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The Escherichia coli 30S ribosomal subunit self-assembles in vitro in
a hierarchical manner, with the RNA binding by proteins enabled by
the prior binding of others under equilibrium conditions. Early 16S
rRNA binding proteins also bind faster than late-binding proteins,
but the specific causes for the slow binding of late proteins remain
unclear. Previously, a pulse-chase monitored by quantitative mass
spectrometry method was developed for monitoring 30S subunit
assembly kinetics, and here a modified experimental scheme was
used to probe kinetic cooperativity by including a step where sub-
sets of ribosomal proteins bind and initiate assembly prior to the
pulse-chase kinetics. In this work, 30S ribosomal subunit kinetic re-
constitution experiments revealed that thermodynamic depen-
dency does not always correlate with kinetic cooperativity. Some
folding transitions that cause subsequent protein binding to be
more energetically favorable do not result in faster protein bind-
ing. Although 30 domain primary protein S7 is required for RNA
binding by both proteins S9 and S19, prior binding of S7 accelerates
the binding of S9, but not S19, indicating there is an additional me-
chanistic step required for S19 to bind. Such data on kinetic coop-
erativity and the presence of multiphasic assembly kinetics reveal
complexity in the assembly landscape that was previously hidden.

mass spectrometry ∣ RNA folding ∣ RNA–protein interactions

Ribosome biogenesis is a central cellular program that accounts
for a significant fraction of the energy budget for rapidly

growing bacteria, and is an essential process in all living cells.
In eukaryotes, ribosome biogenesis in the nucleus requires hun-
dreds of proteins (1, 2), whereas in bacteria the cytoplasmic as-
sembly of ribosomes is facilitated by approximately 20 cofactors
(3). Remarkably, the Escherichia coli 30S (4) and 50S (5) riboso-
mal subunits can be reconstituted in vitro, which has facilitated
mechanistic studies on ribosome assembly. The 30S ribosomal
subunit is a 900 kDa complex composed of 20 ribosomal proteins
(r-proteins; S2, S3, ... S21) and a 1500-nucleotide rRNA (16S
RNA). The 30S subunit is a well-characterized model system for
studying macromolecular self-assembly in vitro (4), where protein
binding occurs in a defined hierarchy and in a cooperative man-
ner (6). The protein binding hierarchy was determined by a series
of equilibrium reconstitution experiments that are summarized in
the Nomura assembly map (6) (Fig. 1A). Primary proteins bind
directly and independently to the 16S RNA, whereas secondary
and tertiary proteins require prior binding of one or more pro-
teins, respectively. The thermodynamic order of protein binding
is generally consistent with kinetic binding data that show primary
proteins binding fastest and tertiary proteins binding slowest
(7, 8). The assembly mechanism is also organized according to
three structural domains, the 50 domain, the central domain, and
the 30 domain (9), that can be reconstituted independently in vitro
(10–12). Kinetic reconstitution experiments (7, 8) have demon-
strated that 30S assembly proceeds in a 50 to 30 direction, which
is consistent with the cotranscriptional assembly that likely occurs
in vivo, where proteins may bind as soon as their binding site be-
comes available (13–15). In this model, the 50 domain of the

rRNA is already folded and protein-bound by the time the 30 do-
main is transcribed.

The pulse-chase monitored by quantitative mass spectrometry
(PC/QMS) method was previously developed in our laboratory to
monitor the in vitro assembly kinetics of 30S subunits. Using this
method, the binding kinetics of 18 of the 20 r-proteins can be
measured simultaneously. The tertiary proteins S2 and S21 bind
transiently with exchange, therefore their binding kinetics cannot
be monitored. Initial PC/QMS experiments were performed
using MALDI of whole proteins (8), and more recently were im-
plemented with electrospray ionization with time-of-flight MS
(ESI-TOF) of tryptic peptides (16). The MALDI studies showed
that r-proteins bind over a range of rates at multiple tempera-
tures, and that there is no single populated intermediate or single
rate-limiting step during reconstitution (8). Those results also
suggested that assembly occurs through multiple parallel assem-
bly pathways, and led to the idea of an assembly landscape as a
metaphor for in vitro 30S subunit reconstitution.

A recent time-resolved hydroxyl radical footprinting study has
shown that r-proteins associate very rapidly with their binding
sites, forming initial encounter complexes that are short-lived and
lack many interactions involved in stable thermodynamic associa-
tion (17). Assembly was nucleated concurrently at multiple sites
along the rRNA, and the protections for most nucleotides exhib-
ited multiphasic kinetics (17). These results provide further evi-
dence that assembly proceeds along multiple parallel assembly
pathways. The data also suggested that protein binding occurs in
stages and concurrently with RNA folding, with loosely asso-
ciated proteins likely assisting the rRNA in assuming a conforma-
tion that allows them to bind more stably (17). The slow refolding
observed for some rRNA regions suggests that some particles
were caught in kinetic traps stabilized by nonnative RNA confor-
mations. Such slow refolding from kinetic traps has frequently
been observed in studies of other large RNAs (18–20). Three
lines of evidence led to the hypothesis that the 30 domain has a
stronger tendency to fall into kinetic traps than the two other do-
mains: The 30 domain assembles slowest at all temperatures (8),
and many 30 domain proteins are clustered around the mRNA
decoding site (9), which undergoes conformational changes dur-
ing the late stages of assembly (21). In addition, chemical modi-
fication data from various stages of 30S reconstitution (22) have
shown reactivity enhancements to occur in the 30 domain in the
late stages of assembly, which suggests that nonnative interactions
within the 30 domain are unmade.

The classic Nomura assembly map provides a thermodynamic
framework for understanding 30S subunit assembly in vitro (6). A
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significant increase in affinity for a late (i.e., secondary or ter-
tiary) r-protein is observed when an early (i.e., primary or second-
ary) r-protein is already bound. There is evidence that this
cooperative and hierarchical assembly involves stabilization of
RNA tertiary structure by the early r-proteins, enabling late r-
proteins to bind (12, 24, 25). Given this thermodynamic coopera-
tivity, it is plausible that the rate and the activation energy of late
protein binding would also change following binding of an early
protein, resulting in kinetic cooperativity that parallels the ob-
served thermodynamic dependence. In contrast, the lack of cor-
relation between thermodynamic and kinetic cooperativity would
reveal additional energy barriers during protein binding. Whereas
the kinetics of assembly are expected to roughly parallel the No-
mura assembly map, the identities and populations of intermedi-
ates and the fluxes through the assembly landscape remain to be
understood. The phrase “kinetic cooperativity” has been used to
describe certain protein folding behaviors (26), and is used in en-
zymology to describe a cooperative relationship with no thermo-
dynamic component (27). Here, kinetic cooperativity describes a
protein-dependent change in binding rate that may or may not
correspond to a previously observed thermodynamic relationship.
However, given the cooperative nature of assembly, it is unlikely
that r-proteins act as simple catalysts for binding, but rather exert
a combination of stabilizing effects that alter both the kinetics
and thermodynamics of binding.

The Nomura map displays information about thermodynamic
dependencies, but does not contain mechanistic information
about intermediates that are populated during assembly. A more
mechanistic depiction of the binding of three proteins to an RNA
is shown in Fig. 1B as a kinetic cycle. Binding of proteins B and C
occurs to an intermediate where A is already bound. There are
two paths to the final A∕B∕C-RNA complex, through two distinct
intermediates, where either B or C binds first. If B binds faster to
the A-RNA complex when C is prebound, that is, if k3 > k2,
then C is kinetically cooperative with B. Alternatively, binding
of the two proteins could be kinetically independent. Unlike co-
operativity in a thermodynamic cycle (28), there is no path-
independent constraint on the values of the rates. However,
the relative values of the rates do determine the fluxes through
possible parallel assembly routes, and therefore affect the popu-
lations of possible intermediates.

In the context of ribosome assembly, where protein-RNA
contacts outnumber protein–protein contacts, both kinetic and
thermodynamic dependencies are likely mediated through RNA
folding events (29–31). If S9 is kinetically dependent on S19, the

binding of protein S19 may promote a folding event that is re-
quired for the binding of S9. In this way, defining the relation-
ships between the kinetics of the proteins can reveal rate-
limiting steps in the assembly landscape. Here, the PC/QMS assay
is used to investigate kinetic cooperativity between proteins dur-
ing assembly by looking for changes in protein binding kinetics
when defined subsets of r-proteins are prebound.

Results
In a typical PC/QMS experiment, binding kinetics are monitored
using a pulse of 15N labeled r-proteins that bind to the rRNA for
varying amounts of time before a chase of excess 14N protein is
added. The rates of r-proteins binding in a control experiment
carried out at 15 °C are depicted on the Nomura assembly
map in Fig. 1A. All of the proteins bind slower at low temperature
(0.001–8 min−1) than they do under optimal conditions at 40 °C
(0.2–30 min−1), but the general order of binding is maintained
over this temperature range (8, 16). In the modified experimental
scheme (Fig. 1B), a subset of r-proteins is prebound before the
pulse-chase, and the kinetics of the remaining proteins are mon-
itored by PC/QMS to look for specific changes in protein binding
kinetics and to determine the extent of kinetic cooperativity.

Prebinding of Primary, Secondary, and the Combination of Primary
and Secondary Ribosomal Proteins. The primary proteins S17, S4,
S20, S8, S15, and S7 were prebound as a group to test whether
kinetic dependencies of the secondary and tertiary proteins would
mirror the observed thermodynamic dependencies. Results were
similar for groups of proteins within domains, with the 30 and
50 domain proteins showing little acceleration, whereas the cen-
tral domain proteins showed large accelerations (Fig. 2A). In par-
ticular, the binding of central domain proteins S18, S6, and S11
was dramatically accelerated by 130-fold, 120-fold, and 10-fold,
respectively (Table 1). A significant portion of the binding of
S6 is already complete by the first time point (Fig. 2B). There
are likely few significant assembly barriers for the remainder
of the central domain after S15 and S8 have bound, which is con-
sistent with previous work showing that S15 stabilizes the native
rRNA conformation (12, 24, 32). In the central domain, kinetic
cooperativity closely tracks with the known thermodynamic
dependency. This is in contrast to the results from the 50 and
30 domains, which showed less kinetic cooperativity (Fig. S1), sug-
gesting there are additional kinetic barriers to assembly subse-
quent to primary protein binding. Half the proteins in the
30 domain showed modest acceleration (<5 − fold), whereas pro-
teins in the 50 domain showed little to no change.
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Fig. 1. (A) Nomura equilibrium assembly map (6, 23). Protein binding dependencies at equilibrium are shown as arrows. Colored circles correspond to protein-
binding rates at 15 °C as measured by PC/QMS: 7.8 − 3.1 min−1 (Red), 0.7 min−1 (Orange), 0.042 − 0.015 min−1 (Green), 0.01 − 0.005 min−1 (Blue), and 0.003 −
0.0008 min−1 (Purple). The rates of S2 and S21 are not shown because those proteins bind transiently and hence kinetics cannot be observed using pulse-chase
(16). (B) Kinetic cycle with three proteins binding an RNA, showing two potential intermediates. (C) Prebinding PC/QMS experimental scheme. Prebinding
proteins are incubated with 16S rRNA at 40 °C before the pulse-chase.
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In a similar manner, the set of primary and secondary proteins,
S17, S4, S20, S16, S8, S15, S18, S6, S11, S7, S9, S13, and S19, were
prebound to determine the effects on subsequent tertiary protein
binding. In this experiment, the binding of all of the tertiary pro-
teins for which kinetics can be measured by PC/QMS was accel-
erated (Fig. 2C and Fig. S1). The most significant acceleration
was 7-fold for S10, which also showed a significant burst phase
(Fig. 2D). These results confirm that known thermodynamic de-
pendencies also generally correlate with kinetic cooperativity for
the tertiary binding proteins.

To determine if secondary proteins can nucleate assembly in
the absence of primary proteins, the set of secondary proteins
S16, S18, S6, S11, S9, S13, and S19 was prebound in the absence
of the primary proteins. In this experiment, none of the secondary
proteins bound tightly without exchange during the prebinding
stage, consistent with the thermodynamics of the Nomura map
(Fig. S1). Prebinding of the secondary proteins alone did not have
any significant positive effects on the binding rates of primary or
tertiary proteins, and had a negative effect on 50 domain primary

protein S4 (Fig. 2E). These data show that secondary proteins do
not have the same capacity for organizing rRNA as primary pro-
teins. Instead, their role in assembly may be to influence the con-
formation of the rRNA through initially weak interactions. If the
secondary binding proteins are weakly associating with 16S rRNA
during the prebinding, their association does not facilitate bind-
ing of primary proteins, which is consistent with the thermody-
namic hierarchy.

Prebinding of 50 and Central Domain Proteins. The 50 and central
domain proteins were prebound to measure the effect of inter-
domain kinetic cooperativity of 30 domain assembly. A pre-30S
particle with the 50 and central domain proteins bound might cor-
respond to a cotranscriptional assembly intermediate, and the
formation of this complex might be expected to rescue efficient
assembly of the 30 domain. Surprisingly, prebinding 50 and central
domain proteins did not accelerate binding of 30 domain proteins
except for a subtle (3-fold) acceleration for binding of S3 (Fig. 3A
and B). Furthermore, there was an unexpected decrease in the
extent of binding, (Fig. 3C and D and Fig. S2). The lower binding
extents indicate that the reconstitution was less efficient, perhaps
due to nonspecific binding of 50 and central domain proteins to
the 30 domain rRNA.

Another potential cotranscriptional assembly intermediate
contains the 50 and central domain proteins and the primary pro-
tein S7. Because S7 nucleates 30 domain assembly, prebinding this
set of proteins could be expected to accelerate the binding of
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Fig. 2. (A) Kinetic assembly map from primary protein prebinding experi-
ment. Observed kinetic cooperativity is indicated with colored arrows and co-
lored proteins. The thickness of the arrow relates to the magnitude of the
cooperativity,with large accelerations indicatedwith thick arrows andmodest
accelerations indicated with thinner arrows. Small gray arrows are from the
Nomura map. (B) Protein binding progress curves for protein S6 from experi-
ments prebinding only the primary proteins (Red) and a control experiment
(Blue). All curves are single exponential fits except those marked with an as-
terisk,whichwere best fitwith a double exponential. (C) Kinetic assemblymap
from primary and secondary protein prebinding experiment. (D) As for (B),
except showing S10 progress curves and including data from an experiment
prebinding both the primary and secondary proteins (Purple). (E) Kinetic as-
sembly map from secondary proteins prebinding experiment. No kinetic co-
operativitywas observed, and the bindingof protein S4was inhibited (Fig. S1).
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ponential. (B) Kinetic assembly map showing no significant kinetic coopera-
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downstream 30 domain proteins; however, efficient 30 domain as-
sembly was not observed in this experiment (Fig. 3E). The bind-
ing rates display relatively subtle (2- to 7-fold, Table 1) rate
enhancements and additional kinetic phases in the binding ki-
netics of S9, S10, S14, and S3, that are shown in Fig. 3A–C and
summarized in a kinetic map in Fig. 3E. The extent of 15N protein
binding was again lower compared to the control, indicating that
the efficiency of the reconstitution is lower. Taken together, these
two experiments show that the assembly state of the 50 and central
domains has little effect on the assembly kinetics of the 30 domain
and that there are additional assembly barriers after S7 has
bound. These data suggest the yield of low-temperature reconsti-
tutions is sensitive to changes in the starting point, and that the
16S rRNA with the 50 domain and central domain proteins bound
with S7 is likely not an authentic in vitro assembly intermediate.
Furthermore, prebinding of this extensive set of proteins does not
rescue efficient assembly of the 30 domain, indicating that the ki-
netic trap associated with 30 domain folding in vitro is likely due
to misfolding localized within the 30 domain.

Prebinding 30 Domain Proteins. Kinetic cooperativity within the
30 domain was investigated by prebinding different subsets of
30 domain proteins. Prebinding S7 alone caused significant accel-
eration in S9 binding (Fig. 4A and Table 1) and subtle accelera-
tion in S10 binding (Fig. 4B), with no other changes except an
overall lower binding extent (Fig. 4C). The kinetic cooperativity
between S7 and S9 is consistent with thermodynamic data, but the
lack of acceleration of S13 and S19 (Fig. S3) is not, because all
three proteins bind immediately downstream of S7 in the Nomura
map. These results suggest that there are additional slow steps
required for the binding of S19 and S13 that are independent
of S7 binding.

Prebinding experiments were then conducted with S7 in
combination with each of the three secondary proteins S9, S13,
and S19. Prebinding S7 and S13 together only caused the accel-
eration of S9 binding (Fig. 4A and D). Unexpectedly, prebinding
S7 and S9 together gave rise to no significant changes (Fig. 4E),
even though S10, S14, and S13 are all thermodynamically depen-
dent on S9 based on the Nomura map. Prebinding both S7
and S19 together showed significant accelerations across the

30 domain (Fig. 4F and Table 1). The extensive kinetic changes
upon prebinding of S7 and S19 were unexpected because S9
and S10 have no known thermodynamic dependency on S19.
These data suggest a previously unappreciated role for S19 as
a secondary organizer of the 30 domain. It is notable that although
S9 and S19 occupy similar places in the Nomura map, the trends
in their binding kinetics in these experiments diverge. S9 was af-
fected significantly and differently by each set of prebinding pro-
teins (Fig. 4A), whereas S19 was affected only subtly by the
prebinding of other 30 domain proteins (Fig. 4D). The binding
kinetics of tertiary proteins in the 30 domain did not change sig-
nificantly except for the experiment in which S7 and S19 were
prebound (Fig. 4B and Fig. S3).

Discussion
In general, these results provide a significantly deeper insight into
the mechanism of 30S ribosome assembly than can be inferred
from the Nomura map alone. Although some of the established
thermodynamic dependencies do correspond directly to observed
kinetic cooperativity, some do not correspond, and new kinetic
cooperativity has been observed with no thermodynamic effect
as a counterpart. Prebinding of subsets of r-proteins did not
promote more efficient 30 domain assembly, and several of the
prebinding experiments showed a reduced extent of reconstitu-
tion (Fig. S4C). The most efficient and complete reconstitution
reactions occurred with all the proteins added to the rRNA at the
same time, which is consistent with previous work showing that
protein binding and rRNA folding occur concurrently (17). This
is in contrast to observations of reconstitutions with a full com-
plement of recombinant r-proteins, for which an ordered addition
of proteins produces a more efficient reconstitution (33). In these
prebinding PC/QMS experiments, the absence of certain proteins
during the prebinding stage may have led to a less efficient recon-
stitution by causing a portion of the molecules to form kinetic
traps. Whereas the secondary protein prebinding experiment
showed that late-binding proteins do not bind stably or indepen-
dently, their transient associations (17) could facilitate ordered
and complete assembly by subtly directing local RNA folding.

Table 1. Significant rate increases observed with prebinding (s−1).
Fold changes are are of first order fitted rate for the prebinding
experiment to the control experiment. Bracketed rates are for
datasets that are biphasic according to statistical F-tests (Tables S1–
S10), and the resulting fold changes are approximate.

Protein Experiment kobs, control kobs, prebinding Fold change

S6 1° [0.030 ± 0.002] 3.6 ± 0.4 120
S10 1° [0.014 ± 0.002] [0.045 ± 0.008] 3
S11 1° [0.032 ± 0.003] 0.32 ± 0.04 10
S13 1° [0.014 ± 0.003] [0.06 ± 0.01] 4
S16 1° [0.81 ± 0.03] 1.4 ± 0.1 1.7
S18 1° [0.025 ± 0.003] 3.3 ± 0.2 13
S19 1° 0.0188 ± 7.E-04 [0.047 ± 0.003] 2
S5 1° + 2° 9.E-04 ± 6.E+04 0.020 ± 0.002 20
S10 1° + 2° [0.014 ± 0.002] [0.96 ± 0.08] 70
S12 1° + 2° 0.003 ± 0.001 0.052 ± 0.003 17
S14 1° + 2° 0.008 ± 0.001 0.048 ± 0.002 6
S3 5′ + c + S7 0.007 ± 0.001 [0.02 ± 0.002] 3
S9 5′ + c + S7 [0.018 ± 0.002] [0.12 ± 0.01] 7
S10 5′ + c + S7 [0.014 ± 0.002] [0.023 ± 0.002] 1.6
S14 5′ + c + S7 0.008 ± 0.001 [0.013 ± 0.001] 1.6
S9 S7 [0.018 ± 0.002] [0.47 ± 0.05] 26
S9 S7 + S13 [0.018 ± 0.002] [0.082 ± 0.004] 5
S9 S7 + S19 [0.018 ± 0.002] [4.9 ± 0.2] 300
S10 S7 + S19 [0.014 ± 0.002] [1.26 ± 0.08] 90
S13 S7 + S19 [0.014 ± 0.003] [3.1 ± 0.4] 200
S14 S7 + S19 0.008 ± 0.001 0.0121 ± 8.E-04 1.5
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Fig. 4. (A)–(B) Protein binding progress curves for proteins (A) S9 and (B) S10
from a control experiment (Blue), prebinding of S7 (Green), prebinding of S7
and S19 (Red), and prebinding of S7 and S13 (Purple). Double exponential
curves are indicated with an asterisk. (C)–(F) Kinetic assembly maps of the
30 domain only from experiments prebinding (C) S7 alone, (D) S7 and S13,
(E) S7 and S9, (F) S7 and S19 (Fig. S3).
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Additional kinetic phases were a feature of the data from sev-
eral prebinding experiments. Most proteins that were monopha-
sic or had only a minor second phase in the control experiment
exhibited biphasic behavior in at least one prebinding experiment
(Fig. S5A). In some cases, a burst phase caused a significant
portion of the binding to be complete by the first time point
(Fig. S5B). Additional kinetic phases are evidence of multiple po-
pulations of particles binding proteins at different rates, that is,
through multiple parallel assembly pathways (8, 16, 17). It is clear
in these cases that kinetic cooperativity is a result of the prebind-
ing step rendering some portion of the 16S molecules more com-
petent to bind downstream proteins, presumably because some
slow folding steps that are required have already been completed
during the prebinding.

Comparison of Kinetic and Thermodynamic Cooperativity. These ex-
periments were expected to reveal kinetic cooperativity that is
similar to the thermodynamic dependencies previously observed,
however, only some thermodynamic dependencies translated into
kinetic cooperativities, revealing additional complexity in the as-
sembly landscape. Prebinding the primary proteins showed that
kinetic cooperativity in the central domain closely mirrors ther-
modynamic dependency. Kinetic cooperativity is also closely as-
sociated with thermodynamic dependency for tertiary binding
proteins in the 50 and 30 domains, as shown by the results of the
experiment prebinding both primary and secondary proteins. It
appears that there is a higher degree of kinetic cooperativity
in the late stages of assembly as compared to the early stages,
which may reflect the requirement for prior organization of much
of the 16S rRNA. In the 30 domain, S9 was accelerated to varying
extents in all three 30 domain prebinding experiments, suggesting
there are several assembly pathways leading to S9 binding. Be-
cause no such acceleration was observed for S19, which occupies
a similar position in the assembly map, it appears that the two
assembly branches in the 30 domain, the S9 and S19 branch, differ
in their assembly mechanisms. Specifically, it is likely that an ad-
ditional slow folding event is required after the binding of S7, be-
fore S19 can bind stably without exchange. In the case of S19
prebinding, kinetic cooperativity was observed where there was
no thermodynamic dependency, suggesting S19 may direct as-
sembly through channels not evident from thermodynamic data.
Although this was surprising, it has been previously noted that
S19 likely plays a greater role than other 30 domain secondary
proteins in 16S rRNA conformational changes during the late
stages of assembly (21). In addition, S19 is known to interact with
the ribosome biogenesis factor RimM (34), so those two proteins
together may facilitate efficient 30 domain assembly in vivo. In the
case of S9 and S10, prebinding of S19 revealed kinetic coopera-
tivity where no thermodynamic cooperativity had been previously
observed. It is possible that S19 acts in part as a chaperone in the
binding of these proteins, both lowering the energy barrier to S9
and S10 binding and also stabilizing the pre-30S conformations
that are competent to bind them.

The thermodynamic data that inspired these prebinding ex-
periments are the dependencies described by the Nomura as-
sembly map. These dependencies were revealed by omission
and addition experiments, where the extents of r-protein binding
to 16S rRNA at equilibrium changed depending on the presence
or absence of other r-proteins. In a two-state system, the ratio of
the binding and dissociation rates corresponds to the equilibrium
constant, and the apparent binding rate, kobs, corresponds to the
sum of the binding and dissociation rates. PC/QMS measures the
rate of formation of a kinetically stable complex, and complexes
with a fast dissociation rate are not observed because the chase
provides an opportunity for exchange. In contrast, such unstable
initial encounter complexes were observed in a recent time-
resolved hydroxyl radical footprinting study (17). Unlike a simple
two-state system, ribosome assembly is a complex multistate sys-

tem with many potential unseen intermediates with unknown
rates of formation. Although kinetic data from prebinding experi-
ments help describe the effects of specific proteins, it can be dif-
ficult to attribute the rates observed to specific molecular events.
The complex relationship between the thermodynamic data
and the prebinding kinetic data is particularly apparent in the
30 domain, where fluxes and populated intermediates are not well
predicted from the Nomura map.

Interdomain Cooperativity. The 50 and central domain proteins
were prebound to test the hypothesis that creating a puta-
tive assembly intermediate might rescue fast assembly of the
30 domain. However, there was little interdomain kinetic coop-
erativity, which suggests that the formation of interdomain long-
range tertiary interactions is not necessary for stable r-protein
binding within domains, consistent with the ability of individual
domains to assemble independently (10–12). These experiments
also provide evidence that nonnative interdomain interactions
are likely not a source of kinetic traps in reconstitution, and in-
stead, the assembly of the 30 domain is likely limited by folding
events that occur within the domain. However, given that the cen-
tral domain proteins bind mainly to the 50 half of the central do-
main rRNA (35), the possibility remains that there is nonnative
association between the 30 domain rRNA and the 30 half of cen-
tral domain. Recent work has shown that a circularly permutated
16S rRNA with the 30 domain positioned 50 to the remainder of
the 16S in the genome is competent to form functional ribosomes
(36), indicating that the domain order is nonessential. The native
domain order may still be preferred, as the permuted 16S rRNA
requires the presence of the DeaD helicase. In general, the per-
mutation experiment provides further support to the hypothesis
that interdomain interactions are not essential during assembly.

Efficiency of Prebinding. There is evidence that initial r-protein
binding is transient and kinetically unstable (17). Unstable
rRNA-protein complexes were also observed in our experiments,
during the prebinding phase. Proteins that prebound stably had a
low fraction 15N throughout all time points, because the 14N pre-
bound protein occupied all available binding sites (Fig. S5A
and B). Other proteins, that prebound unstably, showed a higher,
time-dependent fraction 15N as transiently prebound protein fell
off and was partially replaced with 15N protein during the pulse
(Fig. S4B). It is also possible that some 14N prebinding proteins
failed entirely to associate with the rRNA, but given the encoun-
ter complex observations (17) it is more likely that these proteins
were transiently associated with their binding sites. In either case,
partially or transiently prebound proteins produce a heteroge-
neous population of pre-30S particles, which is revealed by high
and time-dependent fraction 15N values. In most cases, the rate of
increase of the fraction 15N of the prebound protein was similar
to the binding rate observed in the control experiment. The con-
trol experiment also shows evidence of multiple populations of
particles assembling through different pathways, so it seems likely
that prebinding alters the pre-30S populations and that observed
kinetic changes are the result of some of the populations assem-
bling faster, whereas the rate of assembly of other populations
may remain unchanged. The proteins that bound transiently or
partially in prebinding experiments were S5, S7, S9, S11, S13,
and S19. A similar subset of proteins was found to bind tran-
siently in a previous pulse-chase experiment designed to test
binding stability in the presence of a chase (37). Unstable binding
also occurred in the experiment with secondary proteins pre-
bound, which showed no acceleration for primary or tertiary pro-
teins. These results suggest that although secondary proteins may
bind transiently to the rRNA (17) they do not significantly drive
rRNA folding in the absence of the primary proteins.
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Conclusions
In E. coli, ribosome assembly is very efficient, because exponen-
tially growing cells need to produce tens of thousands of
ribosomes every generation (38). During in vivo ribosome biogen-
esis, it is thought that r-proteins bind as soon as their binding sites
have been transcribed (14, 15), which likely avoids some kinetic
traps that occur in vitro during reconstitution with intact rena-
tured 16S rRNA. The 50–30 terminal stem loop flanking the ma-
ture 16S rRNA (39) may also limit the conformations that the
rRNA can assume prior to processing by Rnase III. Furthermore,
the most significant conformational changes that occur during ri-
bosome biogenesis may be assisted by assembly factors such as
helicases, GTPases, and other proteins (3). The rate-limiting
steps that have been identified here, as locations where kinetic
cooperativity is absent and thermodynamic dependency is pre-
sent, may be points where assembly factors facilitate ribosome
biogenesis.

This set of prebinding PC/QMS experiments has revealed ad-
ditional complexity in the landscape of in vitro assembly that will
inform and enable future work probing the mechanism of 30S
ribosomal subunit assembly. These experiments revealed cases
where kinetic and thermodynamic cooperativity aligned, cases
where kinetic cooperativity was absent, and cases where kinetic
cooperativity without thermodynamic precedent was observed.
The kinetic cooperativity described here, such as that between
S19 and other 30 domain proteins, has significant implications for
the understanding of intermediate populations and assembly
pathways. Defining the rate-limiting steps during in vitro assem-

bly provides valuable general insights into the kinetic traps for
formation of ribonucleoprotein complexes, in addition to
providing hints at the roles of ribosome assembly factors during
biogenesis.

Methods
Stable-isotope pulse-chase experiments were performed as described pre-
viously with some modifications (8). For prebinding experiments, a prebind-
ing step was added before the 15N pulse, in which mixtures of individually
purified proteins or buffer were mixed with 180 pmol 16S rRNA and incu-
bated at 40 °C for 40 min to 60 min in reconstitution buffer (RB, 25 mM Tris
pH 7.5, 20 mM MgCl2, 330 mM KCl, 2 mM DTT). The concentration of 16S
rRNA during the prebinding step was 0.33 μM, and the concentration of pro-
tein was 0.49 μM. Five minutes before the start of the pulse, the samples were
transferred to a 15 °C water bath. The pulse consisted of 45 μl of 6 μM 15N
TP30 in RB, and ranged in length from 10 sec to 22 h. Upon addition of a
chase of 135 μl of 10 μM 14N TP30 in RB, the samples were immediately trans-
ferred to 40 °C and incubated for 40 min, after which they were placed on ice.
Subsequent purification and LC-MS analysis was carried out as described pre-
viously (16, 40). The kinetic curves were fit to a double or single exponential
curve, depending on the results of F-tests, using a 95% confidence interval
(Fig. S6 and Tables S1–S10.)
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