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Abstract

Ribosomes are self-assembling macromolecular machines that translate DNA into proteins, and an
understanding of ribosome biogenesis is central to cellular physiology. Previous studies on the E.
coli 30S subunit suggest that ribosome assembly occurs via multiple, parallel pathways rather than
through a single rate-limiting step, but little mechanistic information is known about this process.
Discovery Single-particle Profiling (DSP), an application of time resolved electron microscopy,
was used to obtain over 1 million snapshots of assembling 30S subunits, identify and visualize the
structures of 14 assembly intermediates, and monitor the population flux of these intermediates
over time. DSP results were integrated with mass spectrometry data to construct the first ribosome
assembly mechanism that incorporates binding dependencies, rate constants, and structural
characterization of populated intermediates.

Ribosome biogenesis in bacteria requires the coordinated synthesis and assembly of 55
ribosomal proteins and 3 large ribosomal RNAs (rRNAs) facilitated by approximately 30
assembly cofactors (1). Remarkably, both the 30S and 50S ribosomal subunits can be
assembled in vitro from purified components and most of the information required to
assemble ribosomes is encoded in the sequences of the component RNAs and proteins (2),
(3). The 30S ribosomal subunit is composed of a single ~1500 nucleotide 16S RNA
component and 20 ribosomal proteins (" r-proteins, Figure S1). In reconstitution experiments
under equilibrium conditions, 30S subunit assembly is both parallel and hierarchical with
primary-binding proteins binding independently to each domain, followed by secondary-
and tertiary-binding proteins (4). As would be expected based on the co-transcriptional
assembly pathway in vivo (1), the observed kinetic order for protein binding in vitro is that
5'-domain proteins bind fastest, followed by the central domain proteins and 3'-domain
proteins (5),(6). While there is evidence for parallel assembly pathways and the existence of
multiple assembly intermediates, the structures of such intermediates are not known and
little mechanistic information is available for the order of their assembly.

Single-particle EM image analysis can resolve heterogeneous populations of molecules and
classify them into homogenous sub-populations that can be visualized in two and three
dimensions (7,8). Here we have used single-particle reference-free alignment and
classification to “discover” sub populations of assembly intermediates within the
heterogeneous assembly reaction over a time course (Figure 1A and Supplementary
Discussion). After synchronous initiation of 30S ribosome assembly (4,9,10), there is a
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distribution of assembly intermediates at various stages of RNA folding and protein binding
(6). Negative stain sample preparation rapidly traps these intermediate complexes at various
time points, and high throughput EM data collection and analysis allows the visualization of
these intermediates without the need for biochemical purification. Classification of the entire
time course dataset allows determination of the population, conformation, and protein
composition of the prevalent assembly intermediates as a function of time; we call this
combined approach Discovery Single-particle Profiling (DSP).

Datasets were collected at time points ranging from time 0 to 120 minutes, and the resulting
array of subpopulations indicate that, on average, particle sizes start from small structures
and become increasingly 30S-like over time (Figure 1B). Notably, sub-populations that are
significantly populated at early time points (Figure 1B, 2 min, column 1, yellow) are less
populated at later time points (Figure 1B, 60 min, column 9, blue), whereas sub-populations
that are significantly populated at later time points (Figure 1B, 120 min, column 1, red) are
absent during early time points (Figure 1B, 2 min). Classification of the data (Figures S2-3)
revealed four major groups of assembly intermediates and identified 14 distinct assembly
intermediates distributed amongst these four groups (Figure 2). Three dimensional structures
were visualized for the set of 14 intermediates, and the compositions of individual
intermediates were determined by 3D difference mapping, comparison to the x-ray crystal
structure, and sub-complex reconstitution experiments (11) (Figures S5-9). Reconstitution
experiments, in which known protein components were omitted from the assembly reaction,
confirmed that compositional differences between assembly intermediates were not due to
negative stain artifacts (also see Supplementary Discussion). The use of random conical tilt
(RCT) reconstruction and 3D difference mapping also confirmed that conformational
differences between assembly intermediates were real, and not due to misinterpretation of
2D projection views. The structures of the set of 14 assembly intermediates categorized into
early (Group I, red), mid (Groups II and III, green and blue), and late (Group 1V, purple)
stages of assembly are shown in Figure 2.

Using DSP, the entire collection of particles from all time points was classified
simultaneously, and the fractional contribution of particles observed at each time point to the
four assembly intermediate groups was determined, resulting in single-particle profiles of
sub-population flux over time (Figure 3A). Group I classes are primarily populated at early
time points, Group II-III classes are populated at mid time points, and Group IV sub-
populations are primarily populated at late time points. To draw a correspondence between
these population profiles from DSP and protein binding kinetics in vitro, the rate of binding
of the 30S proteins was measured under identical conditions, using the Pulse-Chase
Quantitative Mass Spectrometry (PC-QMS) assay (6) (Figure 3B). The appearance of the
Group IV particles exactly tracks binding of the slowest tertiary binding proteins monitored
by PC-QMS (Figure 3B, purple circles). Similarly, the depletion over time of Group I sub-
populations tracks binding of the fastest primary and secondary binding proteins (Figure
3A-B, red), with Groups II and III tracking binding of the proteins with intermediate
binding rates (Figure 3A—B, green and blue). Thus, Group I sub-populations are ultimately
converted into Group IV sub-populations, with Groups II and III bridging the assembly
landscape between these two extremes. Slow elimination for Group II intermediates and
slow accumulation of Group III intermediates is in accordance with the lag observed after
assembly of the 5' and central domains in vitro (Figure 3B, red vs. green and blue). Thus,
these sub-populations, which reflect an assembly landscape of transient intermediates,
eventually converge to the native 30S ribosome structure.

Comparison of the 3D assembly intermediate structures to that of the fully formed 30S
subunit readily identified known features of small ribosome subunit architecture (Figure 2,
inset). Group I fit the body domain of the 30S crystal structure containing primary r-proteins
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S4, S17, S20 and secondary r-protein S16. Diffuse density above the structure corresponds
to an assembling platform domain in which the r-protein heterodimer S6-S18 is likely
transiently bound and central domain rRNA is only partially structured (Figure 2, red, and
Figure S8C). Group II intermediates include an assembled body and platform domain with
various stages of early head domain assembly (Figure 2, green, and Figure S8C). 3D
difference mapping reveals a conformational change in the neck of the 16S rRNA central
domain of Group II intermediates relative to Group IV intermediates (Figure 2, arrow and
Figure S6B). This conformational change involves a rotation of the body domain relative to
the platform domain and reconstitution experiments suggest that this rRNA conformational
change is stabilized, but not actively induced, by binding of 3' domain r-proteins (Figure
S7). This conformation of the head domain is also seen in volume “c¢' of Group III
intermediates, whereas Group III volumes “a' and “b' have compact shapes that include
partially assembled head and body domains with missing density at the spur and the
platform domains (Figure 2, blue).

Group IV sub-populations are distinctly 30S-like in appearance, and vary primarily in the
second half of the head domain and at the head-body and head-platform interfaces (Figure 2,
purple). Fitting of the 30S crystal structure into 3D difference maps suggest that missing
density in the platform domain corresponds to S21 and/or S11 and surrounding (H23/H24)
rRNA (Figure S6). Notably, the neck of the central domain for Group IV intermediates has
converted from that observed for Group II intermediates, thereby allowing room for the
additional S21/S11 density. Defined sub-complex reconstitution studies indicate that
conversion from the conformation present in Group II to that in Group IV occurs in the
presence of S21/S11, but that the associated extra density is not visible until late 3' domain
assembly (Figure S7). The structural and compositional diversity of Group IV assembly
intermediates is evidence for the existence of parallel assembly pathways in the 3' domain of
the 30S subunit.

Decomposition of the kinetic profiles for sub-populations within Group IV show fast
accumulation for classes with density corresponding to the S2-H44 region of the 30S
subunit, and slow accumulation for classes lacking this density (Figures 3C, S6). In contrast
to the observed thermodynamic dependence of S2 binding upon prior binding of S3 (Figure
4A) (4), the S2-H44 region is able to form stably enough for EM visualization before
consolidation of the S3-H34/H33 region (Figures S6,8). Kinetic data for S3 binding during
30S assembly indicate a slow-binding constant relative to primary and secondary r-proteins,
but association constants for S2 have not been measureable using PC-QMS, presumably due
to a weak and transient interaction (6, 12). Fast protections of portions of both the S2 and S3
binding site are observed in time-resolved hydroxyl radical foot printing experiments (13)
consistent with formation of transient encounter complexes for these two proteins. The time-
resolved EM data suggest independent binding of these two late binding proteins, thus
directly illustrating the existence of parallel assembly pathways.

The combination of thermodynamic dependency maps, ensemble kinetic data, and single-
particle profiling with structural analysis allows construction of an expanded assembly
mechanism that accounts for both thermodynamic and kinetic interdependencies (Figure 4).
The most populated branch of assembly starts with Group I intermediates containing fast-
binding primary and secondary r-proteins, proceeds to Group II intermediates containing
slower binding primary and secondary r-proteins that bind in central and early 3' domains,
and culminates in the set of Group IV intermediates resulting from parallel pathways for
assembly of slow-binding tertiary r-proteins (Figure 4B). Tertiary rRNA structure in the
absence of bound protein is not readily visualized for early assembly intermediates, which is
likely due to a combination of unfolded/conformationally heterogeneous rRNA structure and
difficulty in directly visualizing RNA using negative stain. Nevertheless, the significant
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energetic gains achieved by rRNA folding and the requirement for cooperativity with r-
protein binding is illustrated by the rRNA neck conformational change that mediates
transition from Group II to Group IV intermediates (Figure 4B “A'"). Significantly, the neck
is the site of interaction for the assembly cofactor Era, which has been implicated in
facilitation of global rRNA conformational changes during late central and early 3' domain
assembly. Era is thought to act in concert with cofactor RimM, which itself interacts with
S19, an r-protein significantly implicated in kinetic cooperativity during 3' domain assembly
(14,15). We speculate that this rotated conformation is required for productive binding by
slow-binding tertiary proteins such as S10, S14, S2, S3, and S21. The independent order of
binding by these proteins in the Group IV intermediates is evidence for parallel assembly in
the 3' domain to a much greater extent than previously appreciated. Population flux studies
show rapid accumulation of S2-containing intermediates relative to S3-containing
intermediates, even though S3 is thermodynamically required for S2 binding. Rapid initial
binding by S2 results in kinetically trapped intermediates with slow subsequent binding rates
of S3, leading to slow conversion to productively assembled 30S subunits (Figure 4B,
dashed arrows). Such kinetic traps are likely avoided in vivo by the participation of assembly
cofactors such as RimP, which is thought to facilitate r-protein binding during the very late
stages of assembly (14). Several less populated intermediates in Group III consist of
assembled body and head domains with unassembled platform and spur domains, likely
resulting from improper assembly initiation due to the presence of the entire 16S rRNA.
While it is possible that these intermediates could convert to productive Group IV
intermediates through conformational changes or protein association and dissociation, the
population profiles suggest that these subpopulations are likely dead-end intermediates in in
vitro assembly reactions (Figure S4). Another potentially unproductive pathway branches
from the major productive pathway at the point of conversion from Group II to Group IV
intermediates and culminates in an end-product that is compressed in structure and missing
key r-proteins. The co-transcriptional nature of 30S assembly and the presence of cofactors
likely minimize the formation of such unproductive intermediates in vivo. Nevertheless, our
structural and temporal assembly map shows specific evidence for parallel assembly
pathways in vitro and likely recapitulates many of the same steps undergone in vivo. The
Discovery Single-particle Profiling (DSP) method used for this work is a novel approach for
understanding structure and dynamics that can be applied to a wide range of large
biologically important complexes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Discovery Single-particle Profiling (DSP)

(A) Assembly of the 30S subunit was initiated as described (9), and aliquots were prepared
for negative stain EM (16) at various time points. The DSP method was used to discover sub
populations of assembly intermediates from a merged time course dataset of a single
assembly reaction (see Supplementary Discussion). (B) Each row of the array results from a
single time point, and particle averages are ranked from left to right by decreasing
population with a heat map overlaid according to percentage of particles that populate a
given class; red: 8—11%, yellow: 6-8%, green: 4—6%, blue: 2-4%.
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Figure 2. Structural Determination of Assembly Intermediates

Assembly intermediates classify into four groups based on classification of 2D data (Figures
S52-3,S5), docking of the 30S subunit crystal structure (Figure S8B), and 3D difference
mapping (Figure S6). RCT volumes are color coded in accordance with state of assembly
where red < green < blue < purple. A conformational change in the neck of central domain
rRNA causing a rotation in the head domain is the major difference between Group II and
Group IV intermediates (A and arrow).
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Figure 3. Assembly Intermediate Population Flux over Time

(A) Classification of merged time point datasets allowed determination of the contribution
of different time points to assembly intermediate groups I (red), II (green), III (blue) and IV
(purple). (B) Measurement of protein binding rates via PC-QMS illustrates the
correspondence between population profiles determined via DSP and in vitro 30S subunit
assembly kinetics. (C) Decomposition of population flux for individual assembly
intermediates within group IV (purple) revealed rapid accumulation of S2-containing
assembly populations, suggesting the existence of an S2-mediated kinetic trap in the

assembly mechanism.
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Figure 4. A Parallel Mechanism for 30S Subunit Assembly

(A) A Nomura assembly map on a time axis that takes into account the 7 5 of binding for
each r-protein as determined via PC-QMS. (B) Combination of kinetic, thermodynamic, and
single-particle data allows construction of a mechanism for 30S subunit assembly that
accounts for parallel assembly pathways.

Science. Author manuscript; available in PMC 2011 April 29.



