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ABSTRACT

Understanding the assembly principles of biolog-
ical macromolecular complexes remains a signifi-
cant challenge, due to the complexity of the systems
and the difficulties in developing experimental ap-
proaches. As a ribonucleoprotein complex, the ribo-
some serves as a model system for the profiling of
macromolecular complex assembly. In this work, we
report an ensemble of large ribosomal subunit inter-
mediate structures that accumulate during synthe-
sis in a near-physiological and co-transcriptional in
vitro reconstitution system. Thirteen pre-50S inter-
mediate maps covering the entire assembly process
were resolved using cryo-EM single-particle analysis
and heterogeneous subclassification. Segmentation
of the set of density maps reveals that the 50S ri-
bosome intermediates assemble based on fourteen
cooperative assembly blocks, including the smallest
assembly core reported to date, which is composed
of a 600-nucleotide-long folded rRNA and three ri-
bosomal proteins. The cooperative blocks assemble
onto the assembly core following defined dependen-
cies, revealing the parallel pathways at both early and
late assembly stages of the 50S subunit.

INTRODUCTION

The ribosome is one of the largest and most complicated en-
zymes in cells and is responsible for protein synthesis in all
organisms on earth. The bacterial ribosome makes up 25%
of the cell’s dry mass (1), has a total mass of � 2.5 MDa,
and is composed of 3 ribosomal RNAs and 54 ribosomal
proteins. The process by which ribosomal components in-
teract with each other and assemble into functional ribo-

somes is termed ribosome biogenesis. During bacterial ribo-
some biogenesis, the primary transcript is cleaved into three
ribosomal RNAs. The rRNAs fold into secondary and ter-
tiary structures and bind with the ribosomal proteins, chap-
eroned by dozens of ribosome biogenesis factors, including
rRNA modification enzymes (2–4). Despite its complexity,
the process of bacterial ribosome assembly takes � 2 min in
cells (5,6), so the intermediates during the step-wise assem-
bly process are short-lived and are present at � 2% of the en-
tire ribosome population in rapidly growing bacterial cells
(6). Thus, it is difficult to directly separate and investigate
the ribosome assembly intermediates in cells.

To characterize ribosome assembly intermediates, genetic
(7–11) and biochemical perturbations (12) in combination
with newly developed structural biology tools, have been
employed, providing insights into the features of the inter-
mediates and putative assembly pathways. A series of in-
termediates resulting from the bL17-depletion strain were
previously described (13), which revealed five cooperative
assembly blocks, and evidence for re-routed assembly path-
ways under the perturbation of ribosomal protein deple-
tion. Thus far, the studies of the large subunit (LSU) have
mostly focused on the late assembly stage (7–11,14–16),
while the knowledge about the early assembly of LSU re-
mains limited.

The classical in vitro reconstitution of 50S subunits was
first achieved by Nierhaus and Dohme (17). Recently, a set
of five structures assembled using this protocol provided in-
sights into the final maturation of the peptidyl transferase
center (18). While this remarkable in vitro reconstitution has
provided many intriguing insights into 50S assembly (18–
20), the reconstitution reaction is carried out with fully pro-
cessed and modified rRNAs under non-physiological buffer
and temperature conditions, without the participation of as-
sembly factors.

In 2013, Jewett et al. reported an in vitro integrated
rRNA synthesis, ribosome assembly, and translation (iSAT)
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reaction, which provided a defined system for ribosome bio-
genesis in a near-physiological environment (21–24). The
reagents added into an iSAT reaction include the plasmid
encoding the rRNA operon and a reporter gene, a com-
plete set of purified ribosomal proteins, and the cell extract
that contains factors and chaperones needed for ribosome
biogenesis. By monitoring the translation of a reporter pro-
tein, such as GFP or luciferase, the iSAT reaction progress
can be observed in real time. In contrast to the classical in
vitro reconstitution protocol, iSAT is carried out at near-
physiological environment (37� C, 10 mM Mg2+) and allows
the cascade of transcription, ribosome assembly, and trans-
lation to be monitored directly. Importantly, the ribosomes
assembled in iSAT can directly perform translation without
steps of heat or osmotic activation in the conventional re-
constitution method (25).

The iSAT reaction provides a powerful time-resolved
platform for structural studies of ribosome assembly inter-
mediates under near-physiological conditions, without be-
ing obscured by the vast majority of mature ribosomes in
vivo. In this work, we succeeded in harnessing the iSAT reac-
tion to capture the very early intermediates during assembly
of the ribosomal large subunit and solved their structures by
cryo-EM. The set of intermediates can be arranged into a
putative temporal order, spanning the assembly landscape
from the earliest folding of the 5’-terminal domain I of 23S
rRNA (26) to later stages of nearly complete subunits. The
landscape exhibits both parallel and sequential folding of
cooperative domains, providing a robust process to ensure
efficient assembly.

MATERIALS AND METHODS

Purification of native ribosomes and S150 extract

Native ribosomes and S150 extract were purified from S30
crude cell extract as described (22). Briefly, Escherichia coli
MRE cells were lysed and S30 crude extract was obtained
by two clarification spins. The S30 crude extract was layered
onto a 10–40% sucrose cushion and ultracentrifugation at
90 000 g and 4� C for 20 h, resulting in a ribosome containing
pellet and S150 containing supernatant. Ribosomes were re-
solved in buffer C (10 mM TrisOAc (pH 7.5 at 4� C), 60 mM
NH4Cl, 7.5 mM Mg(OAc)2, 0.5 mM EDTA, 2 mM DTT)
and stored at –80� C. The concentration of 70S ribosomes
was determined by A260 readings (1 A260 unit = 24 pmol
70S) (27).

The supernatant was centrifuged at 150 000 g and 4� C
for 3 h and the top two-thirds of the supernatant was recov-
ered. Using Snake Skin Dialysis tubing (3500 Da MWCO,
Thermo fisher) The S150 extract was dialyzed into the
AEB storage buffer (10 mM TrisOAc, pH 7.5 at 4� C, 20
mM NH4OAc, 30 mM KOAc, 200 mM KGlu, 10 mM
Mg(OAc)2, 1 mM spermidine, 1 mM putrescine, 1 mM
DTT) and concentrated using a 3 kDa MWCO Centriprep
concentrators (Merck Millipore). For best performance in
the iSAT reaction, the A260 and A280 of the S150 extract was
targeted to be 25 OD and 15 OD, respectively. The protein
concentration in the S150 extract was determined by Brad-
ford assay (Thermo Fischer scientific). The S150 extract was
stored in small aliquots at –80� C.

Purification of ribosomal proteins

Ribosomal proteins were purified using existing protocols
(22,27) with slight modifications: 70S ribosomes were mixed
with an equal volume of buffer M (25 mM Tris–HCl pH 7.5,
20 mM MgCl2, 100 mM KCl, 2 mM DTT) containing 8 M
Urea and 6 M LiCl, and incubated on ice overnight. Af-
ter centrifugation at 16 000 g for 15 min at 4� C, the super-
natant, containing ribosomal proteins, was collected. The
pellet was washed with buffer M containing 8 M Urea and
6 M LiCl, incubated on ice for at least 1 h, and after cen-
trifugation at 16 000 g for 15 min at 4� C, the supernatant
was collected. The combined supernatants were dialyzed
twice against 100 volumes of buffer M containing 1 M KCl
(for 6 h and overnight) using a 1000 Da MWCO Tube-
O-Dialyzers (G-Biosciences). The concentration of TP 70
was determined by measuring A230 (1 A230 unit = 240 pmol
TP70). Aliquots were flash frozen and stored at –80� C.

iSAT reaction

The iSAT reaction was performed as described previously
(21,22) with slight modifications. Briefly, the iSAT reaction
was performed in 57 mM HEPES–KOH, 1.5 mM spermi-
dine, 1 mM putrescine, 10 mM Mg(Glu)2, and 150 mM
KGlu at pH 7.5 with 2 mM DTT, 0.33 mM NAD, 0.27 mM
CoA, 4 mM oxalic acid, 2% w/v PEG-6000, 2 mM amino
acids (Roche), 1 nM pY71sfGFP plasmid encoding super-
folder GFP (M. Jewett), 0.1 mg/ml T7 RNA polymerase,
42 mM phosphoenolpyruvate (Roche) and NTP + mix (1.6
mM ATP (Sigma), 1.15 mM of GTP, CTP and UTP each
(Sigma), 45.3 �g/�l tRNA from E. coli MRE 600 (Roche),
227.5 �g/�l Folinic acid pH 7.2). The above components
were premixed. The final concentration with respect to the
total volume of the iSAT reaction is provided. A 5.6 �l
aliquot of the premix was pipetted into 6 �l of S150 ex-
tract. Ribosomal proteins and plasmid encoding the rrnB
operon (pT7rrnb; provided by M. Jewett) were added to
a final concentration of 0.4 and 4 nM, respectively. iSAT
reactions of 15 �l each were performed in 96-well plates
(Applied Biosystems) and incubated in a StepOnePlus Real-
time PCR System (Applied Biosystems) at 37� C for variable
time. sfGFP production was detected by fluorescence mea-
surement at 5 min intervals (excitation: 450–490 nm, emis-
sion: 510–530 nm).

Electron microscopy sample preparation

iSAT reactions were diluted approximately three-fold with
buffer E (50 mM Tris pH 7.8, 10 mM MgCl2, 100 mM
NH4Cl, 6 mM �-mercaptoethanol) and loaded onto a 10–
40% (w/v) sucrose gradient in buffer E. Gradients were
spun in a Beckman SW41 rotor at 26 000 rpm for 12 h
and 4� C. Gradient fractions containing ribosomal particles
as indicated by A260 readings and Agarose gel were spin-
concentrated using a 30 kDa MW cutoff filter (Amicon)
and the buffer was exchanged to buffer A (20 mM Tris–
HCl, 100 mM NH4Cl, 10 mM MgCl2, 0.5 mM EDTA, 6
mM �-mercaptoethanol; pH 7.5). 3 ul sample was applied
to a plasma cleaned (Gatan, Solarus) 1.2 mm hole, 1.3 mm
spacing holey gold grid and manually plunge frozen in liq-
uid ethane (28).
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Figure 1. Time course of the integrated rRNA synthesis, ribosome assembly, and translation (iSAT) reaction. (A) Schematic of the iSAT reaction. In an
iSAT reaction, plasmids encoding rRNA and a reporter mRNA are transcribed by T7 polymerase. The rRNA is processed and modified by enzymes in an
E. coli cell extract, and ribosomal proteins derived from purified ribosomes bind to complete the ribosomal subunits. Newly assembled ribosomes engage
in the translation of the reporter protein (GFP) producing a readout that visualizes the production of functional ribosomes. (B) Fluorescence readout of
iSAT. The time course of GFP fluorescence is shown for a standard iSAT reaction (black), compared to a control reaction where intact ribosomes were
directly added into the reaction (gray). The delay of fluorescence signal in the iSAT reaction is due to assembly of sufficient ribosomes to produce GFP.
(C) Ribosome profile of iSAT time course reactions. Five parallel iSAT reactions were quenched at sequential time points, and the ribosome profiles of the
iSAT reactions were analyzed using sucrose density gradient ultracentrifugation. In general, both the size and abundance of ribosome precursors increases
over time.

rRNA encoding plasmids and T7 RNAP (22). Although
Lewicki et al. reported that substitution of T7 RNAP for
endogenous RNAP cannot produce active ribosomes in E.
coli cells (44), T7 RNAP is efficient in vitro, probably be-
cause the rRNA transcription rate can somehow match the
ribosome assembly rate in the iSAT system (22). To char-
acterize if the ribosomes assembled in the iSAT reaction re-
semble the ribosomes in cell, the 70S ribosomes produced
during iSAT were analyzed for their protein composition
and rRNA modifications using quantitative mass spectrom-
etry (Supplementary Figure S1). Most ribosomal proteins
were present in stoichiometric amounts compared to puri-
fied 70S ribosomes from MRE600 cells, except that bL33
was reduced by 53%. Post-transcriptional modifications of
ribosomal RNA play a critical role in the assembly pro-
cess, with consequences for RNA folding, ribosome activ-
ity and susceptibility to metabolites (45–47). Remarkably,
we found that most nucleotide modification sites on both
16S and 23S rRNAs were properly installed in the iSAT
reaction (Table S1), which supports the idea that the re-
cruitment of rRNA modification enzymes from the cell ex-
tract during the iSAT reaction resembles the native process
in vivo. In summary, the ribosomes assembled in iSAT sys-
tem are near-native, and iSAT provides an opportunity to
study the ribosome assembly process in a near-physiological
environment.

Time-resolved in vitro assembly of the LSU

The iSAT reaction is both continuous and asynchronous,
and it is likely that there is a pool of assembling 50S inter-
mediates over the time-course of the reaction, with accu-
mulation of completed 50S over time. To capture and ex-
amine an array of the 50S intermediates of various stages,
the iSAT reaction was quenched on ice at a series of time-
points. We chose a 15-min timepoint from the lag phase,
35- and 71-min timepoints from the phase with linear GFP
synthesis, a 130-min timepoint corresponding to the very
beginning of the plateau phase, and a 240-min timepoint
from the exhaustion phase. (Figure 1B). The sucrose gradi-
ent profiles of the reaction mixture showed that the parti-
cle size generally increased with time (Figure 1C), implying
the presence of more immature pre-50S particles at earlier
timepoints, and the opportunity to examine a range of in-
termediate structures.

Cryo-EM single-particle analysis and iterative ab initio sub-
classification reveals new LSU assembly intermediates

To gain structural insights into the dynamic assembly pro-
cess over the course of the iSAT reaction, we employed
single-particle cryo-EM. For each timepoint, we applied all
rRNA containing fractions from the sucrose gradient onto
holey gold grids and collected datasets on the Titan Krios
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Figure 2. Distribution of 50S intermediates in the iSAT reaction time course. (A) Density maps for 50S intermediates. Thirteen 50S intermediates were
obtained by heterogeneous subclassification from the iSAT reaction time course, where all timepoints were combined prior to analysis. The thirteen 50S
precursors are named according to the major class they belong to, and are generally ordered from immature to mature. The number of particles contributing
to each class is given along with the final resolution of the map. (B) Particle class distribution among the 50S intermediates. The particle distribution among
50S precursors was calculated according to the number of particles reconstructing each class (Table S2). (C) Temporal composition of 50S intermediates.
The contribution of each timepoint to each 50S intermediates class was calculated and plotted in the bar plot. First, the number of the particles was
normalized in each dataset of the five timepoints. Subsequently, the particle contribution of each timepoint to each class was calculated. In general, less
mature classes have a higher contribution from the earlier timepoints, and the more mature classes have a higher contribution from the later timepoints.
The production of ribosomes is continuous during the iSAT reaction, and it is expected that all classes could be observed at any time point.

transmission electron microscope equipped with a K2 di-
rect electron detector. These efforts yielded five separate
datasets for downstream analyses using computational clas-
sification.

Samples containing assembly intermediates from the
iSAT reaction are inherently heterogeneous and are ad-
ditionally marred by contaminants from non-50S parti-
cles and/or the cellular milieu. To analyze the highly
heterogenous cryo-EM datasets from our iSAT reaction,
we developed an iterative subclassification workflow using
cryoSPARC (33) (Supplementary Figure S2). Blob-picker
was employed for particle selection to prevent any bias from
using a template, with the goal of picking all possible par-
ticles that might represent intermediates. To reconstruct as
many classes as possible, especially the minor classes, the
particles extracted from motion-corrected micrographs of
all five time-course datasets were pooled together for pro-
cessing. Two rounds of 2D classification were performed to
remove the particles that visually did not resemble pre-50S

intermediates, such as 30S and 70S particles. Subsequently,
the remaining particles were iteratively subclassified using
ab initio reconstruction, until there were not enough par-
ticles in a given subclass to provide a 10 Å reconstruction.
Due to our loose criteria for particle selection, about 80% of
the particles failed to be included in classes in the first round
of ab initio reconstruction, and were accordingly discarded.
Most of the junk particles could be easily eliminated during
the initial classification step, so that the eventually recon-
structed classes can cover most of the 50S intermediates ex-
isting in the iSAT reaction. No additional classes could be
rescued from subclassification of the discarded particles.

The final maps resulting from the iterative subclassifi-
cation were refined by homogeneous refinement. The den-
sity maps were compared by hierarchical analysis and com-
bined as previously described (35). Thirteen distinct maps
were identified from all time-course datasets, as shown in
Figure 2A. The resolutions of the maps vary from 4.5 Å
to 8.8 Å (Supplementary Figure S3), where the resolutions
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Figure 5. Updated Nierhaus assembly map including assembly block hierarchy. The original protein dependencies from the Nierhaus assembly map are
shown as thick and thin black arrows, for strong and weak dependencies. The 23S rRNA bar is annotated both with the domain designation and colored
according to the iSAT assembly blocks. The order of the block dependencies in Figure 4 is shown on the right to indicate early to late progress. The positions
of the ribosomal proteins are rearranged horizontally according to the position of the interacting rRNA helices in the same block, and rearranged vertically
according to the dependencies of the assembly. The newly observed block dependencies are consistent with the original Nierhaus assembly map and with
a 5’ to 3’ co-transcriptional direction of assembly.

bly blocks. The vertical axis was arranged according to the
block dependencies, with early blocks on the top and later
blocks on the bottom. After the rearrangement, most of
the r-proteins naturally fall on a general trend line (shown
in pink arrow in Figure 5), from the top left to bottom
right. The general trend line clearly demonstrated the 5’-
3’ progression of the cooperative assembly blocks during
LSU assembly (20,50,51). Also, most of the arrows re-
tained from the Nierhaus map had the direction from top
to bottom, which was consistent with the block depen-
dency. In brief, the updated Nierhaus assembly map il-
lustrates more detailed information about the interactions
between the r-proteins and the rRNA helices, which also

provides evidence for the co-transcriptional direction for
assembly.

Early LSU biogenesis reveals a common precursor and a
strong co-transcriptional directionality

The Core Block, as shown in Figure 6A, is the intersection
of density for the B1 and G1 classes. It is the smallest com-
mon precursor of LSU assembly that has been reported so
far. The structure of a similar assembly core was identified
in another dataset from a �deaD deletion strain (submit-
ted), which confirmed the shared pathway under in vivoand
in vitro conditions and also the important role of this as-
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A

B

C

Figure 6. Evidence for parallel steps early in assembly. (A) The superimposed structures of 50S intermediates B1 (light pink) and G1 (dark pink). The
density region in common between the B1 and G1 classes corresponds to the Core Block. (B) The Core Block comprises primarily domain I. The position
and structure of the assembly Core Block are displayed. The rRNA helices and ribosomal proteins uL4, uL22 and uL24 are labeled, consistent with
formation of domain I as the earliest step in assembly (Figure 5). (C) Parallel pathway early in assembly. Formation of the B1 class and the G1 class occurs
by consolidation of either domain II (for B1) or domains III/VI (for G1) to the Core Block, indicating two parallel pathways after the folding of the Core
Block. The rRNA secondary structure maps are colored according to the blocks. The theoretical densities of the corresponding blocks are generated from
the 50S crystal structure (PDB: 4YBB) and displayed below the secondary structure maps. The color codes are consistent with the previous figures.

sembly core at early stages of biogenesis. The Core Block is
composed of the majority of 23S rRNA domain I (H2–24),
a small part of domain II (H27-28), and three ribosomal
proteins: uL4, uL22 and uL24, which primarily bind to do-
main I rRNA (20,52–54) (Figure 6B). All these helices are
located at the very 5’-end of the 23S rRNA, which supports
co-transcriptional ribosome assembly (19,55,56).

The analysis of block composition for each class suggests
parallel and modular assembly pathways (Figure 7 and Sup-
plementary Figure S11). After the formation of a common
precursor, the Core Block, there are two parallel pathways
to get to C1, one through a B class and another through
an intermediate G class (Figure 6C and Figure 7). Proceed-
ing from the Core Block to C1 class through B classes, the
assembly follows the directionality of 5’-to-3’ transcription

(Figure 6C), sequentially adding the central part of domain
II and domain III and corresponding r-proteins to the core.
Interestingly, those absent helices in domain II and III, such
as H42-44 and H55-58, correlate well with later emergence
in the evolution process (57). After the B class, the closing
of the 5’ and 3’-end of the 23S occurs in the transition of B2
to C1 through the Base Block. On the other hand, the path-
way through the G1 class, shows the docking of the Base
Block and the uL29 Block before the bL20 Block (Figure
6C and Figure 7), which is an apparent alternative pathway
with a small population in the ensemble (Figure 2B).

As mentioned above, the generation of a new ribosome
takes about two minutes in vivo (5). However, the tran-
scription of an rRNA precursor was estimated to be com-
pleted in over one minute at a rate of 70–80 nt/s (58,59).
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Figure 7. Organization of 50S intermediates into an assembly pathway. The thirteen reconstructed 50S intermediates from the iSAT reaction are organized
according to the dependencies of the assembly blocks. The arrows indicate the minimal folding steps required to connect the set of intermediates. The
theoretical density of the Core Block is shown according to the 50S PDB model 4YBB.
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Therefore, although the assembly of ribosome is likely to be
co-transcriptional, the transcription of rRNA is still faster
than the docking of folded domains, which is also supported
by the close of 5’- and 3’-ends resolved in the Base Block
from our dataset. It is likely that at this early assembly stage,
other domains that have been transcribed can fold indepen-
dently but are dangling in various states of organization.
The docked Base block also implies strong interdomain in-
teractions between domain III and domain VI, which is
likely realized by the ‘retrograde’ interaction of protein L3
(Figure 5). The 5’ to 3’ gradient we observe is the consolida-
tion of interdomain interactions roughly in the order of do-
main I, II, III. To ensure the translation fidelity, it is reason-
able that domain VI docks earlier than domain V, which in-
cludes the peptidyl transferase center (PTC) active site that
forms in the final steps.

Complexity of late LSU biogenesis resulted from block inde-
pendency

Unlike early blocks, the late blocks become more indepen-
dent, leading to a complicated and parallel assembly trajec-
tory (Figure 7 and Supplementary Figure S11). From the
C1 to the C4 class, increasing density of H38 was observed
(Supplementary Figure S8B), indicating the maturation of
this long bridge helix. The most significant feature of the
C2 class is the formation of blocks at the ‘belly’ of the sub-
unit: uL14 Block and uL2 Block. After that, the C3 class
forms the uL15 Block, which is another key block required
for docking of the CP Block. According to the Nierhaus
map and Figure 5, uL15 has multiple interactions with the
r-proteins in the CP Block (20), and it is a critical protein
for the initiation of the assembly of the CP (60). With the
uL15 Block assembled, the C3 class is ready for the assem-
bly of the bL28 Block, and subsequently the docking of the
CP Block.

From the C3 class, either the H68 Block or the CP Block
is ready to assemble. In the C3-C4–E4 pathway, the H68
Block first assembles to form the C4 class, then the CP
Block assembles to form the E4 class, while the C3–E2–E4
pathway is an alternative order of these transitions. The in-
creased density of the H42 Block in the E3 class is the pri-
mary distinction from the E4 class. Compared with the left
pathways in Figure 7, in which uL2 Block assembled first,
the transition of E1 to E5 on the right opened an alternative
mechanism of assembling CP, uL14, uL15 and bL28 Blocks
first, followed by uL2 Block. The presence of E1 indicates
the high parallel and modular feature of 50S assembly at
late stage. In the last step, with all the above blocks assem-
bled, the E5 class can support formation of the PTC block
to reach the E6 class, which is the most mature class resolved
in the iSAT intermediate library.

Consistent with recent in vitro and in vivo studies, the
functional core of ribosome subunit always assembles at
the latest stages (8–11,13–15,18). Intriguingly, the C4 class
can exhibit partially mature P and E sites for tRNA bind-
ing prior to the docking of the central protuberance, while
some early E classes also have mature P and E sites with
a docked central protuberance. Therefore, ribosome assem-
bly in the iSAT system strictly produces the tRNA A site in
the last step of the maturation. The intermediates with par-

tially matured P, E and A functional sites, but with no cen-
tral protuberance were only observed in a suppressor mu-
tation strain resulted by the activity-reduced mutation of
RbgA (61), which is a case where the normal timing of the
maturation of the functional sites was perturbated by the
lack of a vital assembly factor.

In summary, the iSAT reaction provides a wealth of in-
formation about the intermediates that accumulate during
assembly of the 50S subunit under near-physiological con-
ditions. The intermediates share common features with pre-
vious datasets resulting from perturbed growth in cells or in
vitro reconstitution (7,13,18). In addition, a significant se-
ries of novel early intermediates were identified that provide
the earliest known intermediates to date for 50S assembly.
The features of parallel and sequential assembly steps ap-
pear to be ubiquitous on the ribosome assembly landscape,
although the assembly is generally consistent with the direc-
tion of rRNA synthesis.

The validation of iSAT as a platform for assembly offers
many fascinating possibilities to study ribosome biogene-
sis. First, the flexibility of the iSAT reaction conditions will
provide a powerful tool to further probe the mechanistic
roles of individual assembly factors that are critical for ef-
ficient assembly under a variety of conditions in cells. Fur-
ther, there is the possibility of studying perturbations that
are lethal to cells. Second, since ribosome assembly coexists
with rRNA transcription and processing in the iSAT sys-
tem, in situ information could be obtained through cryo-
electron tomography (cryo-ET), which provides an oppor-
tunity to directly image the ultrastructure of the rRNA tran-
scription complexes together with the assembling ribosomal
particles. Overall, the results from the iSAT reaction will
provide a powerful complement to studies in cells and in
vitro reconstitution approaches in tackling the mechanistic
understanding of ribosome biogenesis.
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