allows for the
separation during electrophoresis of the 23S, 175, and 16S rRNAs
during electrophoresis. The preparations of mature and immature
308 subunits did not contain any 23S rRNA indicating the absence
of 50S subunit contamination. The purification of 30S subunits
from parental cells showed the presence of 16S rRNA indicating
that it mainly contained mature 30S subunits. Instead, the 30S sub-
units purified from AyjeQ cells contained exclusively 17S rRNA,
which is the precursor form of the mature 16S rRNA, indicating
that the 30S subunits in these preparations were immature. The
AyjeQ cells also contained small amounts of 16S rRNA, but it was
incorporated into 30S subunits that were associated to the 50S sub-
unit and appeared in the 70S peak of the gradient.

Circular dichroism spectroscopy

CD spectra for each YjeQ protein were collected using a Circular
Dichroism Spectrometer Model 410 (Aviv Biomedical, Inc.).
Spectral scans were performed from 260 to 200 nm, with step reso-
lution and bandwidth of 1.0 nm. A 1-mm-path-length quartz cu-
vette was used for the measurements. The spectra for each protein
and each temperature (4°C, 16°C, 25°C, and 37°C) are an average
from three consecutive scans obtained during a 15-min incubation
period. Protein solutions were prepared at a concentration of 0.5
mg/mL in Binding Buffer 300 (10 mM Tris—HCl at pH 8.0, 7 mM
magnesium acetate, 300 mM NH,Cl, and 1 mM dithiothreitol
[DTT]). The machine units of millidegrees ellipticity were used to
calculate the mean residue molar ellipticity in [0] using the follow-
ing equation:

[6](deg - cm*edmol ")

= Ellipticity(mged) 10%/ Pathlength(mm)
e[Protein](mM)en

(n is the number of peptide bonds in the protein).

Binding assays

Reactions for filtration assays to detect binding of YjeQ and RbfA to
mature and immature 30S subunits were prepared by mixing 200
pmol of protein (YjeQ, YjeQ variants, and/or RbfA) with 40 pmol
of 30S subunit in a 100 pL reaction in either Binding Buffer 60 (10
mM Tris-HCl at pH 8.0, 7 mM magnesium acetate, 60 mM
NH,CI, 1 mM DTT, and 1 mM GMP-PNP) or Binding Buffer 300
(10 mM Tris—HCI at pH 8.0, 7 mM magnesium acetate, 300 mM
NH,Cl, 1 mM DTT, and 1 mM GMP-PNP). The concentration of
each protein assembly factor in this reaction was fivefold that of
the ribosomal particle. Nucleotide (GMP-PNP, GDP, or GTP) was
added where indicated to a final concentration of 1 mM. Reactions
were incubated at 16°C, 25°C, or 37°C for 15 min followed by centri-
fugation in a 100 kDa Nanosep Centrifugal Devices (PALL). In cases
where YjeQ was added following a 15 min incubation of RbfA with
the ribosomal particle, the binding reaction was allowed to proceed
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for another 15 min. Prior to loading the binding reactions in the 100
kDA Nanosep Centrifugal Devices (PALL), its filter membrane was
blocked by loading 500 pL of 1% [w/v] BSA and washed twice
with 500 puL of RNase free water. Reactions were spun at 12,000g
for 10 min to separate 30S particles and 30S-bound proteins that
were retained by the filter from unbound proteins in flow-through
(FT). The flow-through was collected and the filter was washed gent-
ly twice with 100 pL of Binding Buffer 60 or 300, followed by a 5 min
spin at 12,000g. Finally, the 30S particles and 30S-bound proteins re-
tained by the filter were vigorously resuspended in 100 pL of Binding
Buffer 60 or 300 and collected as the bound fraction (B). To resolve
the flow-through and bound fractions, 30 pL of sample were mixed
with 6x SDS-PAGE loading buffer and loaded into a 4%-12%
Criterion XT Bis—tris gel (Bio-Rad). Samples were run in XT
MOPS buffer (Bio-Rad). Gels were stained with Coomassie blue.

In the case of the pelleting assays, reactions were prepared by mix-
ing 250 pmol of protein (YjeQ, YjeQ variants, and/or RbfA) with 50
pmol of 308 particle in a 50 pL reaction in either Binding Buffer 60 or
Binding Buffer 300. The final concentration of GMP-PNP in the
binding reactions containing YjeQ and YjeQ variants was 2 mM.
Reactions were incubated at 16°C, 25°C, or 37°C for 15 min. In cases
where RbfA was added following a 15 min incubation of YjeQ with
the ribosomal particle, the binding reaction was allowed to proceed
for another 15 min. Following incubation, reactions were laid over a
150 pL 1.1 M sucrose cushion in either Binding Buffer 60 or 300 and
spun for 250,000¢ for 5 h. The supernatant (S) containing free pro-
tein that did not pellet with the 30S subunits was collected. The pellet
(P) containing the 30S particles and 30S-bound proteins was resus-
pended in 200 pL of Binding Buffer 60 or 300. To resolve the super-
natant and pellet fractions, 30 pL of sample was mixed with 6x SDS-
PAGE loading buffer and loaded into a 4%-12% Criterion XT Bis—
tris gel (Bio-Rad). Samples were run in XT MOPS buffer (Bio-Rad).
Gels were stained with Coomassie blue.

Image Lab (V5) software (Bio-rad) was used to perform a densi-
tometry analysis on the Coomassie stained gels for relative quantifi-
cation of assembly factors binding to 30S subunits. Specifically, the
lanes were automatically detected using a background subtraction
with a disc size of 5 mm. Bands were then automatically detected us-
ing high sensitivity settings (sensitivity: 5, size scale: 7, noise filter: 4,
shoulder: 1) followed by manual adjustment of both lanes and bands
to ensure accurate measurements. The quantity tools implemented
with the Image Lab software package were used to determine the rel-
ative amounts of each assembly factor in the bound portion (YjeQ or
RbfA) to the S4 protein within the same lane. Binding of wild-type
YjeQ or RbfA to the mature or immature 30S subunit was consid-
ered as 1 and all other binding interactions were quantified with re-
spect to this value. Prior to the quantification of the bands for YjeQ,
YjeQ, variants and RbfA, their intensity was normalized to account
for small differences in the amount of binding reaction loaded in the
gel. To this end, we used the band for r-protein S4, which should
have constant intensity in all binding reactions regardless of whether
mature or immature 30S subunits were used. The r-protein S4 is not
partially depleted in the immature 30S subunits purified from the
AyjeQ E. coli cells.

GTPase activity assays

The intrinsic initial rates of GTP hydrolysis of the full-length YjeQ
and YjeQ variants were measured by incubating each protein (100
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nM) with GTP (250 pM) at 25°C for 60 min and then measuring
the release of free phosphate using the Malachite Green Phosphate
Assay Kit (BioAssay Systems). The reactions were initiated by adding
GTP to the proteins in reaction buffer containing 10 mM Tris—HCI
at pH 8.0, 7 mM magnesium acetate, 300 mM NH,Cl, and 1 mM
DTT. In those cases where the stimulation of the GTPase activity
of YjeQ or YjeQ variants by the 30S particles was measured, the sam-
ple also contained 100 nM of 308 particle before GTP was added.
Volume of the reactions was 80 pL. Reactions were terminated by
addition of 20 pL of the malachite green reagent and an additional
incubation of 15 min at 25°C before monitoring color formation
by measuring the absorbance at 620 nm. Values were plotted against
a standard curve of free phosphate in the same reaction buffer. The
amount of phosphate produced by the reaction containing only
buffer and GTP was considered background and was subtracted
from each reaction. To calculate the fold-increase of the initial
rate, the background level of GTP hydrolysis of the 30S particle by
itself was subtracted from the value obtained for the reaction con-
taining YjeQ and the 30S subunit. Reactions were run in a 96-well
plate and readings were done with the Infinite M1000 multiplate
reader (TECAN). Average and standard deviation values were de-
rived from three replicas of each reaction. We determined that un-
der the conditions used to measure GTPase activity, the amount of
free phosphate produced in the reactions was within the linear range
of the assay.

Culture growth conditions

The growth rate of the null yjeQ and parental E. coli (BW25113)
strains was determined by growing the cells at 25°C for 47 h with
shaking. Culture density was monitored by measuring the optical
density at 600 nm (ODgyy) in a Sunrise 96-well plate reader
(TECAN) and plotted using Magellan (TECAN). Doubling times
were calculated according to the formula DT = (2 — t1) x [log2/
(log ODggo@12/log ODgo@t1)] and expressed in hours. Growth
rates were calculated as k =1In2/DT and expressed in h™".

The growth curves were produced by inoculating 200 pL of LB
media from overnight cultures at 1:100 dilutions. To reintroduce
the YjeQ or YjeQ M3 variant, we used the high-copy plasmid
pCA24N. The pCA24N-empty and pCA24N-yjeQ plasmids were
purified from the ASKA collection, which contains a complete set
of open reading frame clones of E. coli (Kitagawa et al. 2005). The
pCA24N-yjeQ plasmid expresses the amino-terminal histidine-
tagged YjeQ under the control of the IPTG-inducible promoter
Prsiae. The pCA24N-yjeQM3 plasmid was constructed from the
pCA24N-yjeQ plasmid using QuikChange II XL Site-Directed
Mutagenesis Kit (Agilent Technologies) to introduce a stop codon
in the position of Lys 320. We used standard protocols (Sambrook
et al. 1989) to transform these plasmids into the AyjeQ cells before
proceeding to obtain the growth curves as described above. In the
cultures where we wanted to express YjeQ or the YjeQ M3 variant
(or pCA24N-empty plasmid) the LB media contained either 1 uM
or 100 uM IPTG as specified.

To obtain the ribosome profiles and analyze the rRNA content of
these cells, LB cultures (1 L) were grown at 25°C to an ODgg of 0.2.
In the case of the strains containing the pCA24N-empty plasmid or
that encoding for YjeQ or YjeQ M3 variant, we added IPTG to a
concentration of 1 pM. Following growth, 10 mL of culture were
pelleted by centrifugation at 1400g for 20 min and processed to
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purify the rRNA. Total rRNA was analyzed by extracting rRNA from
the cell pellet with the RNeasy Mini Kit (Qiagen). The concentration
of purified rRNA was measured by absorbance at A,4y, where 1 ab-
sorbance unit was equivalent to 40 pg/mL of RNA. Approximately
0.8 g of purified rRNA was loaded on a 0.9% synergel-0.7% aga-
rose gel, using methods described previously to separate 23S, 178,
and 16S rRNA (Wachi et al. 1999).

The remainder of the cultures were harvested by spinning the cells
at 8500¢ for 15 min to obtain ribosome profiles. Pellets were washed
and resuspended with 20 mL of Buffer A (10 mM Tris—HCI at pH
7.5, 10 mM MgCl,, and 60 mM KCl), divided into three conical
tubes and then centrifuged at 1400g for 15 min. Each pellet was re-
suspended in 6 mL of Lysis buffer (10 mM Tris—-HCI at pH 7.5,
10 mM MgCl,, and 60 mM KCl, 0.5 % [v/v] Tween 20, 1 mM
DTT, 1 tablet/10 mL complete mini Protease Inhibitor Cocktail
[Roche]), and 20 pL of RNase Free DNAse (Invitrogren). The cell
suspension was lysed by passing it through the French press three con-
secutive times at 20,000 Ib/in> and clarified by centrifuging at
19,000g for 10 min. Ribosomes were pelleted by centrifuging the
clarified lysate at 125,000¢ for 1 h 52 min. The ribosomal pellet
was rinsed with 1 mL of Buffer B (20 mM Tris—HCI at pH 7.5, 6
mM MgCl,, 30 mM NH,CI, and 1 mM DTT) and resuspended
in 3 mL of this same buffer for 30 min on ice. An equal amount
of Buffer C (20 mM Tris—HCl at pH 7.5, 6 mM MgCl,, 800 mM
NH,CI, and 1 mM DTT) was added and further incubated on ice
for 1 h. The mixture was clarified by centrifuging at 19,000g for
10 min and subsequently ribosomes were pelleted by centrifuging
at 125,000¢ for 1 h 52 min. The ribosomal pellet was rinsed with
700 pL of Buffer D (20 mM Tris—HCI at pH 7.5, 10 mM MgCl,,
30 mM NH,Cl, and 1 mM DTT) and resuspended in 700 pL of
the same buffer for 1 h. The mixture was clarified by centrifuging
at 19,000 for 10 min and 10 A, units were laid on top of 10 mL
10%-30% sucrose gradients made with Buffer E (20 mM Tris—
HCl at pH 7.5, 10 mM MgCl,, 50 mM NH,CI, and 1 mM DTT).
Gradients were centrifuged at 43,000¢ for 16 h using a Beckman
SW41 Ti swinging-bucket rotor. Gradients were then fractioned
using a Brandel fractionator apparatus and an AKTAprime purifica-
tion system (GE Healthcare). The elution peaks of the ribosomal
subunits were monitored by absorbance at Ayg.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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