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Abstract
The ribosomal protein (r-protein) S20 is a primary binding protein. As such it interacts directly and
independently with the 5′ domain and the 3′ minor domain of 16S ribosomal RNA (rRNA) in minimal
particles and the fully assembled 30S subunit. The interactions observed between r-protein S20 and
the 5′ domain of 16S rRNA are quite extensive, while the interactions with the 3′ minor domain are
significantly more limited. In this study directed hydroxyl radical probing mediated by Fe(II)-
derivatized S20 proteins was used to monitor the folding of 16S rRNA during r-protein association
and 30S subunit assembly. An analysis of the cleavage patterns in the minimal complexes [16S rRNA
and Fe(II)-S20] and the fully assembled 30S subunit containing the same Fe(II)-derivatized proteins
shows intriguing similarities and differences. These results suggest that the two domains, the 5′ and
3′ minor, are organized relative to S20 at different stages of assembly. The 5′ domain acquires, in a
less complex ribonucleoprotein particle (RNP) than the 3′ minor domain, the same architecture as
observed in mature subunits. These results are similar to what would be predicted of subunit assembly
by the 5′ to 3′ direction assembly model.

Introduction
S20 is one of a few small subunit ribosomal proteins (r-proteins) that interacts with two different
domains of 16S rRNA, the 5′ and the 3′ minor domains1– 4(Figure 1(a) and (b)). R-protein
S20 is a primary binding protein and thus can interact directly and independently with 16S
ribosomal RNA (rRNA)1; 5; 6. Footprinting experiments1 and the crystal structure of
Escherichia coli (E. coli) 30S subunits 4 revealed that S20 binds several helices from the 5′
domain and the major helical element (helix 44: the penultimate stem) of the 3′ minor domain
of 16S rRNA. The structure of r-protein S20 has not been determined in its free state, but in
the assembled 30S subunit, S20 is a three-helix bundle located at the bottom of the body of the
small subunit, where it is “sandwiched” between the 5′ domain and the penultimate stem, helix
44,4 (Figure 1). Additionally, it has been shown that the penultimate stem interacts extensively
with the large subunit4 and thus appropriate positioning of helix 44 could be critical for accurate
and rapid translation. Based on the model of 5′ to 3′ cotranscriptional assembly 7 and on the
suggestion that the interaction between r-proteins and 16S rRNA occurs in discrete stages of
30S subunit assembly7; 8; 9, it is possible that S20 interacts differently with these two domains
during the course of 30S subunit assembly.
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Recently, directed hydroxyl probing was used to explore changes in 16S rRNA elements
surrounding the r-protein S15 during 30S subunit assembly 10; 11. Changes in 16S rRNA
cleavage patterns generated by Fe(II)-S15 in ribonucleoprotein particles (RNPs) of different
complexities were related to conformational changes in 16S rRNA as a result of r-protein
binding 10; 11. Thus, roles of different r-proteins in the assembly process were elucidated.
This is a major advantage of the directed hydroxyl radical probing strategy compared to
traditional footprinting studies; much can be learned about the roles of many different r-proteins
in one set of experiments and not just regarding the protein that is being footprinted or used as
a probe. Another advantage of directed hydroxyl radical probing is the fact that the region of
RNA that interacts with the area of the protein where the derivatized residue is present can be
determined. Thus affording information about the orientation and directionality of the
interactions. This approach made possible a better understanding of the assembly of the 30S
subunit, by detailing the roles played by r-proteins and the conformational rearrangements that
occur in nucleic acid-protein complexes during assembly and the high resolution structures of
30S subunits3 can be used to analyze the data in terms of achieving a known conformation or
passing through an intermediary terrain. Directed hydroxyl radical probing offers a means for
dissecting the potential differential interaction of S20 with 16S rRNA and a means of
identifying specific r-proteins that facilitate these interactions.

Results from directed hydroxyl radical probing from four positions on r-protein S20 (see Figure
1(c)) in the 30S subunit have been published2. In fully formed 30S subunits, cleavage of the
5′ and the 3′ minor domains of 16S rRNA were observed. Consequently, the results of the
directed hydroxyl radical probing experiments from r-protein S20 in more minimal complexes
will make possible a better understanding of the interactions of the 5′ and 3′ minor domains
with this protein. Toward this end, directed hydroxyl radical probing was effected in the
minimal, binary Fe(II)–S20/16S rRNA complexes and the observed cleavage patterns were
compared to the ones identified in the 30S subunits both as published 2 and reproduced herein.
These studies also allow the cleavage data from Fe(II)-S20 to be examined in the context of
the 30S subunit structure 2; 4. The results from this work can be grouped into three main
categories. First, many of the cleavage sites especially those in the 5′ domain, are the same in
the binary complex as in the fully assembled particle, although at positions where cleavage is
observed in both complexes there can be differences in intensity. This suggests that much of
the S20/16S rRNA environment from the 5′ domain is organized very early in assembly.
Second, most of the cleavages in the penultimate stem are very weak or absent in the binary
complexes, suggesting that helix 44 is not completely aligned until later in assembly. Third,
there is a correlation between the location of the probing sites on S20 and the intensity and
extent of the cleavage differences between the binary and complete complexes. This could
indicate that different regions of S20 associate with 16S rRNA at different stages of assembly
or that regions of S20 have stabilities or folding requirements that are influenced by the higher
order structure of the assembling particle. Overall, these results are consistent with a polarity
to the assembly of the 16S rRNA into the 30S subunit and with possible higher order
organization of r-proteins as well.

Results
Complexes and purification

Four positions for Fe(II)-derivatization of S20 via cysteine substitution (C14, C23, C49 and
C57) have already been reported and as mentioned above these positions were used for probing
the 16S rRNA environment surrounding r-protein S20 in the 30S subunits 2. Overall, the
probing data correlate well with the positioning of rRNA elements as determined by the
mapping of the data on the three dimensional structure of 16S rRNA from the 30S subunit,
which is now available (see Figures 4 and 6). Thus, it appears that this system is poised to
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address folding of 16S rRNA during 30S subunit assembly. These same derivatization sites
were used for probing the 16S rRNA environment of S20 in minimal, binary particles [Fe(II)-
S20/16S rRNA)] and in the fully assembled small subunits containing Fe(II)-S20 to allow a
more direct and accurate comparison of cleavage sites and intensity. For consistency, the 30S
subunits were purified using the same method of size exclusion chromatography as for the
binary complexes, which is different than in the previous 30S subunit probing experiments 2,
but similar to previous studies using Fe(II)-directed probing of more minimal 16S rRNA
containing RNPs10; 11. Sucrose gradient analysis and chemical footprinting demonstrated that
the 30S subunits are intact after purification using this method (data not shown) and thus direct
comparison of cleavage patterns between particles of different complexities is possible.

Probing binary complexes of Fe(II)-S20/16S rRNA and comparison to probing of 30S subunits
The binary complexes containing Fe(II)-S20/16S rRNA were purified and probed with
hydroxyl radicals generated from the tethered Fe(II). The cleavage sites were identified by
primer extension analysis, and mapped on the secondary12 (Figure 3) and tertiary 4 (Figure 4)
structures of 16S rRNA from E. coli 30S subunits, the latter in the context of the fully assembled
small ribosomal subunit. The cleavage patterns observed for each of the minimal complexes
were distinct from one another (Figures 2–4), and in the four complexes cleavage was
exclusively localized to the 5′ domain and helix 44 in the 3′ minor domain of the 16S rRNA
(Figures 2–4). There are distinct similarities and differences in the cleavage patterns when Fe
(II) is tethered to different positions in S20 and there are also some notable differences between
cleavage patterns observed in the minimal RNPs and the fully assembled 30S subunits. One
highly plausible hypothesis is that differences in the dynamics of the minimal RNP relative to
the fully assembled subunit account for the observed cleavage differences; this and other
possible explanations of our data are further discussed below.

In the RNP containing Fe(II)-C14-S20, cleavage sites from the hydroxyl radicals are present
in helices 5, 6, 8, 13, 14 all in the 5′ domain and no cleavage was observed in helix 44 (Figure
2, lane 4; Figure 3(b); Figure 4(a)). The most extensive cleavage by the radicals generated from
Fe(II)-C14-S20, in the minimal complex, is observed at helices 5, 6 and 14, which are part of
a multi-helical junction (Figure 2(a), (b) and (e), lane 4). In general, for the 5′ domain the
cleavage patterns are quite similar in the minimal complex and the 30S subunits containing Fe
(II)-C14-S20, but with much higher intensity observed in 30S subunits (Figure 2(a–c) and (e),
compare lanes 4 and 5; Figure 5(a) and 6 (a)). Additionally, three cleavage sites are observed
in helix 44: at nucleotide1430–1435, 1441–1447 and 1457–1461 in the context of 30S subunits,
which were not detected in the binary complex (Figure 2(f), compare lanes 4 and 5; Figure 5
(a) and 6(a)).

The most pronounced cleavage for any of the Fe(II)-S20/16S rRNA complexes in the 5′ domain
was observed from Fe(II)-C23-S20 (Figure 2, lane 6; Figure 3(c), Figure 4(b)). In the minimal
complex containing Fe(II)-C23S20, helices 8 and 9 (Figure 2(c), lane 6) showed the most
extensive cleavage with cleavage also observed in helices 6, 11, 13 and 14 (Figure 2(a), (b),
(d), and (e), lane 6). Additionally, quite weak cleavage is observed in helix 44, at nucleotides
1444 and 1445 (Figure 2(f), lane 6). The cleavage patterns observed for the Fe(II)-C23-S20
containing 30S subunit are very similar to the ones observed when the minimal complex is
probed in the case of the 5′ domain (Figure 2 (a–e), compare lanes 6 and 7; Figures 5(b) and
6(b)). Again, the intensity of the observed cleavage differs; for example cleavage observed in
helix 8 of the 30S subunit is stronger than for the minimal complex (Figure 2(c), compare lanes
6 and 7). Meanwhile, two new patches of cleavage, 1430 and 1457–1461 and more intense
cleavage at nucleotides 1444–1446 are detected in the 3′ minor domain in the fully assembled
30S subunit compared to the binary complex (Figure 2(f), compare lanes 6 and 7; Figures 5(b)
and 6(b)).
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When Fe(II)-C49-S20 is used as a probe in the minimal complex, the cleavage pattern was
quite different from that observed with the other three derivatized proteins (Figures 2–4). In
the minimal complex Fe(II)-C49-S20/16S rRNA, helices 7, 8, 9, and 11 are cleaved in the 5′
domain, while in helix 44 there are three discrete cleavage sites (Figure 2, lane 8; Figure 3(d)
and Figure 4(c)). Some nucleotides around 1430 and 1440 are weakly targeted, while stronger
cleavage takes place in the regions 1450 and 1460 (Figure 2(f), lane 8). The cleavage observed
in helix 44 from the hydroxyl radicals generated by Fe(II) tethered C49-S20 is the strongest
from all the minimal complexes (Figure 2 (f)). Thus, the cleavage pattern from Fe(II)-C49-S20
is very similar in the binary RNP and the 30S subunit for both the 5′ and 3′ minor domains
(Figure 2, compare lanes 8 and 9; see Figures 5(c) and 6(c)).

The cleavage pattern observed in the complex containing Fe(II)-C57-S20 as a probe is similar
to the one observed in the Fe(II)-C23-S20/16S rRNA RNP, but generally the cleavage is less
intense from this probing position (Figure 2, compare lanes 6 and 10; Figures 3 and 4 compare
(c) and (e)). These similar patterns are consistent with the relative locations of positions 23 and
57 (see Figure 1). Residues 23 and 57 are located on two different helices of S20, but they are
very close to each other in the helical bundle structure of S20 (Figure 1). In helices 8 and 13
the different cleavage intensity from these two positions is quite obvious (Figure 2(c) and (e),
compare lanes 6 and 10). Additionally the hydroxyl radicals generated from Fe(II)-C57-S20
cleave fewer overall residues (Figure 2, lane 10; Figure 3(e) and Figure 4(d)). Weak cleavage
from Fe(II)-C57-S20 in 30S subunits was observed in helix 44, at nucleotides 1444–1446 and
1460–1461 (Figure 2(f), lane 11). Thus, results for probing in minimal particles from Fe(II)-
C57-S20 are similar to those observed when positions C14 and C23 of S20 were used to tether
Fe(II); small differences are observed in the cleavage patterns present for the minimal and the
30S subunit containing Fe(II)-C57-S20 for the 5′ domain, while major differences are detected
for the 3′ minor domain (see Figures 5(d) and 6(d)).

The cleavage patterns observed in the 30S subunits when S20 is used as a probe are very similar
to the ones previously published (2; see Figure 2), with a few exceptions: the extent and
intensity of cleavage are higher in the experiments performed in this study, which may arise
from a better quality or more accurate concentration of the starting materials, such as
commercially available BABE (1-(p-bromoacetamidobenzyl) ethylenediaminetetraacetate)
(Dojindo Labs) or fresh hydrogen peroxide; and from the different and more streamlined
purification regime used in the current study (see Material and Methods and above). In the
current study, overall more cleavage is observed from Fe(II)-C49-S20, which could be due to
the quality of BABE or the purification protocol. Also, it appears that in the previous work2
two of the samples were misloaded or mislabeled (Fe(II)-C14-S20 and Fe(II)-C23-S20 in 30S
subunits in the primer extension using primer 232; see Figure 2(c) lanes 5 and 7 and compare
these with data in reference 2). We established at which stage of the experiments the error was
introduced by recloning the genes encoding these cysteine substituted proteins (C14-S20 and
C23-S20), purifying the proteins expressed from these clones, and repeating the probing
experiments multiple times (see Materials and Methods). This appears to be a single aberration
in the previous work as all other data are consistent between this work and the previously
published results2. Thus, it appears that the 16S rRNA elements surrounding S20 are altered
between the more minimal complex and 30S subunits, but not to the extent seen for S15 and
its rRNA environment changes during 30S subunit 10; 11.

R-proteins involved in organizing the 16S rRNA environment of S20
To determine if the addition of specific r-proteins could account for differences in the cleavage
patterns observed between the binary and fully assembled RNPs containing Fe(II)-S20, r-
protein addition experiments were performed. Specific individual or groups of r-proteins were
reconstituted with Fe(II)-S20 and 16S rRNA to generate more elaborate RNPs. Directed
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probing and primer extension analysis of the RNPs followed in an attempt to understand the
folding of the 5′ and 3′ minor domains of 16S rRNA relative to r-protein S20.

For three of the four probing positions on S20 (C23, 49 and 57) only slight differences were
observed between the minimal RNPs and fully assembled 30S subunits (see Figures 5 and 6
(b–d)), in particular for the 5′ domain. The subtle nature of these differences is reflected in the
various r-protein combinations that can be added to result in the Fe(II)-S20-30S subunit probing
results (Figure 7). Addition of the other r-proteins that bind the 5′ domain (S4, S5, S8, S12,
S16, and S17) or all of the other primary binding r-proteins (S4, S7, S8, S15 and S17 ) result
in the 30S-like probing patterns from C23, C49 and C57 of S20. The presence of r-proteins
S15 and S7 does not seem to be important for the organization of the 5′ domain. Only the
presence of the primary and secondary r-proteins that bind or facilitate binding of proteins
specific for the 5′ domain appears to give rise to the same cleavage patterns as for the fully
assembled 30S subunit However, for the significant differences observed in helix 44 between
minimal and complete particles (in the case of C14, C23 and C57), no limited additions
appeared to be sufficient (Figure 7 (d and e)). The full complement of r-proteins appears to be
required to position the penultimate stem. This is in agreement with the data observed when
probing from Fe(II)-S15 and suggests that the ultimate orientation of helix 44 occurs very late
in assembly.

Dissection of the more substantial differences observed between minimal and complete
subunits containing Fe(II)-C14-S20 yields more specific results. The majority of the cleavages
observed in Fe(II)-C14-S20/30S subunits which are absent in the minimal RNP can be observed
by the simple addition of r-protein S17. S17 is another primary binding protein that binds in
the 5′ domain1; 4 and actually has some overlapping footprints with S201. Thus, a role for S17
in organizing elements of the 5′ domain in the vicinity of S20 is consistent with much other
data. One very interesting observation was made during the r-protein addition experiments
using Fe(II)-C14-S20. For the first time in our experience, the appearance of cleavage sites in
an intermediate RNP was observed. Cleavage from Fe(II)-C14-S20 was not observed in helix
5 and at the base of helix 6 in the minimal particle nor in the 30S subunit (Figure 2(a), lanes 4
and 5). However, upon addition of the remaining primary binding proteins (S4, S7, S8, S15
and S17) to the minimal particle cleavage at nucleotides 56–63 and 354–357 was observed
(Figure 8(d) and (e), lane 4). Furthermore, it was shown that addition of r-protein S16 to this
intermediate RNP was sufficient to block cleavage and return the pattern to that observed in
30S subunits (Figure 8(d) and (e))), lane 5 compare to lane 4 and compare with Figure 2(a),
lane 5). Thus, it appears that as the primary binding proteins assemble there are conformational
rearrangements that render helix 5 and the base of helix 6 susceptible to cleavage and that the
addition of S16 can compensate for this change. It is plausible that r-protein S16 is responsible
for the change that protects the aforementioned nucleotides from cleavage, since in the three-
dimensional structure of the 30S subunit it seems that S16 is located close to S20 and the
cleaved nucleotides, 4 however the role of S16 in modulating the cleavage of these sites is
likely indirect (see below and Figure 8). These observations suggest that although cleavage
patterns are similar in the minimal RNP and the fully assembled subunit interesting r-protein-
directed conformational changes may occur that await detection.

Discussion
Directed hydroxyl radical probing using complexes containing Fe(II)-S20 and 16S rRNA
reveal aspects of rRNA domain organization and 30S subunit assembly. The results of the
directed hydroxyl radical probing in the minimal Fe(II)-S20/16S rRNA complexes and fully
assembled subunits correlate well with the relative positions of the derivatized residues in S20
(Figures 4 and 6) and the cleavage sites and their intensity correlate well with the placement
of the respective probe in the structure of r-protein S20 and of the 30S subunit (Figures 1, 4

Dutca and Culver Page 5

J Mol Biol. Author manuscript; available in PMC 2009 February 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and 6). Our data are consistent with a substantial folding and architectural organization of the
5′ domain early in assembly (see 9; 13; 14; 15; 16) and with the final alignment of helix 44
occurring later in the assembly cascade9; 11. These results, taken together with our earlier
work suggest that there are different means by which domains or elements of 16S rRNA are
organized.

Overall, our data from Fe(II)-S20 probing in 30S subunits is in good agreement with the
structures of 30S subunits3,4. A large majority of the cleavage sites are within the accepted 40
Å range for tethered cleavage from r-proteins32. However, there are nuances in the data, such
as cleavage of helical faces that do not absolutely agree with the relative positioning to the S20
probing sites, which need to be addressed. A plausible explanation for data such as these is
that the minimal RNPs and 30S subunits are dynamic and can adopt multiple conformations,
as has been observed crystallographically4, 32. Thus, it seems likely that in our probing
experiments we are examining an ensemble of 30S subunit or RNP structures and thus our
experiments may allow us to access more conformations than could be allowed in a crystal
lattice. This idea is not unprecedented as differences in solvent accessibility observed in crystal
structures and reactivity of rRNA to hydroxyl radicals has been observed34. In this work, it
was hypothesized, after several other possible hypotheses were examined and refused, that
these differences were due to the existence of different conformations in solution and that the
crystal structure may represent only one of these possible conformations. It should also be
mentioned that the addition of our BABE-linker could change some local conformations or
dynamics and thereby result in some of the subtle discrepancies between our data and what
would be predicted from the crystal structures. Nonetheless, the level at which our data
correlates with structural information is striking and sufficient to suggest that S20 is binding
at a similar site in the minimal RNPs, the 30S subunits studied herein and in the subunits studies
by crystallography, yet differences in overall architecture, dynamics and details of the
interactions are possible.

Three of the four derivatized Fe(II)-S20 proteins have essentially the same cleavage patterns
in the 5′ domain of 16S rRNA, in the binary particle and fully assembled 30S subunit (see
Figure 6). For Fe(II)-C23, -C49 and -C57, the 5′ domain cleavage patterns only differ slightly
in these rather distinct complexes. In contrast, when Fe(II)-C14-S20 is used as a probe the
cleavage patterns in the minimal complex and the 30S subunit are quite distinct although there
is an underlying similarity (Figure 4(a) and 6(a)). Many of the cleavage sites from Fe(II)-C14-
S20 observed in the small subunit are present in the binary complex however the intensity of
cleavage is significantly weaker. Verification of these data (the weak cleavage sites) required
much additional repetition of probing experiments and primer extension from multiple,
overlapping primers. Base-specific footprinting demonstrated that this derivatized protein does
bind 16S rRNA under the isolation and purification conditions used herein and thus the “lack”
of cleavage is not due simply to the absence of this protein in the minimal complexes. Some
of the differences observed when probing is initiated from position 14 of the r-protein can be
explained by its location in S20 and in the 30S subunit, and by the structural changes that likely
take place in S20 upon further assembly (i.e. binding of r-protein S17). Amino acid 14 of r-
protein S20 is located on its N-terminal helix, the longest helix of the three that compose S20
(Figure 1(c)). This portion of the N-terminal helix is not part of the helical bundle, but is
somewhat extended and isolated from other protein elements. Unlike the other primary binding
r-proteins (S4, S7, S8, S15 and S17) whose structures in the unliganded state have been
determined by NMR, crystallography or both17–25, the structure of S20 has not been
determined in the free state. Moreover, it has been shown that free S20 has only about 36%
helical content26, compared to its structure in the 30S subunit where it is almost completely
helical4. It is possible that changes in S20 conformation particularly in the N-terminal helix,
upon binding of additional r-proteins such as S17, could explain changes in the cleavage
patterns. The N-terminal helix of r-proteins S20 in the structure of the 30S subunit is enclosed
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in a channel formed by the tertiary interaction between helix 8 and helix 14. The cleavage sites
in helix 11, 13 and 14 appear for Fe(II)-C14-S20 only after binding of S17. We can envision
that binding of S17 helps the interaction between helix 14 and helix 8, and both the r-protein
S20 and the rRNA surrounding it adopt the appropriate conformation. Thus, a combination of
the structure and dynamics of the N-terminal helix of S20 and the 16S rRNA surrounding it,
may account for the lower intensity of cleavage in the minimal complex from position C14
and further experiments will be required to fully understand these observations.

R-proteins S16 and S17 appear to play interesting roles in altering the cleavage patterns from
Fe(II)-C14-S20. The cleavage that is observed in helix 5 of 16S rRNA in a complex containing
Fe(II)-C14-S20 and other r-proteins including S17 is almost completely diminished upon
addition of S16 and this cleavage is absent in the 30S subunit. While S16 is proximal to helix
5 it seems unlikely that the reduced cleavage is direct since S16 does not contact helix 5 in the
30S subunit3,4. Helix 15 is sandwiched between S16 and helix 5 and S16 is in direct contact
with helix 15 (Figure 8 (h) and (i)). Thus, it is possible that upon S16 association, helix 15 is
organized and packs against helix 5 thus resulting in the changes observed in this work. The
effect of S16 on helix 5 cleavage would be indirect, and this is also likely for the majority of
changes associated with S17 binding given the large distance from S17 to many of the sites.
These observations suggest that there are concerted 16S rRNA folding events that are mediated
by r-proteins resulting in a hierarchical assembly cascade.

The results of cleavage when Fe(II) is tethered to position C49 of S20 are almost the opposite
of what was just mentioned for Fe(II)-C14-S20. Very similar patterns of cleavage are observed
when probing is initiated from Fe(II)-C49-S20 in both the binary and fully assembled
complexes. Amino acid 49 is very near the junction of the helical bundle of S20 where the
three helical elements come together and is the furthest probing position from C14. It is
plausible that the N-terminal helix where C14 is localized is unstructured, as explained above.
Nevertheless it is possible that the helical region near amino acid 49 of S20 is well formed
upon interaction with 16S rRNA and that its environment is not changed significantly after
formation of the binary complex. Additionally, many of the sites that are cleaved from Fe(II)-
C49-S20 are unique to this tethering position and/or they are more on the periphery of 16S
rRNA as it is folded in the 30S subunit4.

Additionally, given the strength of the cleavages in helix 44 from Fe(II)-C49-S20 it is possible
that they are less sensitive to changes in helix 44 alignment and positioning. It is interesting
that cleavage of helix 44 is so strong only from C49 in the minimal complex, although in the
30S subunit structure amino acids 23 and 57 are as close to these elements. Interestingly in the
30S subunit there are not significant differences in the distance between the three different
probing sites and the most remote or proximal cleavage sites in helix 44: for C23 the range is
8–43 Å, for C49 it is 14–39 Å and for C57 it is 11–42 Å. Thus proximity as measurable in the
available 30S subunit structure cannot explain the differences in probing results. Again, these
differences could be due to strength of cleavage, S20 structure and folding, quenching from
other 16S rRNA elements and/or dynamics. This portion of r-protein S20 and the elements of
the rRNA cleaved from it may fold earlier in assembly or simply be more accessible and
therefore fewer differences in cleavage patterns are observed between minimal and fully
assembled RNPs.

Significant differences are observed in the cleavage patterns in helix 44 for binary complexes
and the 30S subunit for three of the derivatized proteins Fe(II)-C14-S20, Fe(II)-C23-S20 and
Fe(II)-C57-S20, while for Fe(II)-C49-S20 there are small variations. Most intriguing are the
results obtained when Fe(II)-C23-S20 and Fe(II)-C57-S20 are used as probes, since significant
differences in the cleavage patterns between the binary complexes and 30S subunits were
observed. As mentioned above for these two probing positions only small differences in
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intensity were detected in the 5′ domain (see Figure 5 and 6) suggesting that derivatization of
these positions does not interfere with S20 binding, which is consistent with footprinting data
(data not shown). Residues 23 and 57 of r-protein S20 are located close to helix 44 in the fully
assembled 30S subunit (Figure 1), and four hydrogen bonds between S20 and 16S rRNA are
present spatially close to these derivatized residues (Arg28-A1437, Lys32-G1439, Ser25-
G1459, Thr39-G1458)4; 27. In the binary complexes containing Fe(II)-C23-S20 or Fe(II)-C57-
S20, little cleavage was observed in helix 44, while three and four cleavage sites, respectively
were observed for the 30S subunit (Figures 4 and 6 (b) and (d)). Therefore, we cannot
unequivocally rule out the possibility that the derivatization of these S20 residues interferes
with the orientation of the penultimate stem, and that in the fully assembled subunit this
interference is overcome. However, the cleavage patterns from Fe(II)-C49-S20 similar for both
RNPs studied here (see Figure 6) and the S20-specific footprints observed in helix 44 in the
S20/16S rRNA complexes do not support this hypothesis. Also, similar late docking of helix
44 was observed in tethered probing experiments using Fe(II)-S1510, which does not directly
contact helix 444. Thus, it seems likely that the penultimate stem does not interact fully with
S20 until late in assembly. Distance measurements within the 30S subunit support this idea.
Position C23 of S20 is only 8 Å from some of its cleavage sites in helix 44 but these sites are
not cleaved in any of the minimal RNPs tested. Similarly, the distance from C57 and some
helix 44 cleavage sites is on the order of 12 Å. These data suggest that either S20 or helix 44,
or both, are in an alternative environment or conformation in the minimal RNPs as compared
with the fully assembled subunit. The results presented in this manuscript and the previous
ones using Fe(II)-S15 as a probe 10 suggest that the positioning of this functionally important
rRNA element can occur late in 30S subunit assembly.

Based on our data and that available in the literature 10; 15, we suggest that in the binary
complex of S20 and 16S rRNA interaction is mainly between the 5′ domain of 16S rRNA and
S20, with minimal interaction with the penultimate stem. The footprints observed in the
minimal complex of S20/16S rRNA by chemical probing1 could probably arise from base
pairing or RNA-RNA interactions since the protected nucleotides are not directly involved in
16S rRNA/S20 interactions in the fully assembled 30S subunit4; 27. Somewhat later in
assembly, in the presence of other r-proteins, the interaction between helix 44 and S20 becomes
complete and thus their interaction aids in positioning of this important rRNA element. The 5′
domain seems to be fairly well organized even in the absence of r-proteins15 and binding of
S20, may aid this rRNA domain in adopting an architecture very similar to the one in the fully
assembled 30S subunit. In contrast, the other three domains of 16S rRNA appear to require the
presence of r-proteins (in various degrees) to achieve their functional structure. In the minimal,
binary Fe(II)-S15/16S rRNA complex the number of cleavage sites was small and localized to
a small region in the central domain of 16S rRNA10; 11. Probing from Fe(II)-S15 in the fully
assembled 30S subunit yielded significantly more cleavage sites throughout the central domain
and extending to others including the 3′ minor domain. Many of these cleavage sites were
present in RNPs of higher complexity. The 3′ minor domain, which interacts mainly with r-
protein S20, seems to adopt its final structure late in the assembly. The results presented in this
work highlight the complexity of RNP assembly, particularly that of the small ribosomal
subunit.

Materials and Methods
Mutagenesis, expression and purification of S20

The gene-encoding r-protein S20 was cloned from Escherichia coli (E. coli) MRE600 genomic
DNA into pET24b vector (Novagen)28. Site-directed mutagenesis was used to introduce
cysteine residues at three non-conserved positions (Ser 14, Ser 23, and Lys 49). The mutation
was confirmed by sequence analysis. The mutated S20 proteins were expressed individually
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in E. coli pRBL21 and purified as described for wild-type protein28. The fourth cysteine-
substituted S20 protein (Ile 57) was used as previously purified2.

Derivatization of S20 proteins
The fluorescent reagent 7-diethylamino-3-((4′-(iodoacetyl)amino)phenyl)-4-methylcoumarin
(DCIA; Molecular Probes) was used to test the accessibility of each introduced cysteine residue
for derivatization as previously described (methods chapter). Non-specific derivatization at
positions other than the cysteine residues was assessed by using the wild-type S20, in parallel
with the cysteine-containing S20 mutant proteins. Derivatization of cysteine-containing S20
proteins by DCIA and Fe(II)–BABE [1-(p-bromoacetamidobenzyl)
ethylenediaminetetraacetate] was done essentially as described29 (data not shown).

Formation of Fe(II)–S20 containing RNPs
Natural 16S rRNA, isolated from natural 30S subunits as described previously30, was pre-
incubated at 42°C for 15 minutes in buffer A (20 mM K+-Hepes (pH 7.6), 20 mM MgCl2).
The Fe(II)–S20 containing RNPs were formed by mixing the 16S rRNA (40 pmoles) with the
Fe(II)-S20 (either 60, 120 or 200 pmoles), and the other necessary r-proteins (320 pmoles each).
In all cases with the varying amounts of Fe(II)-S20 the cleavage sites remained the same
although there was slight variation in intensity. Most experiments were performed using a 5-
fold molar excess of Fe(II)-S20 to 16S rRNA. The KCl concentration was adjusted to 330 mM
in each of the reactions in a final volume of 100 μl and they were incubated at 42°C for 60
minutes. The reaction mixtures were kept on ice for 10 minutes before purification on spin
columns and directed probing (see below).

Purification of RNPs from Fe(II)–S20
The complexes containing Fe(II)–S20 proteins were purified to remove any unbound protein
with spin columns, prior to directed hydroxyl radical probing. This was done as described by
Culver and Noller29, the only difference being the centrifugation speed, which in our case was
6. The purified RNPs were cooled on ice for 10 minutes before the hydroxyl radical probing.

Directed hydroxyl radical probing and primer extension
Directed hydroxyl radical probing of 16S rRNA from Fe(II)–S20, in the different RNPs and
the subsequent primer extension analysis were done as described by Culver and Noller29. Each
primer extension was performed multiple times with primers designed to redundantly cover
appropriate regions of 16S rRNA. The intensity of cleavage was evaluated by visual inspection.
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Figure 1.
Three-dimensional structure of selected components of the E. coli 30S ribosomal subunit. (a)
The entire16S rRNA is shown in light grey with the 3′ minor domain shown in black; S20 is
shown in yellow with the cysteine substituted sites colored; position 14 is shown in orange, 23
in blue, 49 in magenta and 57 in green. Other small subunit r-proteins are omitted for clarity.
Two views are presented for clarity. (b) Close-up of the position of S20 taken from (a). (c)
Structure of S20 taken from panels (a) and (b). All the figures containing 3-D structures were
prepared using Pymol31, and the pdb file 2AW74.
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Figure 2.
Directed hydroxyl radical cleavage of 16S rRNA from Fe(II)-S20 in minimal RNPs detected
by primer extension. All complexes contain natural 16S rRNA and Fe(II)-S20. For each gel
there are two lanes for each Fe(II)-derivatized protein. M; minimal RNPs containing only Fe
(II)-S20 and 16S rRNA; 30S; 30S subunits containing Fe(II)-S20. Lanes 1 and 2 are A and G,
sequencing lanes respectively; lane 3, S20wt, wild-type S20 (cys-less). The different
derivatized S20 proteins are Fe(II)-C14-S20, lanes 4 and 5; Fe(II)-C23-S20, lanes 6 and 7; Fe
(II)-C49-S20, lanes 8 and 9; and Fe(II)-C57-S20, lanes 10 and 11. The primers used for
extensions are 161 (a and b), 232 (c), 323 (d), 480 (e), and 1490 (f).
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Figure 3.
Directed hydroxyl radical cleavage sites from Fe(II)-S20 in minimal RNPs mapped on the
secondary structure of 16S rRNA12. (a) Secondary structure of 16S rRNA with regions
containing Fe(II)-S20 cleavage sites boxed. The highlighted domains are expanded in (b)-(e).
(b) Sites cleaved from Fe(II)-C14-S20. (c) Sites cleaved from Fe(II)-C23-S20. (d) Sites cleaved
from Fe(II)-C49-S20. (e) Sites cleaved from Fe(II)-C57-S20. The target nucleotides are marked
by colored circles corresponding to the similarly colored cysteine-substituted sites on S20
shown in Figure 1. The size of the circle correlated with the strength of the observed cleavage.
Some helix numbers are given12. Color coding is as in Figure 1.
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Figure 4.
Directed hydroxyl radical cleavage sites from Fe(II)-S20 in minimal RNPs mapped on to the
three-dimensional structure of E. coli 30S ribosomal subunit4. Only a limited portion of 16S
rRNA (gray) is shown similar to Figure 1(b) and S20 is omitted for clarity. (a) Sites of cleavage
from Fe(II)-C14-S20. (b) Sites of cleavage from Fe(II)-C23-S20. (c) Sites of cleavage from
Fe(II)-C49-S20. (d) Sites of cleavage from Fe(II)-C57-S20. (e) S20 with tethered positions
shown as in Figure 1(c). The position of the phosphate backbone that is cleaved is marked in
the color corresponding to the Fe(II) attachment site (see Figure 1 and this figure panel (e)).
Color coding is as in Figure 1.
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Figure 5.
Differences in cleavage sites from Fe(II)-S20 in minimal RNPs as compared to 30S subunits
mapped on the secondary structure of 16S rRNA12. Nucleotides that are cleaved from Fe(II)-
S20 with higher intensity in/or only in 30S subunits compared to the minimal particles are
shown. The expanded region is the same as shown in Figure 3(a). (a) Sites cleaved from Fe
(II)-C14-S20. (b) Sites cleaved from Fe(II)-C23-S20. (c) Sites cleaved from Fe(II)-C49-S20.
(d) Sites cleaved from Fe(II)-C57-S20. The target nucleotides are marked by colored circles
corresponding to the similarly colored cysteine-substituted sites on S20 shown in Figure 1.
The size of the circle is correlated with the strength of the observed cleavage. Some helix
numbers are given12.
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Figure 6.
Differences in cleavage sites from Fe(II)-S20 in minimal RNPs as compared to 30S subunits
mapped on the three-dimensional structure of E. coli 30S ribosomal subunit4. Nucleotides that
are cleaved from Fe(II)-S20 with higher intensity in/or only in 30S subunits compared to the
corresponding minimal particles are shown. The expanded region is the same as shown in
Figure 4. (a) Sites cleaved from Fe(II)-C14-S20. (b) Sites cleaved from Fe(II)-C23-S20. (c)
Sites cleaved from Fe(II)-C49-S20. (d) Sites cleaved from Fe(II)-C57-S20. The position of the
phosphate backbone that is cleaved is marked in color corresponding to the Fe(II) attachment
site (see Figure 1 and this figure panel (e)). Color coding is as in Figure 1.
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Figure 7. Directed hydroxyl radical cleavage of 16S rRNA from Fe(II)-S20 in different RNPs
detected by primer extension
All complexes contain natural 16S rRNA and Fe(II)-S20. Lanes 1 and 2 are A and G,
sequencing lanes respectively; lane 3, S20wt, wild-type S20 (cys-less); (a) lane 4, Fe(II)-C57-
S20. All other lanes contain Fe(II)-C57-S20 and lane 5, 1°; the five additional primary binding
proteins (S4, S7, S8, S15 and S17); lane 6, 1° + S5+ S12+S16, same as lane 5 with S5, S12
and S16. Lane 7, 5′ domain, S4, S5, S8, S12, S16, and S17. Lane 8, 30S, the completely
assembled 30S subunit. Primer 232 was used for detection. (b) Same as panel (a) except Fe
(II)-C14-S20 is used in place of Fe(II)-C57-S20. (c) Same as panel (a) except Fe(II)-C47-S20
is used in place of Fe(II)-C57-S20. (d) Same as panel (a) except primer 1490 is used for
detection. (e) Same as panel (d) except Fe(II)-C23-S20 is used in place of Fe(II)-C57-S20. (f)
Same as panel (d) except Fe(II)-C47-S20 is used in place of Fe(II)-C57-S20.
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Figure 8. Directed hydroxyl radical cleavage of 16S rRNA from Fe(II)-C14-S20 in different RNPs
detected by primer extension
All complexes contain natural 16S rRNA and Fe(II)-S20. Lanes 1 and 2 are A and G,
sequencing lanes respectively; lane 3, S20wt, S20 (cys-less); (a-c) lane 4, Fe(II)-C13-S20. All
other lanes contain Fe(II)-C14-S20 and lane 5, C14-S20 + S17, r-protein S17; lane 6, C14-S20
+ 1°, the five additional primary binding proteins (S4, S7, S8, S15 and S17). (d-e) Lane 4, C14-
S20 + 1°; Fe(II)-C14-S20 and the five additional primary binding proteins (S4, S7, S8, S15
and S17); lane 5, C14-S20 + 1° + S16, lane 4 plus r-protein S16; lane 6, C14-S20 + 1° +S5
+S12+S16, lane 5 with r-proteins S5 and S12. The primers used for extensions are 161 (a and
d), 323 (c), and 480 (c and e). (f) Three-dimensional structure of selected components of the
E. coli 30S ribosomal subunit4. 16S rRNA is shown in light grey, S20 is shown in yellow, S17
is shown in blue and S16 is shown in pink. The remaining proteins are omitted for clarity. (g)
Sites that are protected by S16 as shown in panels (d) and (e) are shown on a portion of the
secondary structure12 of 16S rRNA in pink balls. (h) Three-dimensional structure of selected
components of the E. coli 30S ribosomal subunit4. 16S rRNA is shown in light grey with helix
15 (h15) shown in blue and sites of cleavage in helix 5 (h5) are shown in light pink, S20 is
shown in yellow, and S16 is shown in magneta. The remaining proteins are omitted for clarity.
(i) same as panel (h) but turned 90°.
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