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Abstract
Ribonucleoprotein particles (RNPs) are important components of all living systems, and the assembly
of these particles is an intricate often multisteped process. The 30S ribosomal subunit is composed
of one large RNA (16S rRNA) and 21 ribosomal proteins (r-proteins). In vitro studies have revealed
that assembly of 30S subunit is a temperature-dependent process involving sequential binding of r-
proteins and conformational changes of 16S rRNA. Additionally, a temperature-dependent
conformational rearrangement was reported for a complex of primary r-protein S4 and 16S rRNA.
Given these observations, a systematic study of the temperature dependence of 16S rRNA
architecture in individual complexes with the other five primary binding proteins (S7, S8, S15, S17
and S20) was performed. While all primary binding r-proteins bind 16S rRNA at low temperature,
not all r-proteins/16S rRNA complexes undergo temperature-dependent conformational
rearrangements. Some RNPs achieve the same conformation regardless of temperature, others show
minor adjustments in 16S rRNA conformation upon heating, and finally others undergo significant
temperature-dependent changes. Some of the architectures achieved in these rearrangements are
consistent with subsequent downstream assembly events such as assembly of the secondary and
tertiary binding r-proteins. The differential interaction of 16S rRNA with r-proteins illustrates a
means for controlling the sequential assembly pathway for complex RNPs and may offer insights
into aspects of RNP assembly in general.
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INTRODUCTION
The Escherichia coli (E. coli) 30S ribosomal subunit is composed from 16S ribosomal RNA
(rRNA) and 21 ribosomal proteins (r-proteins), and it can be a rich source of information for
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the student of RNA-protein interactions. The crystal structure of the ribosome from E. coli was
determined recently,1 and detailed structures of the individual 30S ribosomal subunit are also
available2; 3. As these structures represent end points for the assembly process, they are very
useful in analyzing assembly events. Additionally, the structures of some of the unliganded r-
proteins have also been determined4; 5; 6; 7; 8; 9. Comparison of free and 30S bound r-proteins
allows inferences about changes in r-protein structure, as a result of ribonucleoprotein particle
(RNP) assembly to be proposed. However, very few detailed structures of segments of 16S
rRNA are available and thus similar inferences about RNA conformational changes during
ribosome assembly have not been put forth. While the understanding of RNA-protein
interactions has been greatly enhanced by advances in RNP crystallography, a detailed view
of conformational changes during RNP assembly is still lacking. This is particularly important
for RNPs containing large RNA molecules. Systematic studies, using a well characterized
model system, such as the 30S ribosomal subunit, will advance our understanding of events
central to RNP assembly.

The E. coli 30S subunit is a good model for RNP assembly as it can be reconstituted into a
functional conformation in vitro from its isolated components10. This system has allowed
analysis of RNPs of varying composition and use of transcribed 16S rRNA or fragments thereof
to be studied11; 12. This system has also revealed that the sequential binding of r-proteins to
16S rRNA is a critical step in orchestrating formation of functional 30S subunits. Traditionally,
the r-proteins have been categorized into three assembly classes, as indicated in the in vitro
assembly map13; 14(Figure 1a). The r-proteins that bind directly and independently to 16S
rRNA are classified as primary, and they are S4, S7, S8, S15, S17 and S20. The secondary
binding proteins, S5, S6, S9, S11- S13, S16, S18 and S19 bind 16S rRNA after the assembly
of at least one primary protein, while the tertiary binding proteins, S2, S3, S10, S14 and S21,
require association of at least one primary and one secondary r-protein for their binding. These
data suggest that r-proteins associate in an ordered cascade and that primary binding r-proteins
play critical roles in domain organization.

Analysis of 30S subunit assembly in the presence of all or many of the r-proteins, has revealed
global trends, without dissecting the role of the individual r-proteins. The presence of all r-
proteins allows the concerted changes in the conformation of 16S rRNA to be assessed, but by
necessity obscures the contribution of individual proteins. For example, in the study of the
temperature-dependent dynamics of 30S subunit assembly, the r-proteins were classified in
different kinetic classes based on their footprints observed in previous studies of less complex
RNPs15. For some primary binding r-proteins only a subset of their footprints were observed;
for example, only a third of the S15-specific16 and about half of the S7-specific footprints17
could be assigned in this ensemble study15. Thus, while these bulk approaches are illuminating,
data can be masked or invisible, and further analysis of more minimal systems may be necessary
to fully dissect the scope of changes during assembly processes.

Conformational changes play an important role in the assembly of the 30S ribosomal subunit.
In vitro 30S subunit assembly involves a large conformational change from one intermediate
to another18; 19 en route to 30S subunit formation, and this change can be facilitated by
increased temperature20. Changes in 16S rRNA architecture associated with this assembly
pathway have been detailed21; 22 using a defined subset or all of the small subunit r-proteins.
Our understanding of the roles of r-proteins in orchestrating the architectural changes would
be advanced by determining more exactly which r-proteins contribute to these specific
conformational changes. Indeed, this approach has proven useful in analyzing the interaction
of 16S rRNA with a single r-protein, S4, as function of temperature23. A temperature-
dependent conformational change of 16S rRNA in the presence of S4 was observed when the
complexes were formed at different temperatures (0, 30 and 42°C)23. These changes were
revealed by differences in the chemical modification pattern of 16S rRNA in the minimal
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complexes. This approach may be particularly fruitful now, as structures of 30S subunits1; 2;
3 allow a better understanding of the implications of temperature influence on the RNP
architecture, and subsequently on assembly.

To the best of our knowledge, other than the paper of Powers et. al (1995) there are few studies
in which protein-RNA interactions at different temperatures are dissected by structural
methods. Some studies have shown a dependence of the kinetics of RNA-protein interactions
on temperature24; 25. Additionally, there are a few studies in which small differences in the
RNA-protein binding constants at different temperatures were observed,26; 27 but no detailed
structural analysis of the complexes was performed. In an attempt to dissect temperature-
dependent changes in RNP structure, a footprinting study of the complexes of 16S rRNA and
individual primary r-proteins formed at different temperatures was undertaken. This approach
allows temperature-dependent changes to be revealed. This systematic analysis of the
independent interactions of all of the primary binding r-proteins with 16S rRNA will allow a
better understanding of the rRNA/r-protein interactions.

RESULTS
Complex formation and chemical probing of binary RNPs

Individual complexes of natural 16S rRNA with the recombinant primary binding r-proteins
S7, S8, S15, S17 and S20 (S4 was generally omitted as it had been studied previously23) were
formed by incubating the reaction mixture at either 0°C or 42°C and a third complex was
formed by incubating the reaction mixture first at 0°C and then at 42°C, and herein will be
referred to as “shifted” complex. Once complexes had been formed, all particles were placed
on ice and probing was performed at low temperature. This approach will allow the detection
of r-protein facilitated temperature-dependent differences in 16S rRNA architecture and for
the “shifted” complex will reveal if either the low or high temperature interactions predominate.
The reactivity of 16S rRNA in these complexes and of naked 16S rRNA incubated at the
appropriate temperature, toward the base specific probes dimethyl sulfate (DMS) and kethoxal
was investigated by primer extension analysis. In the previous work on the S4/16S rRNA RNP,
no temperature-dependent differences were observed when the RNA backbone was probed
with hydroxyl radicals23 and our findings for other primary r-protein containing RNPs are
consistent with this earlier work (data not shown). Given that a large number of direct contacts
between the 16S rRNA backbone and these r-proteins were observed in the structure of 30S
subunits1; 28, this confirms association of the primary binding proteins under the experimental
conditions. Additionally, our results are also consistent with the observation that when
temperature-dependent conformational rearrangements are observed, both components must
be heated together for the changes to occur (data not shown). The reactivities observed for
naked 16S rRNA at 42°C and complexes formed at 42°C were very similar to the ones
previously published for similar conditions16; 17; 29. Throughout this manuscript, reference
to previous footprints implies those observed for complexes of r-proteins with 16S rRNA that
were formed at high temperature, since until this work a comprehensive low temperature
analysis was lacking. Our data reveal a similar probing pattern for the shifted complexes and
those formed at 42°C, and thus these two sets of RNPs will be discussed as one. The results
indicate that the primary binding protein/16S rRNA RNPs can be classified into three distinct
groups as regards temperature-dependent conformational rearrangements. One class reveals a
large temperature-dependence, as previously reported for S423. A second class reveals slight
temperature-dependence, where most of the footprints are observed at low temperature, but
the intensity is not fully reached until after heating. Somewhat surprisingly, the proteins from
the third class reveal virtually no temperature-dependence. Thus it appears that not all primary
r-protein/16S rRNA complexes undergo obvious temperature-dependent conformational
rearrangements. Data for each of the r-protein/16S rRNA complexes will be discussed below.
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S20/16S rRNA complexes
X-ray crystallographic studies of 30S subunits reveal that S20 is one of the few r-proteins that
interacts with two different domains of 16S rRNA, the 5' domain (body) and H44 of the 3'
minor domain1; 30(Figure 1b). This is consistent with all of S20 footprints being localized in
the 5' domain and in H4429. No differences in the footprints were observed between the
S20/16S rRNA complexes regardless of the temperature at which they are formed (see Table
1, Figure 2a-d, Figure 3). Thus, it appears that in the minimal binary particle S20 and 16S
rRNA interact in a temperature-independent manner. These results are in marked contrast to
those previously reported for the S4/16S rRNA RNP23 and suggest that the primary r-proteins/
16S rRNA RNPs can behave differently.

S17/16S rRNA complexes
Structural studies revealed that in the context of 30S subunits, r-protein S17 makes contacts
with helix 11 of the 5' domain and helices 20, 21, 22 of the central domain (Figure 1b) 1; 30.
However the footprints in the minimal S17/16S rRNA particle are present almost exclusively
(12 out of 15) in helix 1129. Our results reveal that the footprints, which are all protections,
are the same regardless of the temperature of S17/16S rRNA complex formation (Table 1,
Figure 2e, f, Figure 3). Thus, similar to what was observed with S20 (see above), temperature
seems to have no effect on the footprints of r-protein S17 on 16S rRNA. These results suggest
that r-protein dependent organization of portions of the 5' domain can occur in a single step
and that the temperature of complex formation has no obvious effect on this interaction.

S15/16S rRNA complexes
The footprints specific for S15 in the minimal RNP are localized in helices 22 and 2316 and
these are very consistent with S15 binding the three way junction formed by H20, H21 and
H22 in the full 30S subunits (Figure 1b)1; 30. Thus, in both minimal and more elaborate
particles,31 S15 interactions are restricted to the central domain of 16S rRNA. The slight
temperature-dependent conformational adjustments observed for the S15/16S RNP (Table 1,
Figure 2g, h, Figure 3) are distinct from those observed for S20 and S17 (see above) and those
reported for S423. All of the S15 temperature-dependent footprints follow a similar pattern
(Figure 3). S15-dependent protections appear at 0°C, but four of these develop in intensity at
higher temperature (Figure 2g, h). Only one temperature-dependent footprint is observed in
helix 22, where the majority of the crystal contacts between S15 and 16S rRNA are
observed1 (Figure 3). The majority of these changes in reactivity of nucleotides due to altered
temperature are present in helix 23, which is not involved in direct RNA-protein contacts in
the crystal structure of 30S subunits1. These results suggest that binding occurs at low
temperature but the complex of S15 and 16S rRNA is further accommodated at higher
temperature.

S8/16S rRNA complexes
The footprints specific for S8 in the minimal particle are present in the 530 loop, 570 region,
helices 20, 21 and 23, and also the 820 and 860 regions16. In general, many S8 footprints are
near junctions for the 5' and central domains, and for the central and the 3' domains (Table 1,
Figure 2i-n, Figure 3). No temperature-dependent footprinting changes are observed in the 3-
way helical junction, H20/H21/H22, in the S8/16S rRNA complex (Figure 3). In the RNP
containing S8 and 16S rRNA formed at 0°C, many of the enhancements and protections specific
to the binding of S8 at 42°C are observed (Figure 2i-n, Figure 3). However, most nucleotides
in helix 23 (Figure 2k, l), 530 and 570 loops (Figure 2i, j), which are footprinted by S8, reveal
a temperature-dependent requirement for attaining the full extent of footprinting (Figure 3).
Hence, the majority of the S8 specific footprints are not as intense at 0°C as at higher
temperature. The largest temperature-dependent differences in the reactivities are observed for
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the nucleotides from helix 26 and the 860 region (Figure 2m, n; Figure 3c). These results
suggest that a conformational rearrangement of the S8/16S rRNA complex may be involved
in organizing the more 3' elements of the S8 binding site.

S7/16S rRNA complexes
S7 nucleates the assembly of the head of the 30S subunit, by binding to two multiple-stem
junctions of the 3' domain of 16S rRNA, H28/H29/H43 and H29/H30/H41/H42 (Figure 1b)1;
30. Consistent with its RNA interactions in the 30S subunit, binding of S7 has been shown to
affect the reactivity of many 16S rRNA nucleotides in footprinting experiments17. Our data
indicate that the S7/16S rRNA RNP undergoes extensive temperature-dependent
conformational rearrangements (Table 1, Figure 2o-s, Figure 3). For all the regions footprinted
by S7 temperature-dependent alterations in reactivity are observed, suggesting that
conformational rearrangements are prevalent for this complex (Figure 3c). When the S7/16S
rRNA containing RNP is formed at low temperature, approximately 16% of the high
temperature footprints are detected. Interestingly, there is a correlation between footprints that
are observed at 0°C and direct contacts between S7 and 16S rRNA that are apparent in the 30S
subunit1. Direct contacts between S7 and the 1350/1370 loop of 16S rRNA are present in the
structure of the 30S subunit and protections in this region are observed at 0°C (Figure 2q-s,
Figure 3a). Almost all of the other S7-specific footprints are absent in complexes formed at
low temperature. Strong temperature dependence is observed at the three way junction H28/
H29/H43 and the multiple-stem junction H29/H30/H41/H42, suggesting that these elements
are altered as a consequence of temperature-dependent rearrangements (Figure 3c). Thus, the
extent of temperature-dependent changes observed with the S7/16S rRNA RNP are the most
similar to those reported for S4/16S rRNA complexes23.

DISCUSSION
The results presented in this manuscript and those published earlier by Powers and Noller23
clearly illustrate that the interaction of primary binding r-proteins with 16S rRNA can be
significantly influenced by temperature. However, not all the primary binding r-protein/16S
rRNA particles appear to undergo temperature-dependent conformational rearrangements. The
study of these relatively simple RNPs, in isolation from the remaining small subunit
components, has allowed a detailed analysis of their specific interactions. Our data suggest that
the assembly of 16S rRNA containing RNPs can occur at distinct stages and that some of these
RNPs can progress from one conformation to another in a temperature-dependent manner,
while others appear less dynamic. These studies allow insight into multiple mechanisms of
primary binding protein interaction with 16S rRNA and underscore the complexity of 30S
subunit assembly and RNP formation in general.

For the RNPs that display strong temperature-dependent conformational rearrangement, a
concern might be whether binding occurs at low temperatures or if binding constants are similar
at various temperatures. While there are only a few studies in which binding of r-proteins to
16S rRNA is analyzed as a function of temperature, those that have been done are supportive
of association of r-proteins with 16S rRNA under such conditions24; 25; 32; 33. Binding
constants were determined at 0°C and 42°C for S432 and S824; 33. The binding constants are
of the same order of magnitude (107) but the values are slightly less at low temperature than
observed at high temperature. The binding rates during assembly for the majority of the 30S
subunit r-proteins were determined by pulse chase quantitative mass spectrometry at 15°C and
40°C25. Binding is observed at 15°C for all the primary r-proteins25, although there are some
temperature-dependent rate differences. In addition, in vitro 30S subunit assembly studies
indicate that primary and secondary binding r-proteins can bind at low temperature, as an
intermediate composed of 16S rRNA and these r-proteins is readily detectable20; 34. Thus,
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the temperature-dependent footprinting changes reported herein are not likely due merely to
association events, but most probably reflect RNP rearrangements.

There are many protections that do not overlap with direct contacts between r-proteins and 16S
rRNA in the 30S subunit1; 34. These likely represent regions of 16S rRNA which change
environment upon r-protein binding or represent contacts that form transiently, but are not
observed in the fully assembled 30S subunit. Nonetheless the comparison of our protection
data (the enhancements can be ignored in this context) and base-specific direct contacts reveals
some interesting trends. Many of the nucleotides which are protected at low temperature
correspond with sites that are in direct contact with r-proteins in the 30S structure1; 35. While
the correlation is far from absolute, it raises an interesting possibility for the effects on 30S
subunit assembly. At low temperature the r-proteins may make initial contact with a major
binding site in 16S rRNA and these interactions may be largely maintained throughout RNP
assembly. At high temperature, the structure of the r-proteins/16S rRNA RNPs can be altered,
thus resulting in changes in reactivity of specific nucleotides. These changes are often more
remote from the actual contact sites of r-proteins with 16S rRNA and may have profound effects
on subsequent assembly events.

Another interesting correlation exists between temperature-dependent footprinting changes
and the size and structure of the r-protein (Figure 6). RNPs containing the two smallest primary
binding proteins S17 and S20 show no temperature dependence, while only a slight temperature
dependence is observed for the RNPs containing the next smallest primary r-protein, S15.
Additionally, S8/16S rRNA shows more temperature dependence than the three smaller r-
proteins mentioned above while RNPs containing S4 and S7, the largest primary binding r-
proteins, show the highest degree of temperature-dependent conformational rearrangement.
One possible explanation of these observations relates to the domain organization of these r-
proteins. The smaller r-proteins tend to contain only one domain1; 28. Structural studies have
revealed that the core structures of S151; 28 and S177;1; 28are very similar when unliganded
or part of the 30S subunit, thus correlating well with the minimal temperature-dependence
observed in these RNPs. The larger r-proteins tend to be composed from multiple “domains”
or a more globular domain and some extended less canonical protein structures28; 1. Thus
differential interactions of r-proteins revealed in this and previous23 work can be correlated
with structural characteristics of these primary binding r-proteins.

The primary r-proteins S17 and S20 show little or no temperature dependence for the interaction
with 16S rRNA and bind mainly to the 5' domain of 16S rRNA. Interestingly, it was shown
that the 5' domain of naked 16S rRNA has structural features similar to those observed in the
30S subunit36, consistent with fewer r-protein dependent structural accommodations. Our
findings for S17 and S20 are consistent with other studies looking at assembly dynamics in the
context of all the small subunit r-proteins15; 21; 22. S17 and S20 are the only r-proteins that
have all of the corresponding footprints in one kinetic class: the early binders15. Thus it appears
that S17 and S20 have similar properties when studied in isolation or in ensemble studies.

The r-protein S15 is one of the proteins where the advantages of studying minimal complexes
are obvious. Only five footprints specific for S15 were identifiable in the assembly dynamics
study15, while in our experiments we were able to assess the majority of S15 dependent
footprints. Additionally, while we observe many footprints at 0°C, only one footprint was
attributable to S15 at that temperature, when all the r-proteins are present15. Also, some of its
footprints coincide with direct RNA-protein contacts in the 30S subunit1; 16. Thus our
experiments give a more detailed understanding of the role of S15 in facilitating changes in
16S rRNA architecture which are consistent with the contacts observed in the fully assembled
30S subunit.
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Additionally, our studies using the minimal S8/16S rRNA binary complexes reveal more
details, than assembly studies using a full complement of r-proteins. When S8 footprints are
followed in the presence of all the r-proteins, no footprints specific for S8 were observed at 0°
C15. Based on these data one cannot conclude if S8 binds to 16S rRNA at low temperature.
However, when the minimal S8/16S rRNA complex is formed at the same temperature, the
majority of S8 specific footprints are observed (Figure 3a). In fact, the majority of the footprints
specific for S8 are observed at low temperatures, although many of them are only partial (Figure
3a, b). Thus our results are not in complete agreement with the classification of S8 as a mid-
binding r-protein15. Overall these data might support a designation of early-mid binding
protein for S8 since it can bind at an early phase, as epitomized by low temperature association,
but it is further accommodated later in assembly in a temperature-dependent manner.

The S8 footprints which reveal differential temperature-dependent conformational changes are
also somewhat clustered in the mature 30S subunit. On the three dimensional structure of 16S
rRNA from 30S subunits1 the footprinting classes almost appear to be layered (Figure 4e, f).
All the protections that appear at 0°C are clustered, and they are in the lower part of the 30S
subunit. The protections that emerge only at 42°C are also clustered and are localized more
toward the head of the 30S subunit (Figure 4e). The protections that appear at 0°C and achieve
a higher level of footprinting at 42°C are proximal to one another and are somewhat in between
the other two sets. Thus it appears that there is a relative spatial context to the conformational
rearrangement associated with the S8/16S rRNA particle.

The majority of the S7 footprints that appear at 0°C are grouped together on the three
dimensional structure of 16S rRNA from 30S subunits1 (Figure 5e, f). They are localized in
the region of 16S rRNA that is near the N-terminus of S7. The protections that appear at 42°
C are more dispersed; nonetheless many of them are clustered along one region of the head
(Figure 5e). There is also a trend that can be related to the proximity of the sites to S7 and the
extent of temperature dependence observed: the enhancements which are more proximal to S7
are initially observed at 0°C and become more intense at 42°C, while the ones that are more
distal from S7 mostly appear only in the complex formed at 42°C (Figure 5f). This may reflect
that many direct contacts are formed at low temperature and long range changes are augmented
at higher temperature. Thus it appears that S7/16S rRNA undergoes an extensive temperature-
dependent conformational rearrangement and that this rearrangement is consistent with the
architecture of the 30S subunit and allows long range conformational rearrangements to be
revealed.

Our data reveal that binding of S7 can be dissected into two separable phases, allowing a model
for the sequential interaction of S7 with 16S rRNA to be proposed. In this model, the highly
charged N-terminus and the first helical elements of S7 would associate with 16S rRNA in the
initial phase, while the second binding event involving the C-terminal portion of S7 would
occur in the second phase, as revealed by temperature-dependent changes (Figure 5e, f). This
proposal is consistent with studies in which the binding constants for the complexes formed
between 16S rRNA and fragments of S7 were determined37. If the N-terminus of S7 is deleted
binding to 16S rRNA is destroyed. However, when the N-terminus of S7 is intact but other
parts of S7 are deleted, the binding constant decreases but the protein-RNA interaction still
takes place37. These findings are also consistent with in vivo studies which indicate that when
the N-terminus of S7 r-protein is deleted, the assembly efficiency is reduced to about 3% of
that observed for full length S738. Thus our data reveal a model for a two stage association of
S7 with 16S rRNA that is supported by other in vitro and in vivo studies, and likely reveal
details of bipartite association of r-proteins with 16S rRNA.

As suggested earlier for S7, the binding of S4 could occur in two steps which are revealed by
the temperature-dependence of the footprints23. First, the more globular central domain of S4
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would bind, and then the N- and C-termini would bind latter, as revealed by the temperature-
dependent rearrangement of this RNP23. As the temperature-dependent S4 specific footprints
are more dispersed throughout the 16S rRNA, and many of them are quite remote from the
area of S4/16S rRNA direct contact (Figure 5c), it could be suggested that S4 facilitates long
range conformational rearrangements during the course of 30S subunit assembly. For S4, it
seems that the core protein structure is similar before and after binding to 16S rRNA1; 6; 9;
28 although information is only available for a subfragment of S4 in the free form9.

The temperature-dependent changes observed for some of the 16S rRNA-primary r-protein
containing RNPs have significant implications for subsequent assembly events. The majority
of the experiments performed to analyze the assembly dependence of the small subunit r-
proteins were carried out at elevated temperature. Thus the work presented here aids in our
understanding of the requisite order that has been observed. One interesting example of this is
found in the functionally important 530 loop. Enhancements of specific nucleotides in this
region requires both S816 and elevated temperature. Previous work has revealed that in
subsequent stages of assembly these enhanced nucleotides become less reactive to chemical
probes in an S5-dependent manner. Thus r-protein mediated temperature-dependent
conformational changes could be critical for perpetuation of the 30S subunit assembly cascade.

The complexity of the spectrum of interactions between RNA and proteins is well illustrated
in our model system. Even in the same RNP, differential folding of segments of the RNA
molecule with a single protein can be observed. Simple single phase interactions are observed,
in general, with RNA binding proteins that are very small, and well structured. In other
instances, a more regulated process appears to be utilized. Alteration of temperature can be
used to reveal modulation of folding of RNA within these RNP. Changes in RNA structure
within the RNP can be subtle, such as fine adjustments, or quite substantial. Our simple study
suggests that the r-proteins can interact with 16S rRNA differentially and that at least two types
of induced fit are observed: when only the RNA is changing its conformation after binding and
when both the RNA and the protein are changing conformation at binding.

Materials and Methods
16S rRNA/r-protein complex formation

The complexes were prepared from 16S rRNA and the 30S subunit recombinant r-proteins
isolated as described previously39; 40; 41. The buffers used at the formation of the RNPs are:
reconstitution A minus buffer (RA−) which is 20 mM K+-Hepes (pH 7.6), 20 mM MgCl2, 6
mM β-mercaptoethanol; reconstitution A plus buffer (RA+) which has the same composition
as RA−, plus 330 mM KCl. The complexes were formed as follows: natural 16S rRNA in RA
− was incubated at 42°C for 15 minutes, followed by 10 minutes on ice prior to complex
formation. 40 pmoles of 16S rRNA were mixed with 200 or 240 pmoles of the appropriate r-
protein, and the final KCl concentration was adjusted to 330 mM, by using the appropriate
ratios of RA+ and RA−, and taking into account that the protein solutions are 1 M in KCl. The
reaction mixture was incubated at the desired temperature, 0°C or 42°C for 1 h, or for the
shifted complex, 30 min at 0°C and 30 minutes at 42°C. Two samples containing only 16S
rRNA were also incubated at 0°C or 42°C, for comparison. All samples were then incubated
on ice for ten minutes, before probing.

Chemical probing and primer extension analysis of the 16S rRNA/r-protein complexes
Chemical probing of 16S rRNA, and the RNPs with kethoxal and DMS was performed as
previously described39; 42 except that the reactions were performed on ice. The probing times
were: kethoxal, 60 min and DMS, 120 min. Each complex was independently probed 2-5 times
using 16SrRNA from two different preparations.
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Primer extension was performed essentially as described39; 42. Each primer extension was
performed multiple times with primers designed to redundantly cover appropriate regions of
16S rRNA. The footprints were evaluated visually, and some were confirmed with the ImageJ
software43.
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Figure 1.

a. Modified in vitro 30S subunit assembly map. The 16S rRNA is represented by a
rectangle in a 5' to 3' direction. The arrows indicate the co-dependencies for the
assembly of the r-proteins. The size of the arrow indicates the relative strength of the
assembly dependency between components. The r-proteins shown in the white region
are primary binding r-proteins. The r-proteins shown in white in the light gray and
dark gray box indicate secondary, and tertiary binding r-proteins, respectively. S6 and
S18 are enclosed in a box to indicate that they bind as a heterodimer.

Dutcă et al. Page 12

J Mol Biol. Author manuscript; available in PMC 2008 March 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



b. Crystal structure of the 16S rRNA from the E. coli 30S subunit with all the primary
proteins. The 16S rRNA is shown in gray, and the r-proteins are S4 green, S7 red, S8
magenta, S15 bright yellow, S17 dark purple and S20 light blue, as in Figure 1a. The
3-D parts of the 30S subunit are indicated while the corresponding domains from the
16S rRNA secondary structure are specified in paranthesis. All the Figures containing
3-D structures were prepared using Pymol44, and the pdb file 2AW7.
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Figure 2.
Primer extension analysis of the r-protein/16S rRNA complexes. Individual gels of the minimal
complexes modified by DMS or kethoxal are shown. A and G (lanes 1 and 2) are dideoxy
sequencing lanes, K (lane 3): unmodified 16 S rRNA. All the other lanes are treated with the
probe indicated below. The other lanes 4-8 are: modified 16S rRNA kept at 0°C (lane 4), or at
42°C (lane 5), Sx/16S rRNA formed at 0°C (lane 6), or at 42°C (lane 7) and the shifted complex
(lane 8). Compare lanes 4 and 6 for the complexes formed at 0°C, lanes 5 and 7 for the
complexes formed at 42°C, or lanes 6 and 7 for the differences between the two complexes.
The probes and primers used for the experiments are indicated below. S20/16S rRNA: a)
DMS-323, b) kethoxal-323, c) DMS-480, d) DMS-1508; S17/16S rRNA: e) DMS-323; f)
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kethoxal, 323; S15/16S rRNA: g) DMS-795, h) kethoxal-795 S8/16S rRNA: i) DMS-683, j)
kethoxal-683, k) DMS-795, l) DMS-939, m) kethoxal-939, n) DMS–939; S7/16S rRNA: o)
DMS-1046, p) kethoxal-1046, q) DMS-1391, r) DMS -1491, s) kethoxal -1491. The symbols
x and Δ indicate temperature-independent and temperature-dependent footprints, respectively.
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Figure 3.
Nucleotides with altered reactivity as a result of binding of an r-protein to 16S rRNA, for both
kethoxal and DMS probing represented on the secondary structure of 16S rRNA45. Circles
denote the sites of protections, while squares denote enhancement sites, and the size represents
the intensity of the change. The 16S rRNA is shown in dark gray, changes attributed to: S4,
green; S7, red; S8, magenta; S15 bright yellow; S17, dark purple, and S20, light blue.
Nucleotides enhanced or protected by more than one protein are shown as concentric rings or
squares. (a) Changes in modification patterns shown on the secondary structure of 16 S rRNA
for complexes formed at 0°C. b) Changes in modification patterns shown on the secondary
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structure of 16 S rRNA for the interaction at 42°C. c) Difference in the nucleotides with altered
reactivity between the complexes formed at 42°C and 0°C.
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Figure 4.
Details of footprints for r-proteins S15 and S8. The 16S rRNA is shown in gray, S15 and S8
are shown in rainbow, from blue (N-terminus) to red (C-terminus). Footprints which are not
temperature-dependent are shown in blue, footprints that appear at 0°C and continue to develop
in intensity at 42°C are shown in purple, and footprints that appear only at 42°C are shown in
red. a) 16S rRNA r-protein and S15 from the crystal structure of E. coli 30S subunit, b) S15-
dependent protections; c) S15-dependent enhancements; d) 16S rRNA r-protein and S8 from
the crystal structure of E. coli 30S subunit, e)S8-dependent protections; f) S8-dependent
enhancements.
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Figure 5.
Details of footprints for r-proteins S4 and S7. The 16 S rRNA is shown in gray, S15 and S8
are shown in rainbow, from blue (N-terminus) to red (C-terminus). Coloring of footprints as
described in Figure 4. a) 16S rRNA r-protein and S4 from the crystal structure of E. coli 30S
subunit, b) S4-dependent protections; c) S4-dependent enhancements; d) 16S rRNA r-protein
and S7 from the crystal structure of E. coli 30S subunit, e) S7-dependent protections; f) S7-
dependent enhancements.
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Figure 6.
The temperature-dependent footprints for each primary r-protein represented on the crystal
structure of 16S rRNA from the E. coli 30S subunit. Nucleotides with altered reactivities are
represented as spheres. The size of the spheres is indicative of the intensity of the change. The
r-proteins are omitted for clarity.
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Table 1
16S rRNA nucleotides with protein specific temperature-dependent reactivity differences.

Nucleotide S8 S15 S7

5′ domain
G524 E e
A535 E e

Central domain
A573 p
A574 p
G575 p
A665 e
G674 e
A718 e e
G724 P
G727 P
A728 e e
C732 E
G858 P
G859 P
A860 p
G861 p
A865 p

3′major domain
A935 p
A937 p
A938 p
G939 p
G944 p
G945 p
G951 p
G953  e
G954 e
A977 e
A978 e
C979 e
C980 e

A1236 P
C1237 p
A1238 p
A1239 p
A1248 p
C1249 p
A1250 PP
A1251 P
A1252 P
A1287 p
A1288 p
A1289 P
G1300 p
C1302 p
G1304 p
G1305 p
C1314 p
G1316 p
C1317 E
A1318 e
A1319 e
C1320 e
C1322 p
G1331 p
A1332 p
A1333 p
G1334 p
G1337 E
G1338 E
A1349 p
A1360 p
G1361 P
A1362 p
A1363 p
G1365 p
A1374 p

E – indicates an enhancement, relative strength is indicated by e or E, from weakest to more intense
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P – indicates a protection, relative strength is indicated by p, P or PP, from weakest to more intense

Nucleotides reactivate in RNPs with the same composition formed at 0°C and 42°C, respectively were compared and those where a difference was evident
are noted.
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