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SUMMARY

The assembly of ribosomal subunits is an essential
prerequisite for protein biosynthesis in all domains
of life. Although biochemical and biophysical
approaches have advanced our understanding of
ribosome assembly, our mechanistic comprehen-
sion of this process is still limited. Here, we perform
an in vitro reconstitution of the Escherichia coli 50S
ribosomal subunit. Late reconstitution products
were subjected to high-resolution cryo-electron
microscopy and multiparticle refinement analysis to
reconstruct five distinct precursors of the 50S sub-
unit with 4.3–3.8 Å resolution. These assembly inter-
mediates define a progressive maturation pathway
culminating in a late assembly particle, whose struc-
ture is more than 96% identical to a mature 50S
subunit. Our structures monitor the formation and
stabilization of structural elements in a nascent
particle in unprecedented detail and identify the
maturation of the rRNA-based peptidyl transferase
center as the final critical step along the 50S assem-
bly pathway.

INTRODUCTION

Bacterial 70S ribosomes are macromolecular complexes con-

sisting of two distinct subunits, the small 30S and the large

50S. Both subunits are composed of rRNA and ribosomal pro-

teins (r-proteins). The 30S subunit contains a single 16S rRNA

and 21 r-proteins, while the 50S subunit is composed of two

rRNAs (23S and 5S rRNA) and 33 r-proteins. Ribosomal subunit

assembly is an orchestrated multi-step process, involving the

production, processing, folding, and modification of rRNAs and
r-proteins (Kaczanowska and Rydén-Aulin, 2007). These RNA

and protein components undergo a series of highly ordered in-

teractions and binding events, resulting in the formation of func-

tional subunits. In vivo, this complex process is steered and

regulated by numerous maturation and assembly factors (Kac-

zanowska and Rydén-Aulin, 2007; Shajani et al., 2011). These

groups of factors include RNases, GTPases, ATPases, and

different enzymes that chemically modify rRNA and r-proteins

(Kaczanowska andRydén-Aulin, 2007). Their individual contribu-

tions are typically investigated by gene deletion experiments.

When combinedwith ribosome profiles, SDS, or western blot an-

alyses, and more recently with quantitative mass spectrometry

approaches, such studies provided estimates of assembly de-

fects or identification of r-proteins lacking from immature sub-

units (Britton, 2009; Jomaa et al., 2014; Li et al., 2013a).

In order to obtain structural information for 50S subunit precur-

sors, assembly factors were similarly depleted and accumulating

precursors were visualized at intermediate resolution using cryo-

electron microscopy (cryo-EM). For example, deletion of the

GTPases rbgA (Jomaa et al., 2014; Li et al., 2013a), yphC, and

ysxC (Ni et al., 2016) yielded intermediate-resolution structures

of accumulating 50S precursors that lack structural elements,

specifically the central protuberance. In the two latter cases,

only the core of the 50S subunit was resolved, indicating a

more immature state. A recent structural study analyzed alterna-

tive assembly pathways yielding incomplete 50S subunits arising

upon depletion of an essential r-protein (bL17), demonstrating

that 50S assembly is highly dynamic under conditions of r-pro-

tein scarcity and becomes rerouted (Davis et al., 2016). How-

ever, while these special case scenarios revealed snapshots of

50S precursors accumulating in the absence of an r-protein or

assembly factors, the question remains what intermediates are

populated under conditions of unperturbed 50S assembly.

In a complementary approach to study ribosomal subunit as-

sembly, pioneering in vitro approaches in the bacterial system

demonstrated that purified rRNAs and r-proteins self-assemble

to fully active ribosomal subunits (Nierhaus and Dohme, 1974;
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Figure 1. Workflow and Experimental Strategy

(A) Workflow of 50S reconstitution: ribosomal RNA (rRNA) and proteins of the

large subunit (L-proteins) were subjected to the step 1 reaction (dark gray),

yielding 41S and 48S precursors. Either the non-purified products (raw step 1

material), purified 48S, or purified 41S material was used for further analyses.

Purified 48S material was subjected to a step 2 reaction in the presence or

absence of L-proteins (±L-proteins) generating reconstituted 50S subunits

(50S rec).

(B) Experimental strategy: (1) The step 1 reaction was performed for 30 min,

and the non-purified raw material was subjected to cryo-EM analysis. (2) The

step 1 reaction was performed. Material corresponding to the 48S peak was

purified and analyzed by cryo-EM. (3) The step 1 reaction was performed.

Material corresponding to the 41S peak was purified and analyzed by

cryo-EM. (4) The step 1 reaction was performed. Material corresponding to the

48S peak was purified, subjected to a step 2 reaction in the presence of

L-proteins yielding 50S rec+, which was analyzed by cryo-EM.

See also Figures S1 and S5.
Traub and Nomura, 1968). Despite the fact that in comparison to

in vivo assembly, in vitro reconstitution requires prolonged time,

higher salt concentrations, and elevated temperatures, this

remarkable observation indicates that the blueprint of assembly

is inherent in the ribosomal components themselves. Thus, the

in vitro reconstitution systems provides a unique minimal system

for studying intrinsic assembly pathways in the absence of phar-

macologic or genetic manipulations (Dohme and Nierhaus,

1976b; Nierhaus and Dohme, 1974; Traub and Nomura, 1968),

limiting indirect effects and facilitating analysis. Biochemical

studies in the in vitro system revealed that rRNA sequentially re-

cruits r-proteins in a hierarchical fashion. Order of addition and

single-omission experiments with r-proteins elaborated assem-

bly maps of this hierarchical recruitment mechanism (Herold

and Nierhaus, 1987; Mizushima and Nomura, 1970), reflecting

both the order of r-protein incorporation and the interdepen-

dency of individual r-proteins within this process. Importantly,

precursor particles of the large subunit obtained from both

in vitro and in vivo approaches are similar in size and composi-

tion, with sedimentation S-values of �33S, �41S, and �48S,

respectively (Shajani et al., 2011).

While the in vitro reconstitution approach has been used to

reveal biochemical landmarks of subunit assembly under

defined conditions (Nierhaus, 1991), a mechanistic understand-

ing of bacterial ribosome assembly is lacking structural data to

disentangle distinct precursors along their intrinsic assembly

pathway. In order to reveal the intrinsic molecular principles of

50S assembly, we performed in vitro reconstitution studies

with purified ribosomal RNA and protein components under
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defined and scalable conditions, and employed high-resolution

cryo-EM to yield five structures of distinct 50S assembly inter-

mediates at resolutions of 4.3–3.8 Å. Our analysis provides a

structural framework for the 50S assembly pathway in vitro,

revealing that the rate-limiting maturation events mainly involve

the three 50S protuberances and the peptidyl transferase center

(PTC). Interestingly, structural reorganizations appear to coin-

cide with the incorporation of the late assembly proteins bL33,

bL35, and uL16. The most mature precursor particle resembles

a native 50S subunit but possesses disordered elements of

rRNA within the PTC region corresponding to helices H71 and

H90–H93, whose native folding requires a heat activation step

at elevated Mg2+ concentration. Thus, stable formation and

native positioning of RNA helices in the PTC is the final critical

step for generating catalytically active 50S subunits from inactive

48S precursor particles.

RESULTS

Generation of 50S Precursors by Total In Vitro

Reconstitution
In order to prepare late precursors of the ribosomal 50S subunit

suited for high-resolution cryo-EM studies, we revisited the

in vitro reconstitution approach. In vitro reconstitution of large

ribosomal subunits from purified rRNAs and total r-proteins re-

quires a two-step protocol (Nierhaus and Dohme, 1974). At

rate-limiting steps during assembly, transient precursor particles

arise that are on-pathway intermediates with a partial r-protein

complement. During in vitro assembly (Figure S1A), the most

immature 33S particle occurs within seconds, while after

30 min, 41S and 48S particles prevail (Dohme and Nierhaus,

1976b; Sieber and Nierhaus, 1978). The ultimate product of

step 1 is the 48S particle that is thought to contain all r-proteins

but is inactive in translation unless subjected to step 2, in which it

is converted into a mature 50S subunit under the influence of

high Mg2+ concentration (20 mM) and thermal energy (50�C)
(Dohme and Nierhaus, 1976b; Nierhaus, 1991). To verify that

the particles obtained during in vitro reconstitution of 50S sub-

units in our experimental setup represent genuine 50S precur-

sors and not dead-end particles, we performed a time course

of the first and second reaction. Indeed, the precursors were

transformed into a homogeneous final population (Figures

S1B–S1M).

Structural Analysis of In Vitro Reconstituted Ribosomal
Particles
To prepare late 50S precursors for structural studies, we per-

formed step 1 of the reconstitution reaction (Figure 1A), which

delivers 41S and 48S reconstitution intermediates but no mature

50S subunits (Nierhaus, 1991). As expected, the intermediates

obtained in step 1were inactive in translation and required a sec-

ond incubation (step 2) with high temperature and magnesium

concentration to be converted into active, in vitro reconstituted

50S particles (50S rec). The activity assay showed that the

step 2 reaction resulted in�70% activity (Figure S1N) compared

with native 50S subunits (50S) and is within the activity range of

60%–100% that is commonly achieved by reconstitution

procedures (Dohme and Nierhaus, 1976b). We subjected the



non-purified step 1 material to cryo-EM analysis (Figure 1B). The

refinement revealed five different reconstructions corresponding

to precursors of the 50S subunit at different maturation stages as

indicated by differences in protein density, amount of natively

folded rRNA, and diverging conformation (Figure S2A). The sim-

ilarity to the mature 50S subunit increases sequentially from the

least (state 1) to most mature (state 5) particle.

In order to limit heterogeneity of the specimen and focus on

late assembly intermediates, a preparative step 1 reaction was

performed, and then these step 1 reaction products were

further subjected to sucrose density gradient centrifugation

and subsequent fractionation (Figure S1O). In order to demon-

strate that this purification step did not impair the integrity of

the 50S precursors (e.g., by shearing off r-proteins), fractions

containing the 48S peak were pooled and aliquots were sub-

jected to (1) analytical sucrose density centrifugation (Fig-

ure S1O, insert), (2) the second step activation reaction, (3)

cryo-EM analyses, or (4) activity assays (Figure S1P). The trans-

lation assay revealed that the material from the 48S peak

reached �80% activity when converted to 50S rec by the

step 2 reaction compared with native 50S. Interestingly, 48S

material subjected to the second incubation step in the pres-

ence or absence of large subunit proteins (L-proteins) achieved

comparable activity, indicating that 48S particles contain all

L-proteins relevant for activity. To determine the protein com-

plement, 48S material was subjected to quantitative mass

spectrometry analysis. The presence of uL1, bL7/12, uL10,

and uL11, which escape detection by cryo-EM due to high

structural flexibility, was confirmed (Figure S3A). However,

bL31 and bL36 were present at sub-stoichiometric levels.

bL31 is a loosely attached r-protein with a long flexible alpha

helix that extends to and interacts with the 30S subunit, and

it has been shown to easily dissociate from 50S subunits (Eis-

tetter et al., 1999). Crystal structures of 70S ribosomes have

been solved lacking bL36 (Selmer et al., 2006), indicating that

the protein can be lost even from mature ribosomes, depending

on buffer conditions.

Multi-particle cryo-EM analysis of purified material derived

from the 48S peak resulted in four distinct cryo-EM maps at

near-atomic resolutions between 4.9 Å and 3.8 Å (Figure S2B).

The majority of the reconstituted states correspond to late as-

sembly intermediates already identified in the non-purified

step 1 material. The reconstruction for the earliest intermediate

appears to be a mixture of state 1 and state 2 that could not

be sorted further due to the low particle image number. Because

states 1 and 2were already resolved from the non-purified step 1

material (Figures 2A and 2B), we used these along with the cryo-

EM reconstructions for states 3–5 (Figures 2C–2E) for modeling.

Local resolution estimates indicate that the core region of the

respective particles is well defined, while peripheral elements

are less resolved due to flexibility or ongoing maturation

(Figure S3B).

Why is there such conformational diversity in purified 48S

material? We noticed that the 48S peak is slightly asymmetric,

with a shoulder on the left (lighter) side (Figure S1O, insert), and

wondered whether 41S and 48S material is cross-contami-

nated due to close proximity of the peaks. To test this hy-

pothesis, we isolated material corresponding to the 41S peak
(Figure S1Q) and analyzed it by analytical sucrose density

centrifugation and cryo-EM. Of note, the purified 41S material

shows a distinct shoulder on the right (heavier) side (Figure S1Q,

insert), which presumably is due to contamination with 48S ma-

terial. Concordantly, initial reconstruction and sorting revealed

a conformational diversity within the 41S material as well (Fig-

ure S2C). However, the distribution of the states is opposite

that of the 48S material (Figure S4). In the 41S material, the

most immature states 1 and 2 correspond to a major fraction

of 64% of the particle images but represent only 8% of the par-

ticles in the 48S material. Conversely, in the 48S material, the

more mature states 3–5 are enriched to 81% compared with

36% in the 41S material. Thus, we conclude that states 1

and 2 represent 41S, and states 3–5 represent 48S reconstitu-

tion intermediates. A major difference is the absence (41S par-

ticles) or presence (48S particles), respectively, of the central

protuberance (CP) (Figure 2), likely explaining the different sedi-

mentation behavior.

In order to show directly that the precursor particles obtained

from step 1 incubation are not dead-end particles, we subjected

an aliquot of purified 48S peak material to step 2 incubation fol-

lowed by cryo-EM analysis. In line with 80% activity of the result-

ing 50S rec+, and a homogeneous peak in the analytical sucrose

gradient profile (Figure S5), structural analysis revealed a fully

mature 50S particle (Figures 2F and S5E). Together, these inde-

pendent reconstitution experiments confirm the authenticity of

the individual states derived from raw and pre-purified step 1

material as genuine 50S precursors of the total in vitro reconsti-

tution pathway (Figure S4). Because similarity to the mature 50S

subunit increases sequentially from the least (state 1) to most

mature (state 5) particle, we concluded that these five recon-

structions of 50S precursors together with the reconstruction

of the mature 50S rec+ particle define a sequential maturation

pathway during in vitro 50S assembly (Figures 2A–2F).

State 1: The Core Is Structured and Density for
Protuberances Is Absent
The earliest conformer in our reconstruction (state 1) is lacking

density for the three protuberances of the 50S subunit (CP; L1

protuberance; and stalk base [sb]), whereas the core of the par-

ticle is already well defined (Figures 2A, 3A, and 4A) and contains

fully folded 23S rRNA of domains I, III, and VI (Figure 5). Remark-

ably, even in this relatively early state, the protein-rich region sur-

rounding the polypeptide tunnel exit and surrounding solvent

surface of the particle are widely mature and hardly distinguish-

able from a 50S subunit (Figure 2A, back view). The map exhibits

clear density for 16 r-proteins, including all five early essential as-

sembly L-proteins (uL4, uL13, bL20, uL22, and uL24), which are

necessary and sufficient to initiate in vitro assembly (Spillmann

et al., 1977) (Figure 2A; Table S1). Notably, state 1 resembles a

large subunit precursor structure recently resolved at intermedi-

ate resolution from an in vivo preparation (Ni et al., 2016), rein-

forcing the validity of our in vitro approach.

Outside of the well-defined 50S core, some fragmented den-

sity indicates heterogeneity due to dynamic, not yet stably incor-

porated proteins or fully folded rRNA elements. For uL3 and

uL15, only partial density is present, corresponding to the N

and C termini, while the extended intermediate segments are
Molecular Cell 70, 881–893, June 7, 2018 883



Figure 2. Structural Representation of Five

Distinct 50S Subunit Precursor States

(A–F) Atomic models (first column), front views

(second column), and back views (third column) of

electron density maps of state 1 (A), state 2 (B),

state 3 (C), state 4 (D), state 5 (E) and 50S rec+ (F)

(pooled 48Smaterial subjected to step 2 reaction in

the presence of TP50). L-proteins are colored in

gold and r-RNA in blue. CP, central protuberance;

L1, L1stalk; sb, stalk base. See also Figures S2–S6

and Tables S1 and S2.
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Figure 3. Structural Conformation and Protein

Composition of States 1–5

(A–E) States 1–5. Left column: atomic models showing

23S rRNA and 5S rRNA in blue and L-proteins for which

electron density is found already in state 1 (A) in gold.

R-proteins appearing first in states 2 (B), 3 (C), 4 (D), or 5

(E) are highlighted in green or red. Right column: cor-

responding representations with the silhouettes of the

particles given as blue area and proteins colored

analogous to the left column. CP, central protuberance;

L1, L1stalk; sb, stalk base. See also Figure S3.
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Figure 4. Conformational Dynamics of rRNA in States

1–5

(A–E) States 1–5. Left column: atomic models of the 23S and

5S rRNA of states 1–5. The color code indicates the distance of

RNA positions within the models of the individual states, rela-

tive to the corresponding positions within the mature 50S

subunit (blue 0, red 15A) (A). The color code has not been

applied to the L1 stalk and parts of the stalk base, since both

elements are intrinsically flexible. Right column: based on a

model of the mature state of the E. coli large-subunit rRNA

(PDB: 3R8S), RNA elements, which are resolved for the first

time in state 2 (B), 3 (C), 4 (D), or 5 (E), are colored in blue, green,

yellow, or orange, respectively. Some elements show pro-

nounced flexibility; H74 relocates 10–20 Å toward the A-site

(C), and helix H71 adopts a non-native position blocking ac-

cess to the PTC (E).

CP, central protuberance; L1, L1stalk; sb, stalk base.
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Figure 5. Sequence of rRNA Folding

Secondary structure diagram of 23S and 5S rRNA. Domains I–VI of the 23S rRNA are labeled and filled with corresponding colors. Segments of 23S and 5S rRNA

are color-coded depending on the state in which their density was detectable first. Regions for which density was first found in state 1, 2, 3, 4, or 5 are colored

gray, blue, green, yellow, or orange, respectively. Dotted color denotes regions for which density appeared at the indicated state but was followed by structural

rearrangements in later states. Regions for which density is lacking also in state 5 are shown in red. Adopted from E. coli 23S rRNA secondary structure, which is

available from the web page of the Noller laboratory (http://rna.ucsc.edu/rnacenter/images/figs/ecoli_23s.jpg). See also Figure S7.
unresolved. Moreover, further sorting of the state 1 cryo-EM

particle images from the 41S peak material resulted in the sub-

states 1A and 1B (Figure S2C). These do not exhibit major

distinctions in the already stable assembled 50S core but

show differences that appear to be caused by fluctuations in

dynamic RNA elements such as helices H38 and H34–H35.

State 2: The Core Is Completed
State 2 provides strongly fragmented density for uL6, which

seems to be highly flexible, and almost complete density for

uL2.While uL6 is positioned underneath the sb, for which density

is still lacking, binding of uL2 contributes to the completion of the

core region (Figures 3B and 4B). This is supported by interactions

between the extended C-terminal region of uL2 and helices H33
to H35, which adopt a stable conformation. Further, density for

H66 appears, which engages with uL2. The structural changes

accompanying the appearance of uL2 provide the basis for the

assembly of further building blocks that initiate CP formation.

State 3: Density for the Protuberances Appears
State 3 contains density for the L1 protuberance and most parts

of the CP including the tip of the A-site finger (H38) (Figure 3C).

Accordingly, 50S assembly proceeds from state 2 to state 3

with the incorporation of a set of five r-proteins and the docking

of a preformed complex consisting of 5S rRNA, uL5, and uL18

(Herold and Nierhaus, 1987) (Table S1). Furthermore, the upper

part of domain V with helices H76–H78 (L1 protuberance) and

helices H80–H87 (CP) becomes folded into the mature state
Molecular Cell 70, 881–893, June 7, 2018 887
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Figure 6. Structural Flexibility within the Central Protuberance

Shown are sections of the of the E. coli 50S model (PDB: 3R8S) containing parts of the CP as indicated in red and surrounded by a blue square. Magnified are 5S

rRNA (5S) helices H38 and H84 and the CP binding proteins uL5 and uL18.

(A) Superimposition of the 50S model (gray) and the corresponding region of state 3 (green).

(B) Superimposition of states 3 and 4 indicating a rotation of the CP as a rigid body movement by 10�C.
(C) Superimposition of the 50S model (gray) and the corresponding region of state 4 (yellow).

(D) Superimposition of states 4 and 5 indicating a relocation of H38. The tip of H38 is undergoing a movement and translocates 16 Å toward uL5, forming an

interaction not present in state 4.

(E) Superimposition of the 50S model (gray) and the corresponding region of state 5 (orange).
(Figures 4C and 5). The incorporation of bL28 and bL9, which are

positioned underneath the L1 stalk, could support its manifesta-

tion. In addition, the complete A-site finger (H38) as part of the

CP has formed but awaits final positioning. Density for only a

few r-proteins is lacking (uL16, bL33, bL35, and bL36), which

all contribute to the architecture of the CP, rendering it an

obvious construction site in late assembly.

State 4: H68 Forms and the CP Moves upon bL33 and
bL35 Incorporation
Thematuration of the CP concludes with the transition from state

3 to state 4. The underlyingmolecular events are the stable incor-

poration of bL33 and bL35 (Figure 3D) and a rotation of the CP

by �10� (measured at the 5S rRNA) (Figures 6A–6C). Interest-

ingly, cryo-EM structures of immature large subunits isolated

both from bacteria and yeast (Jomaa et al., 2014; Leidig et al.,

2014; Wu et al., 2016) exhibit a high structural flexibility associ-

ated with 5S rRNA and the entire CP region, indicating that its

maturation in vivo involves pronounced structural rearrange-

ments as well. The rotation we observe goes along with the for-

mation of 23S rRNA helices H43, H44, H68, and H70, while H69
888 Molecular Cell 70, 881–893, June 7, 2018
changes conformation (Figure 4D). These processes mostly

affect domain IV forming part of the rim of the PTC cleft. The

binding sites of bL33 and bL35 are close to helices H83–H87

within the CP region. Thus, it is conceivable that stable integra-

tion of bL33 and bL35 could influence the positioning of the

whole CP. Likewise, helices H68 and H69 are in close proximity

to the bL33 and bL35 binding sites and could be stabilized by the

presence of these two proteins (Figures 3D and 4D).

State 5: uL16 Incorporation Triggers A-Site Finger
Rearrangement and Formation of H89
The changes from state 4 to state 5 are less structurally pro-

nounced, but not less functionally important, appearing to pro-

ceed with the incorporation of the late assembly protein uL16

(Chen andWilliamson, 2013; Herold and Nierhaus, 1987) to facil-

itate conformational changes in two 23S rRNA helices. Since

H89, which is an integral part of the PTC (Burakovsky et al.,

2011), and rearrangement of H38 are only resolved in state 5,

these are likely to be a direct consequence of uL16 incorporation

(Figures 3E, 4E, 6D, and 6E). State 5 contains the full protein

complement of a 48S particle (Figure S3A) and has adopted an



Figure 7. Alternative Structures of the 23S rRNA within the PTC

(A–D) Density maps of states 2–5 are given as gray surface. The dynamic regions within the PTC are indicated by transparent surface representations in blue for

state 2 (A), green for state 3 (B), yellow for state 4 (C), and orange for state 5 (D), according to the general color code.

(E–H) E. coli 50Smodel (PDB: 3R8S; Dunkle et al., 2011) for helices H67–H71 is given in light gray, models for helices H67–H71 forming, or changing conformation

in state 2 (E), 3 (F), 4 (G), or 5 (H) are shown in gray, green, yellow, or orange, respectively.

(H) The tip of helix 71 rotates �160� and moves �59 Å, determined at A1952.

(I and J) Changing positions of helices H73, H74, and H80 in state 3 (green) (I), state 4 (yellow), and state 5 (orange) (J).

(K) Close up of the PTC region of state 4 with IF2-aa-tRNA-fMet (PDB: 3JCJ) superimposed into the model. The factor clashes with the bridge like rRNA formation

crossing the PTC. IF2, initiation factor 2; P/ei tRNA, initiator fMet-tRNAi
Met.

See also Figure S5.
overall folding similar to mature 50S subunits. This raises impor-

tant questions: why are 48S particles not active in protein syn-

thesis, and why do they require a heat activation step at elevated

Mg2+ concentration?

The PTC Remains Immature throughout the Maturation
from State 1 to 5
Comparison of the structures of states 1–5 with that of a native

50S particle (Figures 4 and 7A–7H) shows that themost intriguing

deviation is the disordered status of the PTC and a high confor-

mational flexibility of parts contributing to inter-subunit bridges.

States 2 and 3 exhibit non-native density within the PTC, which

seems to be the result of alternative transient RNA formations,

incorporating at least H74 (Figure 7I). In state 4, the transient

RNA formation has been reordered to involve H70 and H74 repo-

sitioning (Figures 7C, 7G, and 7J). Ultimately, density for helix

H71 in state 5 appears at a non-native position, where it both in-

teracts with the apical loop of H69 and forms an RNA bridge

involving helices H80/81, thereby crossing the region above

the PTC (Figures 7D and 7H). This sterically blocks access of
an aminoacyl-fMet-tRNA-IF2 initiation complex (Sprink et al.,

2016) (Figure 7K), for example, and provides a structural expla-

nation for why 48S particles are excluded from immature trans-

lation. In addition, the lower part of domain V including H90–H93

has yet to be formed (Figure 5). This essential region contains

most of the nucleotides important for peptide-bond formation

and peptide release, such as U2506, U2585, and A2602 (Young-

man et al., 2004).

Because all precursors exhibit a non-native RNA meshwork

within the PTC region that differs from state 2 to state 5 (Figures

7A–7D) and involves H70, H71, H74, and presumably H90–H93,

we propose that proper folding of this important region of 23S

rRNA constitutes a critical barrier during the total 50S in vitro

reconstitution. Native folding of helices H90–H93 appears to

be precluded under the conditions of step 1 of the total 50S

in vitro reconstitution protocol (Figure 1A). Interestingly, the dra-

matic repositioning of H71 by �160� that distinguishes state 5

frommature or reconstituted 50S subunits appears to be the crit-

ical switch that stabilizes H90–H93 (Figures S5F and S5G).

Based on the sequential structural rearrangements in the course
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of 50S assembly, we conclude that a substantial reorientation of

H71 mediates proper folding of helices H90–H93 and is the final

rate-limiting maturation step of 50S in vitro assembly that pro-

vides functional activity.

DISCUSSION

A Structurally Defined Assembly Pathway for the Total
In Vitro 50S Reconstitution
The five structures presented here represent a series of succes-

sive 50S subunit intermediate assembly states. Together with

the structure of the native 50S subunit, or the presented struc-

ture of the 50S rec+ particle after combined step 1 and step 2

incubations of the total in vitro reconstitution protocol as the

end point, these structures define a sequential and progressive

assembly pathway. They provide unprecedented insight into

the mechanism of 50S assembly when solely driven by the phys-

icochemical properties of the rRNAs and the r-proteins. In

contrast to in vivo assembly inside the cell, rRNA folding and pro-

tein incorporation are disentangled from rRNA transcription and

modification. Furthermore, in vitro reconstitution occurs in the

absence of assembly factors. This, on the one hand, leads to

significantly prolonged reaction times for in vitro 50S assembly,

but on the other hand, it allows for structural characterization of

assembly intermediates of an unperturbed pathway. Impor-

tantly, however, the in vivo and the in vitro assembly pathways

appear highly related (Shajani et al., 2011), implying that the

coupling of rRNA synthesis/modification with assembly or the

presence of assembly factors do not fundamentally change

the blueprint of assembly intrinsic to the ribosomal components.

The two early intermediates of our reconstruction (state 1 and,

more clearly, state 2) show an already defined 50S core but lack

the three protuberances and the PTC region. The structure of the

core particle is essentially indistinguishable from the structure of

the corresponding region in the mature 50S subunit. Therefore,

the assembly of the 50S core from 23S rRNA domains I, III,

and VI and 18 r-proteins can occur independent of the assembly

of the protuberances, whereas the assembly of the protuber-

ances and the PTC seems to be dependent on the formation of

the 50S core. Comparison of the states derived from 41S mate-

rial with those derived from 48Smaterial suggests that the stably

formed core in states 1 and 2 is a feature of the 41S particle,

while appearance of the protuberances in states 3–5 defines

the 48S particle.

50S Assembly under Conditions of R-Protein Scarcity
A recent study by Davis et al. (2016) investigated 50S assembly

upon depletion of the essential r-protein bL17. The absence of

bL17 also prevents bL32, whose assembly is known to be bL17

dependent (Herold and Nierhaus, 1987), from integrating into the

large subunit. Interestingly, the bL17-bL32 complex is situated

at a strategically significant position in the core of the large sub-

unit. First, this prominent region is located close to the seam of

the 23S rRNA, where 50and 30 ends meet. Furthermore, it is sur-

rounded by the two early essential proteins bL20 and uL22 and

five 23S rRNAdomain interfaces (FiguresS6A andS6B). These in-

terfacesare rRNAhelicesconnectingdomains I andVI (H1), I and II

(H2), III and IV (H47/H48 and H61), IV and V (H72 and H73), and V
890 Molecular Cell 70, 881–893, June 7, 2018
and VI (H73). In addition, helices 96, 99, 100, and 101 of domain VI

are in close proximity to bL17and bL32.Accordingly, the absence

of the two proteins renders the core of the subunit unstable (Fig-

ures S6C and S6D), thereby provoking the accumulation of parti-

cles exhibiting diverse structural deficits. Basedon their structural

andproteomics approaches,Davis et al. (2016) conclude that 50S

assembly in absence of bL17 is rerouted. Accordingly, they

arrange the 13 precursor structures that their refinement yields

in a flow scheme, with three parallel routes that ultimately merge,

to form themostmature but still inactiveparticle, lacking structural

and functional important proteins (bL17, bL32, bL33, and bL35).

While our analysis provides insights into a sequential pathway

for in vitro reconstitution, it has been shown that alternative as-

sembly pathways also exist in this system. For example, reconsti-

tution of 50S subunits using TP50 derived from a mutant strain

lacking uL15 and uL30 requires a prolonged step 2 incubation

butultimatelygenerates fully active subunits (Franceschi andNier-

haus, 1990). Similarly, inactive 47S particles reconstituted in the

absence of 5S RNA gain full activity upon subsequent addition

and integration of 5S RNA (Dohme and Nierhaus, 1976a).

Comparison of Davis et al.’s maturation scheme with our find-

ings reveals similarities and important differences. Our assembly

scheme is in general agreement with their main route; however,

with substantial differences, as follows. Our earliest state 1

already contains density for bL17 and partial density for bL32,

indicating their importance for formation of a stable core. We

also observe maturation via distinct building blocks, such as

the CP, L1 stalk, stalk base, and the H68/69 ensemble. However,

rerouting of assembly in the absence of bL17 involves incorpora-

tion of late assembly proteins bL36 and uL16 and maturation of

the PTC prior to integration of bL17, bL32, bL33, and bL35 (Davis

et al., 2016). This observation is indeed different fromboth in vitro

and in vivo assembly maps of unperturbed assembly (Chen and

Williamson, 2013; Herold and Nierhaus, 1987), while our recon-

struction of 50S assembly is in overall agreement with these as-

sembly maps.

Protein Assembly Maps
When comparing the structural evolution of our five states with

50S assembly maps that describe the spatiotemporal associa-

tion behavior and interdependencies of r-proteins both in vivo

and in vitro (Chen and Williamson, 2013; Herold and Nierhaus,

1987), a number of interesting observations can be made. While

r-proteins found to be present in the first state are generally

located in the upper left half of the maps, r-proteins appearing

from state 2 to state 5 are preferentially found in the lower right

half (Figures S7A and S7B). This indicates that at least states

3–5 are late precursors, incorporating late assembly r-proteins

in agreement with the assembly maps. Most of the r-proteins ap-

pearing in states 3-5 cluster around uL15, which is more obvious

in the in vitro derived map. The r-protein uL15 is critical for initi-

ating CP formation (Röhl and Nierhaus, 1982), and functionally

interacts with uL5 and uL18 that appear concomitantly with 5S

rRNA in state 3 (Herold and Nierhaus, 1987). The proteins

bL25, bL27, and bL28 that appear in state 3 also depend on

uL15. The only state 3 r-protein with no link to uL15 is uL9.

Together with bL28, uL9 supports L1 stalk formation, an impor-

tant hallmark of state 3.



From the state 4 r-proteins, only bL33 was considered in the

assembly maps and reported to interact functionally with uL15

and bL28. Due to its low molecular weight of 7.3 kDa, bL35

escaped the detection by classical 2D gel electrophoresis.

Nevertheless, previous crystal structures (Dunkle et al., 2011)

and our analysis indicate that bL33 and bL35 are situated in

proximity to each other, and their presence mediates a move-

ment within the CP region of �10� (Figure 6B).

The only protein appearing in state 5 is uL16. In fact, many per-

turbations of 50S assembly, such as pharmacological agents like

chloramphenicol, erythromycin, or neomycin (Siibak et al., 2009;

Sykes et al., 2010), depletions of assembly factors (Shajani et al.,

2011), or truncation of the sarcin-ricin loop (Lancaster et al.,

2008) lead to precursors containing reduced levels of late as-

sembly r-proteins and consistently lack uL16. Our findings

confirm that uL16 assembles late and suggest that there is a

defined order in late 50S assembly that concludes with the incor-

poration of uL16. Noteworthy, density for the late associating

protein bL36 is lacking. Similar to bL35, bL36 also escaped clas-

sical assembly mapping experiments due to a low molecular

weight. While not essential, incorporation of bL36 was sug-

gested to be an important event in late 50S assembly (Arai

et al., 2015). However, quantitative mass spectrometry analysis

of purified 48S material revealed 50S-like levels of all r-proteins

except bL31 and bL36, whose levels are clearly sub-stoichio-

metric in the 48S (Figure S3A), despite being stoichiometric

in TP50.

rRNAAssemblyMap andProtein-InducedRemodeling of
rRNA Structures
The structural evolution of our five states also provides detailed

insight into the folding of 23S rRNA and defines a sequential

order for the mature incorporation of various domains and sub-

domains of 23S rRNA (Figure 5). In this context, the role of the

r-proteins during assembly appears to follow a common princi-

ple. Starting from a particle with defined core and extensive

unstructured regions (Figures 3A and 4A), the binding of further

r-proteins such as bL28, bL9, and uL16 stabilizes rRNA regions

locally (Figures 3C, 3E, 4C, and 4E) and binding of bL33 and

bL35more distantly (Figures 3D and 4D) by lowering their degree

of conformational freedom. Such a protein-induced remodeling

of RNA structures has been suggested for some ribonucleopro-

tein complexes, including the small ribosomal subunit (Kim et al.,

2014; Kuglstatter et al., 2002; Stern et al., 1989; Stone et al.,

2007), and supports the role of r-proteins as built-in ‘‘assembly

helpers.’’

Potential Involvement of Factors in Late Assembly and
the Folding of the PTC
The notion that the formation of the PTC appears to be first of all

an rRNA folding problemmay also explain why ribosome assem-

bly in vivo depends on the support of assembly factors (Davis

and Williamson, 2017; Shajani et al., 2011). Even though many

such factors are known, their precise mode of action is elusive

in most cases, and crucial evidence for their role in assembly is

based on gene deletion experiments (Kaczanowska and Ry-

dén-Aulin, 2007; Shajani et al., 2011; Verstraeten et al., 2011).

For example, the absence of the E. coli GTPases EngA and
ObgE or the Bacillus subtilisGTPases RbgA, YphC (EngA homo-

log), and YsxC (EngB homolog) leads to the accumulation of

�45S precursors (Ni et al., 2016; Verstraeten et al., 2011). In all

these precursors, the late assembly proteins uL16, bL27, bL28,

bL33, bL35, and bL36 are absent or severely depleted.

Interestingly, intermediate resolution cryo-EM reconstructions

of 50S intermediates derived from DYphC and DYsxC cells

(Ni et al., 2016) appear similar to our reconstruction of state 1,

and most of the subclasses that were obtained by Ni and col-

leagues are lacking density for the CP, L1 stalk, and stalk

base. In addition, intermediate resolution cryo-EM maps of

EngA and ObgE bound to 50S subunits are available (Feng

et al., 2014; Zhang et al., 2014). Binding of EngA close to the

E-site is only possible when bL33 and bL35 are absent (Zhang

et al., 2014), a situation that is provided in states 1, 2, and 3.

On the other hand, ObgE, which is known to act downstream

of EngA (Karbstein, 2007), could bind to states 4 and 5 without

obvious steric hindrance. Both EngA and ObgE insert domains

into the PTC cleft (Feng et al., 2014; Zhang et al., 2014), indi-

cating that both factors could target the non-native, alternative

RNA structures within the PTC. Thus, it is tempting to speculate

that EngA and ObgE act as assembly factors by remodeling the

critical 23S rRNA region that will form the PTC.

A particular residue within the PTC region, U2552 of H92

(A-loop), is the target of the RNAmethyltransferase RlmE (Caldas

et al., 2000). Characteristically, rlmE deletion mutants harbor

immature large subunits with pronounced structural flexibility

affecting H89, 91, 92, and 71 and lack uL16, bL35, and bL36

when analyzed at low Mg2+ concentrations (Arai et al., 2015;

B€ugl et al., 2000). Moreover, a DrpmJ (bL36), DrlmE double

mutant exhibits severe synthetic growth defects, indicating

strong cooperativity between incorporation of bL36 and RlmE-

mediated modification of U2552. Methylation of U2552, in turn,

seems to be of critical importance to support a tripartite interac-

tion between residues mU2552, C2556, and C1955 (Arai et al.,

2015). This remarkable H-bond network establishes a crucial

inter-domain contact between H71 in domain IV and H92 in

domain V and is clearly absent, even in state 5. Concomitantly,

density for bL36 is lacking, suggesting that bL36may be involved

in mediating the contact between H71 and H92. However, struc-

tural refinement of 50S rec+ after step 2 incubation revealed

persistent absence of bL36 but a natively structured PTC and

a 50S-like overall structure (Figures S5F–S5H). This demon-

strates that the maturation of the PTC is likely to be the key

step in late 50S assembly, while the presence of the nonessential

bL36 seems to be redundant.

The PTC is the ancient catalytic core of the ribosome (Polacek

and Mankin, 2005) and, possibly as a consequence, free of

r-proteins that could aid RNA folding. This absence of internal

assembly helpers rationalizes that the maturation of the PTC is

time consuming in vitro and requires temporary assistance in vivo

provided by external assembly factors. Hence, the fact that the

catalytic center of the 50S subunit resolves late in vivo (Arai

et al., 2015; Jomaa et al., 2014; Li et al., 2013a; Ni et al., 2016)

and last during in vitro assembly could represent a built-in qual-

ity-control mechanism to prevent untimely interaction with 30S

subunits and participation in translation. Future studies are

needed to address such concepts and further define the
Molecular Cell 70, 881–893, June 7, 2018 891



relationship between the intrinsic assembly capacity of core ri-

bosomal subunit components and the steering or modulation

of this process in vivo.
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Further information and requests for reagents should be directed to Lead Contact Dr. Christian M. T. Spahn (christian.spahn@

charite.de).

METHOD DETAILS

Isolation of 50S Subunits
50S subunits were isolated from mid-exponential cultures of E. coli CAN20-12E (Deutscher et al., 1984) according to a protocol

described previously (Dohme and Nierhaus, 1976b).
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50S Total Reconstitution
50S Reconstitution Assay Step 1

The assay was performed according to Dohme and Nierhaus (1976b) with themodifications described in Nierhaus (1991). In step 1 of

the 50S reconstitution 24 equivalent units of TP50 (total protein of the 50S subunit) and 30 A260 23S rRNA + 5S rRNA were mixed and

incubated for 30 min at 44�C in Rec 4 buffer (20 mMHEPES/KOH pH7.6 on ice, 400 mMNH4Ac, 4 mMMg(Ac)2, 0.2 mM EDTA, 5 mM

2-mercapto-ethanol).

50S Reconstitution Assay Step 2

Material from step 1, or purified 48S aliquots were adjusted to 20 mM Mg(Ac)2 concentration and incubated (90 min at 50�C) in the

absence or presence of TP50. Total reconstitution of 50S subunits (50S rec.) was done as described earlier (Dohme and Nierhaus,

1976b). In brief: Two samples (containing TP50, 23S rRNA and 5S rRNA in Rec 4 buffer) were subjected to consecutive step 1 and 2

incubations.

Preparation of Non-purified Step 1 Precursors

A step 1 reaction was performed as described above, and the reaction products were diluted to a particle concentration of �3

A260/ml, with a final NH4Ac concentration of 220 mM and subjected to cryo-EM analysis.

Preparation of Purified 48S or 41S Precursors

The products of two independent step 1 reactions were subjected to preparative (10%–30%) sucrose density gradient ultra-centri-

fugations in an SW32 rotor at 25,000 rpm and 4�C for 21 hr. Fractions containing 48S particles, or 41S particles, respectively, were

pooled. The precursors were independently pelleted (45Ti rotor, 35,000 rpm for 20 hr), resuspended in Rec 4 buffer and aliquoted.

Material from one aliquot was diluted to a particle concentration of�3 A260/ml, with a final NH4Ac concentration of 220 mM and sub-

jected to cryo-EM analysis. Another aliquot was used for an analytical (10%–30%) sucrose density gradient ultra-centrifugation

(SW40 rotor, 26,000 rpm for 22 hr).

Preparation of 50S rec– and 50S rec+

A step 1 reaction was performed as described above. The reaction products were subjected to a preparative (10%–30%) sucrose

density gradient ultra-centrifugation in an SW32 rotor at 25,000 rpm and 4�C for 21 hr. Fractions containing 48S particles were

pooled. The pooled material was pelleted (45Ti rotor, 35,000 rpm for 20 hr), resuspended in Rec 4 buffer and adjusted to the buffer

conditions of the step two reaction. The step 2 reaction was performed for 90 min at 50�C in absence or presence of L-proteins, pro-

ducing 50S rec�, or 50S rec+, respectively. 50S rec+ material was diluted to a particle concentration of�3 A260/ml, with a final NH4Ac

concentration of 220 mM and subjected to cryo-EM analysis.

Time Course Reconstitution Assay Step 1

TP50 and rRNA for a step 1 reaction were mixed on ice as described above. A first aliquot was taken instantaneously (0 min). The

reaction tube was transferred to a preheated thermo-block (44�C) and further aliquots were taken after 2, 5, 10, 20 and 30 min of

incubation. Material taken at the individual time points was subjected to analytical (10%–30%) sucrose density gradient ultra-centri-

fugation (SW55 rotor, 32,000 rpm for 2 hr).

Time Course Reconstitution Assay Step 2

After standard step 1 reaction (30min at 44�C), conditions were adjusted to step 2 reaction (20mMMg(Ac)2, 50
�C). After 0, 15, 30, 60

and 90 min of incubation aliquots were taken and subjected to analytical (10%–30%) sucrose density gradient ultra-centrifugation

(SW55 rotor, 32,000 rpm for 2,5 hr).

Poly (U)-Dependent Poly (Phe) Assay

6 pmol isolated native 50S subunits (50S), reconstituted 50S subunits (50S rec.), purified 48S precursors (48S), and 48S precursors

that had been converted into 50S particles by step 2 incubation in the absence (48S -) or presence (48S +) of TP50 were subjected to

assays as described (Yamamoto et al., 2016), mixed with 12 pmol 30S subunits and incubated in assay buffer (20 mM

HEPES/KOH pH7.6 on ice, 150 mM NH4 Ac, 6 mM Mg(Ac)2, 0.05 mM EDTA, 4 mM 2-mercaptoethanol, 0.05 mM spermine, 2 mM

spermidine, 3 mM ATP, 1.5 mM GTP, 83 mM acetyl-Phe and 0.83 mCi/ml 14C labeled acetyl-Phe, 0.83 mg/ml polyU, 340 mg/ml

tRNA and S100 extract) for 60min at 37�C. Then, 30 ml BSA (1% stock solution) and 2ml TCA (10%) were added. Samples were briefly

vortexed, incubated for 15 min at 90�C and 5 min on ice. Precipitated proteins were immobilized on glass filters, washed two times

with 5% TCA and once with diethylether/ethanol (1:1). The filters were incubated in scintillation liquid and the amount of incorporated
14C Phe was determined using a scintillation counter. The assay was done in duplicates and mean values were calculated.

Mass Spectrometry
Sample Preparation

Amounts of TP50, native 50S subunits and isolated 48S material corresponding to app. 10 mg total protein, were mixed with 4X LDS

sample buffer (Thermo Fisher Scientific) and subjected to SDS-PAGE analysis using 4%–12%NuPAGE gradient gels (Thermo Fisher

Scientific). The protein content was separated for 10min at 150mV. Proteins were stained for 1 hr with SimplyBlue SafeStain solution

(Thermo Fisher Scientific). After 1 hr of destaining in deionized H2O, gel regions containing the separated proteins of TP50, 50S and

48S material, respectively, were split into thirds. Each third was subsequently reduced to small pieces with 1-2 mm edge length. For

identification and relative quantification of the r-proteins, gel pieces with the contained proteins were subjected to tryptic digest, as

described previously (Lehmann et al., 2010).
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LC-MS Analysis

The LC-MSMS analyses of tryptic peptides have been performed as follows. Samples were concentrated for 2 min on a trap column

(PepMapC18, 5mmx 300 mmx 5 mm, 100Ǻ, Thermo Fisher Scientific) with 2:98 (v/v) acetonitrile/water containing 0.1% (v/v) trifluoro-

acetic acid at a flow rate of 30 ml/min and then analyzed by nanoscale LC-MS/MSmeasurements using a Q Exactive Plusmass spec-

trometer coupledwith an Ultimate 3000 RSLCnano (Thermo Fisher Scientific). The system comprised a 75 mm i.d.3 250mmnano LC

column (AcclaimPepMapC18, 2 mm; 100 Å; Thermo Fisher Scientific). Themobile phase (A) consisted of 0.1% (v/v) formic acid (FA) in

water, and (B) of 80:20 (v/v) acetonitrile/water containing 0.1% (v/v) FA. Elution took place using a gradient 3%–38%B in 95 min with

a flow rate of 300 nl/min. Full MS spectra (m/z 200–1,600) have been acquired at a resolution of 70,000 (FWHM) followed by a data-

dependentMS/MS fragmentation of the top6 precursor ions (dissociationmethodHCD, resolution 17,500, 1+ charge state excluded,

isolation window of 1.6 m/z, NCE of 27%, dd 60 s). Maximum ion injection time has been set to 100 ms and for MS and to 160 ms for

MS/MS scans. Background ions at m/z 391.2843 and 445.1200 acted as lock masses.

Bioinformatic Processing

Proteins were identified by Mascot software version 2.6.1. (Matrix Science, London, UK) using the following search parameter set.

database: SwissProt, taxonomy: E. coli, enzyme: trypsin/P with twomissed cleavage, static modification: carbamidomethylation (C),

variable modifications: protein N-acetylation and oxidation (M), mass tolerances for MS andMSMS: 5 ppm and 0.02 Da, and a calcu-

lated peptide FDR 1%.

Relative label free quantification of the r-proteins was performed with MaxQuant (version 1.6.0.1; Cox et al., 2014) and default

Andromeda LFQ parameters. Spectra were matched to an E. coli database (23,031 reviewed entries, downloaded from uniprot.

org), a contaminant database, and a decoy database. Search parameters were used as described above. In addition, protein iden-

tifications were calculated with FDR = 1% and proteins with one razor peptide per protein were included for subsequent analyses.

Cryo-electron Microscopy and Data Processing
3.6 ml of purified 48S precursors, non-purified precursors after 30 min step 1 incubation, and 50S subunits formed after 90 min step 2

incubation in the presence of TP50 (50S rec+), respectively, were spotted on glow-discharged holey carbon grids (Quantifoil Micro

Tools GmbH) and cryo plunged in liquid ethane after blotting using a Vitrobot device (FEI). Imaging was done with a FEI Tecnai G2

Polara at 300 keV, equippedwith a K2 Summit (Gatan) running inmoviemode at a nominal magnification of 80,645x. The correspond-

ing pixel size was 0.62 Å on the object scale. 25 movie frames were collected per image with a total exposure time of 5 s, yielding an

electron dose of 25 e�/Å2. Automated image collection was done with Leginon (Suloway et al., 2005) at a defocus range between 0.5

and 5 mm (Table S2). Movie frames were corrected for drift using MotionCorr (Li et al., 2013b), defocus estimation was done with

CTFFIND4 (Rohou and Grigorieff, 2015). For the 48S precursor sample, 1684 micrographs were subjected to semi-automated par-

ticle pickingwith SIGNATURE (Chen andGrigorieff, 2007) using projections of a 50S ribosomal subunit as reference. A total of 154462

particle images was used for multiparticle refinement (Loerke et al., 2010) with SPIDER (Frank et al., 1996) (Figure S2). Again, a 50S

ribosome was used as initial reference for particle alignment and subsequent classifications. Importantly, nomature 50S subunit was

obtained within the sorting. Four meaningful ribosomal structures were identified, isolated, and refined individually. FSC resolution

measurements were performed semi-independently, local resolutions were determined with ResMap (Kucukelbir et al., 2014) using

half-maps.

In the case of the non-purified step 1 precursors, 4311 micrographs were refined independently in the same manner, with the

exception that MotionCor2 (Zheng et al., 2017) was applied for movie correction and dose weighting (5x5 patches). Multi-particle

refinement revealed altered occupancies of the resulting populations, namely a shift toward the earlier states. This allowed the sep-

aration of the least mature state into two sub-populations, revealing an additional even less mature state compared with the 48S pre-

cursor sample.

For the 50S rec+ sample 1,144 micrographs were collected as previously. Of the initially identified 116,500 particle images, 94%

were assigned to amature 50S subunit. Importantly, despite using the state 5 (purified 48S peak sample) structure as initial reference

during refinement, no meaningful immature ribosomal structure was found. Due to a strong orientation bias, random particle images

from the over-represented views were removed, reducing the final dataset to a number of 60906 images, yielding a resolution

of 3.78 Å.

Model Building
Atomic models were generated based on the crystal structure of the E.coli ribosome (PDB: 3R8S; Dunkle et al., 2011) in three steps.

First, rigid body fitting and manual truncation of unstructured regions was done with Chimera (Pettersen et al., 2004) and Coot (Ems-

ley and Cowtan, 2004). Next, flexible fitting of the initial models was achieved byMDfit (Ratje et al., 2010) into low-resolution cryo-EM

structures of our maps to avoid over-fitting into high-resolution features and to maintain secondary structure integrity. Alternative

RNA structures were tentatively modeled manually in Coot. Initially, all models were real-space refined with PHENIX (Adams

et al., 2010) as described previously (Sprink et al., 2016), using individually determined weight factors to avoid over-fitting.
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