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Abstract

Interactions between ribosomal proteins (rproteins) and ribosomal RNA (rRNA) facilitate the formation of
functional ribosomes. S15 is a central domain primary binding protein that has been shown to trigger a
cascade of conformational changes in 16S rRNA, forming the functional structure of the central domain.
Previous biochemical and structural studies in vitro have revealed that S15 binds a three-way junction of
helices 20, 21, and 22, including nucleotides 652–654 and 752–754. All junction nucleotides except 653 are
highly conserved among the Bacteria. To identify functionally important motifs within the junction, we
subjected nucleotides 652–654 and 752–754 to saturation mutagenesis and selected and analyzed functional
mutants. Only 64 mutants with greater than 10% ribosome function in vivo were isolated. S15 overexpression
complemented mutations in the junction loop in each of the partially active mutants, although mutations that
produced inactive ribosomes were not complemented by overexpression of S15. Single-molecule Förster or
fluorescence resonance energy transfer (smFRET) was used to study the Mg2+- and S15-induced
conformational dynamics of selected junction mutants. Comparison of the structural dynamics of these
mutants with the wild type in the presence and absence of S15 revealed specific sequence and structural
motifs in the central junction that are important in ribosome function.

© 2016 Elsevier Ltd. All rights reserved.
Introduction

Ribosomes are among the largest molecular
machines in all living organisms [1] and they serve
as major targets for emerging peptide-based thera-
peutics and diagnostics [2,3]. Ribosomes assemble
following a highly orchestrated process involving
numerous RNA–RNA and protein–RNA interactions.
Understanding the structure and dynamics of these
interactions is essential for the development of novel
antibiotics. During ribosome assembly, many multi-
helical RNA junctions function as folding nucleation
sites by interacting with proteins and other regions of
ribosomal RNA (rRNA) [4,5]. For example, helices
20, 21, and 22 (h20–h22, Fig. 1) form an essential
er Ltd. All rights reserved.
three-way junction in the central domain of the
bacterial 30S ribosomal subunit [6,7] that binds the
primary protein S15 [8,9] (Fig. 1b). S15 has been
shown to play an important role in proper 30S
assembly [10–12]. In vitro studies have shown that
the central junction is in dynamic equilibrium be-
tween an open and a closed conformation [6,7,13]. It
has been proposed that S15 binding stabilizes a
closed conformation, thus triggering a cascade of
conformational changes that form the binding sites
for other secondary central domain proteins [11,14–
16]. S15 also directly interacts with Helix 34 of 23S
rRNA as part of intersubunit bridge B4 [17,18].
To determine how RNA–protein interactions con-

t ro l 30S assembly , we have per formed
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Fig. 1. Genetic analysis of the central junction. In all panels, h20 is in pink, h21 is in purple, and h22 is in cyan. (a) E. coli
16S rRNA; junction loop is boxed. (b) 30S subunit with the junction loop enlarged; rproteins are colored light orange and
16S rRNA is in light gray; S15 is red (Lys64, Tyr68, and Lys72 are within 2–3 Å of side-B and interact with the backbone of
side-B); S8 is in light blue (Pro27, Thr54, Lys55, and Pro56 are 4–6 Å from 653); color of nucleotides indicates interactions
observed in crystal structure—652:753 in green, 654:752:754 in blue, and 653 in orange [17]. (c) Analysis of selected
junction clones. Font size corresponds to the proportion of isolates containing the nucleotide in the pool of selected
mutants. Boxes with p-values indicate positions where ribosome function correlates with nucleotide identity (ANOVA) at a
given position (654 and 754). Solid lines with p-values indicate positions that covary.
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comprehensive in vivo genetic and in vitro
single-molecule Förster or fluorescence resonance
energy transfer (smFRET) studies. Our results identify
the key sequence, structural motifs, and structural
dynamics of the central junction that are responsible
for proper ribosome assembly and function. Identifica-
tion of these critical features provides new targets for
the development of novel antimicrobials that directly or
indirectly interfere with this essential conformational
change in the protein synthesis machinery [19] and
contribute to our general understanding of these
important intermolecular interactions.

Results

Interactions between the two junction sides are
required for function

To identify functionally important sequence and
structural elements within the central junction, we
randomly mutated nucleotides 652–654 (side-A) and
752–754 (side-B) of the Escherichia coli 16S rRNA
junction loop (Fig. 1) using polymerase chain re-
action (PCR), then we selected and analyzed the
functional mutants from each side. Functional
mutants from random mutagenesis of all six nucle-
otides comprising the central junction were isolated,
analyzed, and compared to the mutants isolated
from each of the individual selections to identify
important interactions between nucleotides on op-
posite sides of the junction. The mutations were
cloned in the specialized ribosome expression
vector pRNA228, a derivative of pRNA123 [20–22],
and expressed in E. coli DH5 cells; functionally
active mutants were isolated by plating the transfor-
mants on medium containing 50 μg/ml of chloram-
phenicol and 1 mM IPTG (LBCm50).
Side-A mutations

A total of 48 side-A mutants were analyzed as
described [21]. Of these, only 15 unique sequences
that produce ribosomes with in vivo activities N10%
of wild type (WT) were identified (Supplementary
Table S1), indicating that transformants expressing
other mutant sequences produced inactive ribo-
somes [21]. Analysis of the 15 survivors revealed
random nucleotide distributions at positions 652 (χ2,
p = 0.98) and 653 (χ2, p = 0.87). However, only the
WT G654 nucleotide was isolated in 14 of the 15
mutants (χ2, p = 3.6 × 10−8), indicating that muta-
tions at position 654 strongly inhibit ribosome
function. The 15th mutant contained U654 and
produced ribosomes with only 12% activity.
Side-B mutations

We analyzed 45 side-B mutants, but only six
unique sequences with N10% activity in vivo were

Image of Fig. 1
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identified (Table S2). Although the sample size is
insufficient for statistical analysis, it is interesting to
note that each of the six mutants contained only a
single mutation and that mutations were isolated at
each of the randomized positions. The lowest
activities observed among the mutants were C754U
(16%) and C754A (11%) (Table S2), indicating that
single side-B mutations strongly inhibit activity and
that the effects are additive, which reduce the activity
of side-B double mutants below the level required to
survive the selection conditions.
Side-A and -B mutations

To identify important interactions among nucleo-
tides on opposite sides of the junction, we simulta-
neously subjected positions 652–654 and 752–754
to saturation mutagenesis, and functional se-
quences were selected and analyzed. A total of
735 chloramphenicol-resistant transformants were
isolated and 62 unique sequences (Table S3) were
identified with two mutants (J1 and J2, Table S3)
having b10% activity, which were excluded from
further statistical analysis. All of the mutations
isolated in the side-A only and side-B only selections
were present in the combined mutant pool except A1
(Table S1), B1, and B2 (Table S2). If interactions
between the two sides of the junction are important
for ribosome function, sequences excluded during
the side-A only and side-B only selections should be
present among the sequences isolated when all six
nucleotides were mutated. We isolated 15 se-
quences that were absent among the side-A
survivors and 17 sequences that were absent
among the side-B survivors when all six nucleotides
were mutated (Table S3). In each clone, the
excluded single-side sequence was accompanied
by additional mutations on the opposite side. To
determine if the occurrence of these sequences was
Table 1. Nucleotide distribution of selected junction mutants

Nucleotide 652 653 654

A. Nucleotide distribution among functional mutantsa

A 11 [6]b 32 [18] 5 [2]
C 6 [4] 10 [6] 9 [3]
G 9 [4] 8 [4] 39 (24)
U 38 (18)b 14 (4) 11 [3]
pc 6.2 × 10−9 5.1 × 10−5 8.2 × 10−

(7.1 × 10−4) (7.1 × 10−4) (2.8 × 10

B. Nucleotide distribution among bacteriad

A 6 6345 13
C 11 476 10
G 3 803 12,900
U 12,913 5309 10

a Nucleotide distribution in 64 selected mutants with the WT seque
b Numbers in parenthesis indicate the distribution of selected muta
c Probability of random distribution based on Chi-square analysis.
d Nucleotide distribution in all bacterial sequences obtained from the
due to complementation between the sides of the
junction, we subcloned and assayed each of the 32
mutants in the absence of mutated nucleotides on
the opposite side of the junction (Table S4). All but 4
of the 32 subclones produced inactive ribosomes
(b10% of WT), indicating that interactions between
the nucleotides on each side of the junction are
required for ribosome function (Table S5). The four
single-side mutants with N10% activity (Table S4)
were added to the pool of 60 selected mutants for
further analysis. Among the 64 functional junction
sequences, nonrandom distributions were observed
at all positions in the junction loop (χ2, p ≤ 5.1 × 10−5)
(Table 1A). The WT nucleotide is preferred at every
position except 653, at which 32 of the 64 mutations
were U653A (Table 1A).

Identification of functionally important sequence
and structural motifs in the central junction

Positions 654, 752, and 754

The requirement for interactions between the
nucleotides on either side of the junction is support-
ed by covariation analysis [21] (Fig. 1c). Weak but
significant covariations were observed between
positions 652 and 753 (χ2, p = 1.9 × 10−2), 654
and 752 (χ2, p = 7.8 × 10−4), and 752 and 754 (χ2,
p = 4.4 × 10−3), while a highly significant covaria-
tion was observed between positions 654 and 754
(χ2, p = 6.4 X 10−26). Significant covariations indicate
that particular nucleotide combinations occur more
frequently in the pool of functional mutants than would
be expected to occur by random chance. Of the 64
junction mutants, 29 containmutations at position 654
and/or 754, 23 of which are able to formWatson–Crick
(WC) base pairs. The mean activity of the 6 mutants
unable to formWC base pairs is 21% ± 4.9% and the
mean activity of the 23 WC pairs is 32% ± 3.4%.
752 753 754

11 [5] 48 (27) 11 [3]
4 [1] 2 (0) 36 (23)
41 (24) 7 [3] 9 [3]
8 [2] 7 [2] 8 [3]

10 1.3 × 10−11 1.3 × 10−18 2.4 × 10−7
−9) (1.7 × 10−9) (4.1 × 10−13) (3.6 × 10−8)

17 12,915 10
4 5 12,910
12,904 9 7
8 4 6

nce in bold.
nts with N40% function.

Ribosomal Database Project from Michigan State University [34].
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Thus, aWC base pair between positions 654 and 754
appears to be an important component of the central
junction in functionally active ribosomes. When the
nucleotide distributions were analyzed to see if the
presence of particular nucleotides at a given position
affects ribosome function using single-factor ANOVA,
the only two positions with statistically significant
ANOVAs were 654 (p = 3.7 × 10−2) and 754 (p =
1.9 × 10−3) (Fig. 1c). These findings indicate that in
addition to their ability to form a WC base pair, the
identity of the nucleotides forming the 654–754 pair is
also important.
In crystal structures of the 30S subunit [15,17]

(Fig. 1b), G654, G752, and C754 form a base triple.
The presence of statistically significant covariations
among these three residues (Fig. 1c) indicates that
their interaction is important for ribosome function.
The highly significant selection for WC pairs at
positions 654:754 suggests that the weaker covari-
ations observed between 654:752 and 752:754
(Fig. 1c) may be due to the selection of nucleotide
combinations that facilitate formation of a 654:754
WC pair. Among the 64 functional mutants, 34 had
mutations at 654 and/or 752, and 3 of the 34 (Table
S3; clones J9, J17, J41) contained nucleotide
combinations with the ability to form WC base pairs
between 654 and 752. Interestingly, in all three
clones, 654 also has the potential to base pair with
754, consistent with the statistically significant
constraints we observed for these two residues.

Positions 652 and 753

In crystal structures, A753 stacks with A655, G654,
and G588 (Fig. S1B) [17,23]. A753 is the only
nucleotide in the stack from side-B of the junction,
and its interaction in the stack is thought to be
stabilized by the formation of a reverse Hoogsteen
pair with U652 (Figs. S1B and S2A) [17,23]. A small
but significant covariation (Fig. 1c) was observed
between positions 753 and 652 in the pool of selected
junction mutants, indicating that the interaction be-
tween them is important for ribosome function. Among
the 30 mutants isolated at these two positions, 73%
have the ability to form a reverse Hoogsteen pair [24].
This is only slightlymore than the percentage (62%) of
potential reverse Hoogsteen pairs that would be
expected by random chance. The mean activity of
the mutants able to form reverse Hoogsteen pairs is
41% ± 4.1% and the mean activity of the mutants
unable to form reverse Hoogsteen pairs is 39% ±
7.8%. Thus, an interaction between the nucleotides at
positions 652 and 753 is important for ribosome
function, but no requirement for a reverse Hoogsteen
pair is indicated.
As a reverse Hoogsteen pair between 652:753 is

not obligatory for ribosome function, we also
analyzed the effect of nucleotide identity for both
753 and 652 individually. Of the 64 selectedmutants,
55 contain purines at position 753 with a mean
activity of 44% ± 2.9%, and 9 are pyrimidines with a
mean activity of 27% ± 6.8%. Since purines are
likely to form a more stable stack than pyrimidines,
these data suggest that the ability of the residue at
position 753 to participate in the 655/654/753/588
stack is more important for ribosome function than its
ability to form a reverse Hoogsteen pair with the
nucleotide at position 652.
In 30S crystal structures, U652 not only forms a

reverse Hoogsteen pair with A753, but there is also a
hydrogen bond between the O4 of U652 and the 2′
OH of G752 [15,17]. A total of 26 functional mutants
at 652 were isolated in the selection. The mean
activity of each type of mutant does not differ by
more than 5% from the 38 mutants that contain the
WT nucleotide U652 (41%). Single 652 substitution
mutants—A (58%), C (51%), and G (40%), (Table
S3; clones J48, J42, and J30)—are about half as
active as the WT. Only the WT, U652, is capable of
forming both the hydrogen bond with G752 and
pairing with A753; loss of either of these interactions
is likely to destabilize the 655/654/753/588 stack as
previously suggested [16].

Position 653

U653 is the least phylogenetically conserved
nucleotide in the junction loop (Table 1B). Crystal
structures [15,23] and in vitro S15 binding studies
[16,25] suggest that it acts as a spacer nucleotide.
Single substitution mutations at position 653 all have
near-WT function (Table S3; clones J62, J60, and
J61), but the deletion mutant (653Δ) is only 3% ±
0.5% as active as WT ribosomes, consistent with the
role of 653 as a spacer nucleotide. No difference in
the induction of green fluorescent protein (GFP)
synthesis or the rate of growth was observed for all
but the 653Δ mutant (Fig. S3).
Thirteen sets of junction mutants contain se-

quences that are identical except for the nucleotide
at position 653 (Table S6). In each instance, the
presence of U653A produced ribosomes with higher
function than those with the WT U653. Additionally,
17 of 64 mutants were only selected when U653A
was present in the sequence. Thus, in spite of the
fact that single mutations at position 653 have little
effect, U653A, in combination with other mutations
in the junction, increases ribosome function. The
increased function correlates with the high percent-
age (32 of 64) of selected functional sequences
containing U653A, whereas all other positions
prefer the WT nucleotide (Table 1A). Despite the
prevalence of U653A, the ANOVA analysis used to
determine if there is a connection between the
identity of the nucleotide at position 653 and
ribosome function was insignificant. This is probably
due to the low function mutants that only were
selected if U653A was present.



Fig. 2. S15 complementation of junction mutations. All
junction mutants were assayed for ribosome function
(GFP) in vivo in the absence (blue) or presence (green)
of S15 overexpression. The data are presented as the
percentage of the WT. See Tables S3 and S4 for exact
percentages.

3619Protein–RNA Dynamics
Central junction mutations affect S15 binding

The junction loop is a primary binding site for S15
[16]. To determine if loss of function in some of the
junction mutants is due to decreased S15 binding,
we cloned the S15 gene in the expression vector
pKan5T1 T2 [26], then the 62 mutants isolated from
the saturation mutagenesis of all 6 junction nucleo-
tides (Table S3) along with the 32 single-side
mutants subcloned from them (Table S4) were
assayed in the presence of overexpressed S15. Of
the 94 junction mutants, 78 were complemented by
S15 overexpression with an increase in ribosome
function of 4% to 92% (mean = 48%, Fig. 2).
Interestingly, the 16 mutants that were not comple-
mented by overexpression of S15 contained nucle-
otide combinations unable to form WC pairs at
positions 654:754. Of the 78 complemented mu-
tants, 61 mutants (mean function = 42% and 93% in
the absence and presence of S15, respectively)
Table 2. Primer extension results for WT versus mutants

Clone

Nucleotide sequence

652 653 654 752 753 754

WT U U G G A C

clone J12a G A C A U G

653Δb U Δ G G A C

a The function of clone J12 is complemented with overexpressed S
b The function of 653Δ is only slightly complemented with overexpr
c The function of each mutant given as a percentage of WT function

with standard error of the mean.
d Primer extension [49] was used to determine percentage of plasm

absence of overexpressed S15. The percentage is an average of at le
have a WC pair at positions 654:754. The rest of the
complemented mutants (mean function = 10% and
44% in the absence and presence of S15, respec-
tively) contain nucleotide combinations unable to
form WC pairs at positions 654:754. These results
suggest a preference, but not an absolute require-
ment, for a WC interaction between positions
654:754 for S15 binding.

S15 binding affects 30S subunit assembly

Because S15 is a primary binding protein [10–12]
and a component of an intersubunit bridge [17,18],
the effect of two mutants, J12 and 653Δ (Table 2), on
70S ribosome formation was examined. Ribosomes
from each mutant and the WT were prepared and
separated by sucrose density gradient centrifugation
in 6 mM MgCl2 [21,27]. Ribosomal RNA was
extracted from the 30S and 70S peaks, and primer
extension was performed to determine the percent-
age of plasmid-derived 16S rRNA in each peak
(Fig. S4 and Table 2) [21]. For each sample, the
percentage of 16S rRNA in the 30S peak and the
70S peak is within experimental error (Fig. S4 and
Table 2), suggesting that 30S readily associates with
50S into 70S ribosomes.
In WT cells, plasmid-derived ribosomes constitute

approximately 37% of the total ribosome pool. The
loss of activity in the mutants is accompanied by a
decrease in the percentage of mutant ribosomes in
the 30S and 70S fractions relative to the WT (Fig. S4
and Table 2). Interestingly, the decrease in
plasmid-derived ribosomes in the fractions was
less than the decrease in protein synthesis activity
(Fig. S4 and Table 2). Overexpression of S15 in the
mutants significantly increased their function (Fig. 2)
and the amount of mutant ribosomes in the 30S and
70S peaks as well (Fig. S4 and Table 2). However,
the increase in activity was disproportionately
greater than the increase in the percentage of
ribosomes in each peak (Fig. S4 and Table 2).
S15
overexpression

%
functionc

% plasmid-derived 16S ind:

30S peak 70S peak

− 100 37 ± 3 37 ± 1
+ 100 39 ± 1 36 ± 2
− 18 ± 1 13 ± 1 9 ± 1
+ 83 ± 2 23 ± 2 24 ± 1
− 3 ± 1 8 ± 1 9 ± 1
+ 12 ± 2 16 ± 1 14 ± 1

15 to near-WT levels.
essed S15.
. The function is an average of at least three independent assays

id-derived 16S rRNA in 30S and 70S peaks in the presence and
ast three independent assays with standard error of the mean.

Image of Fig. 2
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These data suggest that loss of function in the
junction mutants is due to decreased and improper
assembly of mature 30S subunits and not to failure
of the mutant subunits to form 70S ribosomes.

Central junction dynamics and S15 binding
control 30S subunit assembly

Previous studies have shown that the WT central
junction undergoes a large conformational change
that brings h20 and h22 in close proximity followed
by S15 binding during ribosome assembly
[6,13,15,28]. We hypothesized that the observed
Fig. 3. Single-molecule study of the central domain junction
h21, and h22 labeled according to the E. coli 16S secondary
biotin (b). Three nucleotides near h20 were modified from the W
during the formation of the junction. (b) Schematic represen
experiments. The quartz slide is coated with biotin-PEG, and
biotin–streptavidin interaction. (c) Single-molecule time traject
and 1 mM Mg2+ (donor intensity in blue, acceptor intensity in
fluorescence after photobleaching (Fig. S5) and the fluorescenc
the acceptor channel). Also, there is no fluorescence produc
shown). Lower panel is the FRET trajectory calculated from the
in the upper panel by using the formula FRET = IA/ (IA+ ID).
levels of function in the mutants are dependent on
their ability to bind S15 and undergo this conforma-
tional change. To test this hypothesis, we performed
in vitro smFRET assays (Fig. 3) [29,30] of a synthetic
three-strand RNA construct that mimics the central
junction (Fig. 3a) [6] with minor modifications to the
h20 bulge, which do not affect S15 binding but
increase RNA annealing efficiency [6,31]. The ends
of h20 and h22 were fluorophore labeled and the 3′
end of h21 is biotinylated (Fig. 3a) [6], which enable
real-time monitoring of the distance between h20
and h22 in the absence and presence of S15 (Fig. 3).
We selected three mutants that represent the
loop of E. coli 16S rRNA. (a) Junction construct, with h20,
structure, is labeled with fluorophores (Cy3 and Cy5) and
T (GCA) sequence to increase the efficiency of annealing

tation of a sample immobilization for the single-molecule
the biotinylated RNA sample is then immobilized through
ory of the WT junction loop in the presence of 10 nM S15
red). It should be noted that the donor alone shows no
e trajectories are corrected for crosstalk (donor emission in
ed for acceptor only upon excitation at 532 nm (data not
fluorescence intensities of the donor (ID) and acceptor (IA)

Image of Fig. 3
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phenotypes observed in the in vivo genetic study
(Tables S3 and S4): (i) clone J58 has three mutations
but maintains a WC base pair between 654:754 and
exhibits near-WT function (74%), (ii) clone J12 has all
six bases mutated while maintaining a WC base pair
between 654:754 but has low function (18%) that can
be rescued by overexpressing S15 (83%), and (iii)
clone C12 has only one mutation (G654C) that
prevents the formation of the 654:754 base pair and
exhibits low function in vivo (1%), which cannot be
rescued by overexpressing S15.
The smFRET trajectories of the WT construct in

absence of S15 and under near-physiological
conditions (1 mM Mg2+ [32]) reveal that the junction
adopts an open conformation with FRET values
ranging between 0.4 and 0.6 (Fig. 4). A time-binned
FRET histogram built from 100 trajectories reveals
the presence of two major conformations centered at
~0.4 and ~0.6 FRET (Fig. 4b). Based on the time
trajectories, these two conformers interchange more
rapidly than our time resolution (~30 ms). Raising
the [Mg2+] to 10 mM results in a FRET increase to
~0.8 (Fig. 4), indicating that h20 and h22 are brought
in close proximity to form the closed conformation.
The corresponding smFRET trajectories reveal that
the junction can still transiently enter the open
conformations, which results in a second broad but
minor distribution below ~0.8 FRET (Fig. 4b). Dwell
time analysis of 150 time trajectories (Fig. 5a) shows
that the closing rate constant (kclose = 9 ± 1 s−1) is
~5-fold larger than the opening rate constant
(kopen = 1.8 ± 0.1 s−1), in agreement with the
FRET histogram. In the presence of S15 and under
near-physiological conditions (1 mM Mg2+), the
junction also resides primarily in the closed confor-
mation (FRET ~0.8) with brief transitions to the open
conformation (Fig. 4). The closing (kclose = 14 ±
1 s−1) and opening (kopen = 1.4 ± 0.1 s−1) rate
constants (Fig. 5b) are similar to those measured
in 10 mM Mg2+, suggesting that S15 and Mg2+ ions
may both play roles in stabilizing the closed
conformation as previously suggested [6].
The clone J58 has near-WT function (74%) and is

complemented to WT levels in the presence of
overexpressed S15 (Table S3). This indicates that
J58 would have comparable junction dynamics to
the WT. However, single-molecule trajectories of
clone J58 reveal that this mutant does not fold like
the WT. In the absence of S15 and under
1 mM Mg2+, this mutant exhibits a single conforma-
tion at ~0.4 FRET, and the fast dynamics that were
observed for the WT under these conditions have
disappeared (Fig. 4). Increasing the [Mg2+] to
10 mM recovers the partially open ~0.6 FRET
state observed for the WT but not the closed
conformation (~0.8 FRET) (Fig. 4). This indicates
that the junction mutations in clone J58 may have
disrupted an important Mg2+ binding site, thus
preventing the junction from folding into the closed
conformation. Interestingly, 10 nM S15 with only
1 mM Mg2+ restores folding to the closed confor-
mation (Fig. 4). This result shows that S15 alone can
stabilize the closed conformation even when Mg2+

cannot.
The clone J12 is a low functional mutant (18%),

which can be rescued by overexpression of S15 in
vivo (Table S3). As observed with J58, in the
absence of S15 and 1 mM Mg2+, J12 smFRET
time trajectories exhibit only a low FRET state (~0.4;
Fig. 4), indicating that this mutant adopts primarily
the open conformation. Increasing the [Mg2+] to 10
or 20 mM does not result in the appearance of higher
FRET species (Figs. 4 and S7), showing that Mg2+

ions alone cannot stabilize the ~0.6 FRET or the
closed conformation. Unlike J58, time traces of J12
in the presence of 10 nM S15 and 1 mM Mg2+

showed few rapid transitions to the ~0.6 FRET
state or the closed state (Fig. 4). The corresponding
time-binned histogram of 35 trajectories shows that
the ~0.6 and ~0.8 FRET states are only reached
21% and 4% of the time, respectively (Fig. 4b).
Because these excursions were never observed in
the absence of S15, this result shows that S15 is still
capable of transiently binding the junction with lower
binding affinity but fails to stabilize the higher FRET
conformations. To estimate the binding affinity of
S15 for J12, we increased the S15 concentration to
25 nM (1 mM Mg2+, Fig. S8). Although at this S15
concentration, some of the S15 precipitated on the
slide; 17 active complexes were identified and
characterized, and 10 of these exhibited the closed
conformation (~0.8 FRET, Fig. S8), implying that
under higher concentrations, S15 binds and closes
the junction, which is in agreement with the in vivo
data.
Clone C12 is a low function mutant in vivo that

cannot be rescued even when S15 is overexpressed
(Table S4). Time trajectories of C12 in 1 mM Mg2+

and in the absence of S15 reveal the presence of a
new static low FRET conformation (~0.2, Fig. 4).
A ~0.2 FRET state indicates that h20 and h22 in the
C12 mutant construct are at an angle greater than
that observed in the open conformation of the
junction (N120°). Increasing [Mg2+] to 10 or 20 mM
reveals no conformational changes showing that
Mg2+ ions alone cannot fold the junction even into
the ~0.4 FRET state (Figs. 4 and S7). Time-binned
histograms of 100 time trajectories in 1, 10, and
20 mM Mg2+ show no discernible folding of the C12
clone junction loop (Figs. 4b and S7).
Since overexpression of S15 does not rescue the

C12 clone, the expectation is that S15 cannot bind to
this mutant at all. However, time trajectories in
1 mM Mg2+ in the presence of 10 nM S15 reveal an
unexpected behavior (Fig. 4a). Time-binned histo-
grams of 49 time trajectories show that the junction
adopts the extended ~0.2 FRET conformation but
briefly transitions to FRET states ranging between



Fig. 4. smFRET trajectories and histograms reveal junction dynamics. Data points are processed with one point
average after collecting them every 33 ms. (a) FRET trajectories are given for theWT and the three mutants (J58, J12, and
C12) at 1 mM Mg2+ (left), 10 mM Mg2+ (center), and 10 nM S15 with 1 mM Mg2+ (right). (b) FRET histograms obtained
from number of events at different [Mg2+] in presence and absence of S15. Gaussian fit of histograms provides the
distributions of molecules at each FRET state. Histograms are built with 100 molecules in each case unless otherwise
mentioned in results section. At 1 mM Mg2+ (left), WT loop has higher events (66%) at ~0.6 and (34%) at ~0.4 states as
compared to 7% and 93% at 0.5 mM Mg2+ (Fig. S6). At 1 mM Mg2+, J58 and J12 mutants have only one distribution at
~0.4 FRET state but the C12 mutant is in ~0.2 FRET state. When the [Mg2+] is increased to 10 mM (center), the
distribution in the FRET histogram for WT junction loop is high (92%) at ~0.8 FRET state and 8% at lower FRET. For J58
mutant, it is shifted to ~0.6 state (58%) from ~0.4 state (38%) and the remaining 4% are in a lower FRET state. The J12
and C12 mutants do not have significant difference at this [Mg2+] as compared to 1 mM Mg2+. In the presence of
10 nM S15 and 1 mM Mg2+ (right), the WT (50 molecules) shows similar results as 10 mM Mg2+ (94% at ~0.8 and 6% at
lower FRET states), but the J58 mutant has only one distribution at ~0.8 FRET state. The J12 mutant (35 molecules)
shows three distributions: 75% at ~0.4, 21% at ~0.6, and 4% at ~0.8 FRET states. The C12mutant (49 molecules) has two
distributions: 94% at ~0.2 and 6% at higher FRET states.
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~0.4 and ~0.6 (Fig. 4b). Because these excursions
are never observed in the absence of S15, these
dynamics indicate that S15 is still capable of binding
the C12 mutant and attempts to fold it, but the ~0.4
and ~0.6 FRET conformations are destabilized by
the presence of the extended stack between h20
and h22. Dwell time analysis of these transient
excursions yields a kclose = 2.8 ± 0.1 s−1 and
kopen = 8 ± 1 s−1 (Fig. 5c). These rates are opposite
to what was observed for the WT junction loop under

Image of Fig. 4


Fig. 5. Mg2+- and S15-dependent single-molecule
dynamics and observed rates for WT and C12 junction
loops. Histograms of the number of events observed in
docked (closed, left) and undocked (open, right) states.
Histograms are fitted with a single exponential equation to
calculate the dwell time of the open and closed states.
Dwell time for the WT junction loop (a) in the presence of
10 mM Mg2+ and (b) in the presence of 10 nM S15 and
1 mM Mg2+. Dwell time of the C12 mutant junction loop (c)
in the presence of 10 nM S15 and 1 mM Mg2+.
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the same conditions (Fig. 5b). It is not possible to
distinguish whether each excursion to the high FRET
conformation corresponds to sequential protein
binding events or to one S15 molecule bound for
an extended period of time. However, the large
magnitude of kclose and the high frequency of
excursions suggest that each bound S15 makes
multiple, unsuccessful attempts at closing the
junction, while the protein remains bound to the
extended junction for long periods of time (N10 s),
contrary to our initial expectations. These data also
indicate that S15 utilizes an induced-fit mechanism
to bind the RNA junction, as shown for the L7Ae
protein binding to the kink-turn motif [33].
Discussion

S15 and the central domain have become a model
system for studying ribosomal protein (rprotein):rRNA
interactions and the process of 30S assembly. Prior
studies have been performed in vitrowith site-directed
mutations constructed in minimal binding sequences,
and function was assayed by measuring S15 binding
and/or monitoring changes in protection from nucle-
otide modification [16,25]. Here, we have combined in
vivo genetic and functional analyses with in vitro
biochemical and single-molecule studies to identify
the sequence, structural motifs, dynamics, and
molecular mechanisms involved in a critical confor-
mational change that occurs in the central junction of
the small ribosomal subunit.

The importance of structural motifs in the
central junction

In 30S crystal structures [15,17], three interactions
among nucleotides of the junction loop: a G654:C754
WC pair, a G752:G654:C754 base triple, and a
U652:A753 reverse Hoogsteen pair (Fig. S1) are
present, which are believed to aid in the maintenance
of the junction structure.

Importance of the G654:C754 WC base pair

Base pairing of G654 and C754 forms an unusual
structure in the junction loop (Figs. 1 and S1). To
accommodate the G654:C754 base pair, the back-
bone of C754 twists from its standard helical shape
[17,23] and the base of C754 also shifts to a syn
configuration [15]. The changes in the backbone and
the base configuration place C754 in a position to
WC base pair with G654. Our results from the
covariation and ANOVA analysis (Fig. 1), along with
the S15 complementation study (Fig. 2), confirm that
the backbone conformation created by the
G654:C754 base pair [16,17,23] is recognized by
S15, and this interaction of the three within the
junction is the most critical for ribosome function in
vivo.
Previous in vitro studies with model hairpins have

shown that the mutations of the G654:C754 nucleo-
tides, including G654C:C754G, prevent S15 binding
[16] and presumably decrease ribosome function. The
results of the in vitro studies are consistent with the
conservation observed in all natural junction se-
quence variants (Table 1B) [4,34]. However,
654:754 mutants were identified in our in vivo study,
but they also contain mutations at other junction
nucleotides. The selection strategy used in the
saturation mutagenesis was designed to isolate
ribosome mutants with less than WT activity. Simul-
taneously changing all six of the junction nucleotides
allowed the isolation of combinations that rescue the
defects produced by mutating only the 654:754 pair.
These junction combinations are unlikely to occur in
nature since they contain multiple mutations [21,35],
hence the high conservation observed for 654 and
754 in all bacteria (Table 1B) [34].

Importance of the G752:G654:C754 base triple

Nucleotide G752 forms a base triple with
G654:C754 through its sugar edge [15,17,23,24]
(Fig. S1). Interaction of G752 with G654:C754

Image of Fig. 5
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provides additional stability to the junction loop
structure [17,23] that is also important for optimum
ribosome function. Loss of a hydrogen bond between
the N2 of G752 and O6 of C754 in the single G752A
mutant reduces protein synthesis by 29% in vivo
(Table S3; clone J53). This corresponds to a 50-fold
increase in Kd for S15 binding in vitro [16].
In the majority of junction mutants, sequences in

which 654:752 could form a WC base pair were not
selected. Pairing of 654 with 752 would extend h22
and disrupt the 654:754 WC pair as demonstrated
in our studies with mutant C12 (Figs. 4 and 5 and
Table S4). These results are also consistent with
prior in vitro studies showing that a model junction
RNA containing the G654C single mutation did not
bind S15 and that both G654C and G752 had
decreased reactivity to chemical modification [16].
Thus, WC base pairs between positions 654 and 752
are strongly selected against because they allow
formation of a nonfunctional, alternative structure in
the junction. In spite of this, three junction mutants in
which 654 can pair with either 752 or 754 retained
enough activity to survive selection. This creates the
possibility of forming two different structures in
equilibrium: one with a 654:752 pair and the other
with a 654:754 pair. In part of the 30S pool, the correct
structure of the central junction is formed, allowing
S15 binding and the ribosome to function, but the
overall function of the mutant is reduced since the
entire 30S pool does not have the same activity.

Importance of the 652:753 reverse Hoogsteen pair
and stacking interactions

Although crystal structures show that nucleotides
652 and 753 form a reverse Hoogsteen pair [15,17], in
our mutants, the ability to form a reverse Hoogsteen
pair between 652:753 is not crucial for ribosome
function. The U652:A753 pair allows A753 to stack
with 588, 654, and 655 (Fig. S1) [17,23]. This
nucleotide stack and the U652 interaction with the 2′
OH of 752 stabilize the position of A753 [17]. The
correct placement of 753 contributes to the confor-
mation of the side-B backbone that is recognized by
S15 [17], and changing the position of 753 is therefore
likely to affect S15 binding. This is illustrated with the
U652:A753G mutant (27%, Table S3; clone J20) that
is capable of forming a reverse Hoogsteen pair, but
the resulting structure would change the position of
the sugar, the backbone, and the base (Fig. S2B) [24].
These alterations would possibly prevent A753G from
participating in the stack with 588:654:655, which
would destabilize the junction loop structure in the
region that interacts with S15. This is corroborated by
in vitro studies using a model hairpin that showed the
A753G mutation resulted in 60-fold reduction in S15
binding [16]. This may also be the reason for the
observed low activity of the A753U mutant (23%)
(Table S3; clone J18 and Fig. 2C).
Position 653 is a spacer

Our results presented in this study for the
mutagenesis of 653 (Fig. S3) are consistent with
the prediction of others that the nucleotide at position
653 functions primarily as a spacer [25]. We also
show that 653Δ-containing ribosomes do not as-
semble properly, but both the assembly and protein
synthesis defects were partially restored by overex-
pression of S15 (Fig. S4 and Table 2). In contrast, in
vitro studies that were performed with model RNAs
showed little to no difference in S15 binding between
theWT and the 653Δmutant [13,16,25]. It is possible
that the smaller 653Δ RNA was able to bind S15,
although at a lower affinity, but lacked the required
dynamics for 30S assembly, similar to our smFRET
analyses of mutant C12 (Figs. 4 and 5 and Table S4).
This suggests that, in addition to orienting junction
nucleotides to maintain the required intra-junction
interactions [16,23], 653 provides freedom for side-A
(Fig. 1) to stretch as the junction folds.
Interestingly, in spite of the fact that all three single

substitution mutations at position 653 produce ribo-
somes that are fully active in vivo, the presence of
U653A in combination with other junction mutations
produces ribosomes that are significantly more active
than the same mutants containing U653, U653C, or
U653G (Table S6). In crystal structures [17], U653
flips out of the loop into a pocket created by rprotein
S8, placing U653 4–6 Å away from Pro27, Thr54,
Lys55, and Pro56 of S8 (Fig. 1b). The U653A
substitution creates the potential for additional con-
tacts with S8 that stabilize the conformation of mutant
junction loops to retain the conformation of the
backbone required for S15 binding. The stabilizing
effect of U653A on central junction structure may
account for the presence of A653 in 16S rRNA of the
thermophile, Thermus thermophilus [4]. Overexpres-
sion of S8, however, does not complement loss of
function in the junction mutants (Table S7), suggest-
ing that S8 does not participate in U653A stabilization
of the junction mutants.

S15 and the junction loop

Several studies have shown that the junction loop
is one of the primary S15 binding sites [16,25,31,36].
Our data showing that S15 overexpression in vivo
restores function (Fig. 2) indicate that the junction
mutations reduce the affinity of 16S rRNA for S15,
which causes an assembly defect as shown by our
primer extension assays of clones J12 and 653Δ
(Fig. S4 and Table 2) in the absence of S15
overexpression. However, the lack of correlation
between the percentage of mutant 30S and their
level of function implies that the mutations produce a
pool of 30S that were not all equally active. This
suggests that, in a fraction of the mutant 30S, the
junction helices have undergone a minor shift in
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conformation that inhibited protein synthesis without
affecting assembly or association. Transitions be-
tween at least two conformations were detected in
our FRET experiments of clone J12 (Figs. 4 and S8),
which support the idea of multiple junction structures
in the pool of mutant 30S. It should be noted that we
did not determine the composition of the mutant 30S
and 70S, so it is unknown if any protein components
including S15 are missing that would result in the
observed anomaly between the level of function and
the amount of 30S.
The assembly defect in the mutants can be

overcome by S15 overexpression, which is indicated
by higher levels of mutant 16S in each of the 30S and
70S peaks. For 653Δ, in a similar manner to assays
performed in the absence of S15, a mixed pool of 30S
was produced as discussed above. However, for
clone J12, the increase in percentage ofmutant 16S is
less than the increase in function, for which there are
two non-mutually exclusive explanations. The first
explanation is that S15 overexpression causes a
higher proportion of the mutant 30S pool to be active.
The second explanation is that eachmutant ribosome
produces more protein than a WT ribosome. This
implies a higher translation rate for the mutant in the
presence of overexpressed S15. Although the junc-
tion has never been implicated in controlling the rate of
translation, it is possible that the junction mutants
have an indirect effect since junction folding and S15
binding affect the positioning of other nucleotides
[11,14–16], such as 693 in helix 23b, that are thought
to alter the translation rate [35].
In spite of the established in vitro assembly

pathway [10,12,37] and the correlation we observed
between binding of S15 and the amount of 30S, the
assembly process appears to be more complex than
expected. Bubunenko et al. previously reported that
a strain with the S15 gene deleted from the genome
(ΔrpsO) was still viable [38]. The 30S subunits
isolated from the ΔrpsO strain have a full comple-
ment of the other rproteins, including central domain
proteins: S6, S18, S11, and S21, suggesting that
S15 is not essential for ribosome assembly [38],
which is not supported by the results obtained in this
study. Talkington et al. proposed that 30S subunits
are capable of following several different pathways
of assembly in vivo [39], which suggests that
assembly could proceed in the absence of S15. As
observed in smFRET experiments, the WT junction
is able to fully transition between the open and
closed conformations (this study and Ref. [6]). Even
in the absence of S15 stabilizing the closed
conformation, it is possible that the junction could
be locked in the closed conformation by the rest of
the 30S assembling through an alternative pathway
in the presence of Mg2+ [38]. In the junction mutants
with reducedMg2+ binding and dynamics as shown
by our smFRET experiments, the presence of S15
becomesmore important for the assembly process.
It should be noted that the doubling time of cultures
of the ΔrpsO strain (90 min at 37 °C and N660 min
at 25 °C) was increased as compared to a WT
culture (30 min at 37 °C and 60 min at 25 °C),
indicating problems with ribosome biogenesis [38].
Therefore, S15 may not be absolutely necessary,
but in vivo, it plays a critical role in the production of
an active ribosome pool and the establishment of
fitness.

Junction dynamics

Ha et al. previously utilized smFRET and a labeled
three-strand construct of helices h20, h21, and h22
to study the conformational changes of the WT
junction in the presence of S15 and Mg2+ [6]. For
control purposes, the smFRET experiment with the
WT junction construct was repeated and our results
are consistent with previous data indicating that
Mg2+ and S15 both cause the same conformational
change in the junction [7,13] and are comparable
with studies by Ha et al. [6]. However, the traces we
obtained with 10 mM Mg2+ showed quick transitions
from the high to low FRET states, indicating rapid
switches between the open and closed conforma-
tions (Fig. 4). Similar transitions existed in the S15
traces but were much less frequent than with Mg2+

(Fig. 4). Ha et al. determined that the Kd for Mg2+

(240 μM) was 80,000-fold higher than for S15
(3.5 nM) [6]. Thus, the decreased binding affinity of
Mg2+ as compared to S15 may be the reason for the
frequent transitions and the shorter dwell time in the
closed conformation (Fig. 5) observed with Mg2+,
since it would dissociate from the junction more often
than S15 [6], which makes S15 better at stabilizing
the closed conformation.
Mutations that cause changes with both S15

binding and protein synthesis are likely to affect
junction dynamics in vivo. The smFRET method
developed by Ha et al. was adapted (Fig. 3) in the
current study to investigate the dynamics of several
junction mutants. Three mutants—J58, J12 and C12
(Tables S3 and S4)—were chosen based upon their
in vivo ribosome function and their complementation
by S15.
Clone J58 has 74% function in vivo that increases

to WT levels when S15 is overexpressed (Table S3).
This allowed the comparison of the dynamics of J58
to WT, but in contrast with WT, J58 exhibits
significantly different behavior with Mg2+. Most of
the molecules were in the low FRET state (~0.4–
0.5), even in 20 mM Mg2+ (Fig. S7), which is the
FRET state observed for the WT construct in
500 μM Mg2+ (Fig. S6). Mg2+ is bound to positions
653, 752, and 753 (Fig. 1) [40]. Only one of these
positions, U653A, is mutated in J58, but the other
mutations, G654U and C754A, may affect the
structure of the other nucleotides in the central
junction. In J58, the O4 of uridine and N6 of
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adenosine (O6 of guanosine and N4 of cytidine in
WT), which are necessary for the G654U:C754A
base pair to hydrogen bond with G752, are present.
Since transversion mutations occurred at both
positions, the functional groups in the mutant are
most likely shifted [24]. This shift should not affect
the backbone of 654 or 754, but the backbone of 752
would also have to shift to maintain interactions with
the 654:754 base pair. Thus, the change in the
backbone position of 752 and the mutation of 653
presumably affects the binding of Mg2+, resulting in
the observed inability of Mg2+ to stabilize the closed
conformation of the central junction, and is probably
responsible for the loss of ribosome function we
observed in the J58 mutant in vivo.
Unlike the dynamics of J58 with Mg2+, the

presence of 10 nM S15 with 1 mM Mg2+ shifted
the junction to a closed state more similar to the WT,
consistent with the hypothesis that Mg2+ and S15
stabilize the junction by two separate mechanisms
[13]. Direct contacts between S15 and the central
junction construct rather than electrostatic interac-
tions are mostly responsible for the stabilization of
the closed conformation. A network of 15 hydrogen
bonds between the RNA and S15, including contacts
with side-B nucleotides 753 and 754, supports this
observation [17]. Hydrogen bonds were calculated
using the 30S ribosomal subunit crystal structure
(Protein Data Bank accession code: 2AVY [17]) and
the Swiss-PDB viewer program‡ [41].
Interestingly, in the presence of 10 nM S15 with

1 mM Mg2+, there are fewer rapid transitions to the
low FRET states with J58 as compared to the WT.
This suggests that the binding affinity of S15 is
higher for this mutant than WT (Fig. 4). These results
are in contrast to our in vivo assays in which full
activity of the J58 mutant could only be attained in
the presence of excess S15 (Table S3). Ribosomal
protein expression is tightly regulated and the
intracellular concentration of free S15 in vivo is
probably very low [42] and the S15 concentration in
the complementation experiments is unknown. In the
smFRET experiments, the majority of the molecules
were in the high FRET state (~0.8), suggesting that
the S15 concentration used is sufficient for full
function, which accounts for the apparent discrep-
ancy between S15 overexpression in vivo assays
and the smFRET results.
For clone J12, results equivalent to J58 were

obtained in the smFRET experiments with Mg2+. In
all tested concentrations of Mg2+ (1 mM, 10 mM,
and 20 mM), the junction remained in the open
conformation (~0.4 FRET) at all times. In J12, all six
junction positions are mutated, including those
involved in Mg2+ binding [40], and as with J58, this
is likely to affect Mg2+ binding. A predominant FRET
state of ~0.4 was also observed in the presence of
10 nM S15 and 1 mM Mg2+ (Fig. 4), but there are
some excursions to the higher FRET states (~0.6–
0.8) (Fig. 4). This indicates that the central junction of
J12 remains in the open conformation for the
majority of the time due to a decreased affinity for
S15. The transitions suggest that the binding of S15
is not a stable interaction, which is consistent with
our function (Table S3) and primer extension results
(Fig. S4 and Table 2) for J12. The smFRET study in
the presence of 25 nM S15 with 1 mM Mg2+

showed the closed conformation with a FRET state
of ~0.8 (Fig. S8). Under these conditions, a few
transitions to lower FRET states were still observed,
suggesting that even in 25 nM, S15 was not stably
bound, which may account for the inability of S15
complementation to restore full activity to the J12
mutant (83% with overexpressed S15). These
results indicate that the binding affinity of S15 to
the J12 mutant is less than that for the J58 mutant
and the WT.
For the clone C12, a FRET state of ~0.2 was

obtained for all tested Mg2+ concentrations (1 mM,
10 mM, and 20 mM) (Figs. 4 and S7). A possible
explanation for this observation is that the G654C
mutation prevents the formation of 654:754 base
pair, in favor of the 654:752 base pair, which has also
been hypothesized through the use of other central
domain model structures in vitro [16]. This potentially
allows A753 to base pair with either U653 or U652
and C754 with G587 from h20 that would cause
stacking between h22 and h20 and generate a long
extended helix, which would result in ~0.2 FRET
(referred to as the wide-open conformation) as
observed. A h22–h20 coaxial stack would prevent
the formation of the h21–h22 coaxial stack seen in WT
ribosomes. This would block 30S subunit assembly
and probably account for the low activity of the C12
ribosomes (1%) observed in vivo (Table S4).
In the presence of 10 nM S15 and 1 mM Mg2+,

the junction is still in the wide-open conformation
most of the time (Fig. 4). Unlike the experiments with
Mg2+, multiple rapid transitions to the higher FRET
states (~0.6–0.8) were detected in the presence of
S15 (Fig. 4). The calculated dwell times in the open
and closed conformations imply that the junction fails
to sustain the closed conformation (Fig. 5). These
transitions are a consequence of the presence of
S15, since they are not observed with Mg2+.
Although S15 has been shown to bind to the closed
conformation [7,13], the transitions indicate that in
C12, S15 is binding the wide-open conformation,
which facilitates folding of the junction.
The smFRET construct also contains the second-

ary S15 binding site, a region located above the
purine bulge in h22 (Fig. 1) [16]. It is possible in C12
that S15 binds to the h22 site, causing transient
closing of the junction. These results differ from a
footprinting experiment reported by Serganov et al.
[16] that mutations in the junction prevented S15
binding to the h22 site. Footprinting requires S15 to
bind long enough for an enzyme or hydroxyl radicals
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to cleave the RNA, whereas we were monitoring
junction dynamics in real-time, which may account
for the apparently contrasting results. S15 binding to
the C12 mutant raises the interesting possibility that
dynamics of the S15–junction complex, and not
protein binding alone, are important for the assembly
of functional 30S ribosome subunits.
In summary, these smFRET results suggest

that the junction mutants have lost the ability to (a)
bind Mg2+, (b) bind S15, and/or (c) shift between the
open and closed conformations (Fig. 6). Loss of any
of these phenotypes results in a reduction of
ribosome function. Therefore, the WT junction was
selected by nature as the optimal sequence for
ribosome function because it balances each of these
activities.
Fig. 6. Summary of the smFRET results. The effect of
1 mM Mg2+ (left), 10 mM Mg2+ (center), and 10 mM S15
plus 1 mM Mg2+ (right) on central junction folding is
illustrated. Biotin (gray circle) is attached to h21, Cy3
(blue circle) is attached to h22, and Cy5 (red circle) is
attached to h20. The arrows signify the direction of the
FRET signal, and their line thickness is proportionate to the
FRET values. The actual FRET values are given between
the FRET dye labels next to the arrow.
Materials and methods

Bacterial strains and media

All plasmids used in mutagenesis were maintained and
expressed in E. coli DH5 or E. coliGM2929 (dam-13::Tn 9,
dcm-6). Clones were cultured in LB medium containing
100 μg/mL ampicillin (LB-Amp100) and/or 30 μg/mL kana-
mycin (LB-Kan30). To induce synthesis of plasmid-derived
rRNA from the lacUV5 promoter, we added IPTG to a final
concentration of 1 mM to LB-Amp100 (GFP induction
media) at the times indicated in each experiment. Strains
were transformed by electroporation. Unless otherwise
indicated, transformants were grown in SOC medium [43]
for 1 h prior to plating on selective medium to allow
expression of antibiotic resistance genes.

Mutagenesis and selection

Construction of junction mutations in 16S rRNA

Nucleotides 652–654 were randomly mutated using PCR
with primers 652N–654N and AvrII (Table S8), and the
product was subcloned in pWK122, a derivative of pWK1
[44] using SacII and BglII. E. coli GM2929 was transformed
with the 652–654 pool to produce unmethylated DNA and
then transferred to pRNA228, a derivative of pRNA123
[20,21] using restriction sites BclI and BstEII. Nucleotides
752–754 were randomly mutated using overlapping recom-
binant PCR with primers 752N–754N and endF (Table S8),
and the PCR product was cloned in pRNA228 using BstEII
and BglII. Mutagenesis of all six junction nucleotides was
accomplished by cloning the 652–654 and 752–754 pools in
pWK122 using BstEII and BglII, transforming into E. coli
GM2929, and then transferring to pRNA228 using restriction
sites BclI and BstEII.

Selection of functional mutants

Transformants from the mutant pools were incubated at
37 °C with shaking in SOC medium for 1 h to allow
expression of the β-lactamase gene on the plasmid. A
sample of the culture was plated on LB-Amp100 plates
to determine the transformation efficiency. A final concen-
tration of 1 mM IPTG was added to the remaining culture
and it was incubated for 2 h at 37 °C for ribosome
assembly and activity. The culture was then plated on
LB-Amp100 + 1 mM IPTG +50 μg/mL chloramphenicol
medium (LBCm50). Survivors were randomly selected,
sequenced, and assayed for in vivo ribosome activity by
measuring GFP production.
Construction of 653 deletion mutant

The 653Δ was constructed with primers 653Δ and 16S
AvrII (Table S8), subcloned in pWK122, transformed into
E. coli GM2929, and transferred to pRNA228 using
restriction sites BclI and BstEII.

GFP assays

Overnight cultures of mutants and WT controls were
grown in LB-Amp100 at 37 °Cwith shaking for 12–16 h. The
overnight cultures were diluted 1:100 in GFP induction
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media and grown at 37 °C with shaking for 24 h. After 24 h,
500 μL of the culture was pelleted, cells were washed
once with 500 μL of HN buffer [20 mM Hepes (pH 7.4) and
0.85% NaCl] and resuspended in 500 μL of HN buffer. The
cell suspension (100 μL) was transferred to a 96 well
black, clear-bottom microtiter plate (Corning). Cell density
(λ = 600 nm) was measured using a SPECTRAmax 190
(Molecular Devices, Sunnyvale, CA), and fluorescence
(excitation =395 nmandemission=509 nm)wasmeasured
using a SPECTRAmax Gemini (Molecular Devices,
Sunnyvale, CA). For each culture, fluorescence was divided
by cell density and presented as a percentage of the WT.
Values represent the average of at least three assays on
three separate cultures done on different days.
Fluorescence induction curves

Overnight cultures of 653 single mutants were grown in
LB-Amp100 at 37 °C with shaking for 12–16 h. The
overnight cultures were diluted 1:500 in LB-Amp100 and
incubated at 37 °C with shaking. At A600 = 0.1, cultures
were induced with 1 mM IPTG and samples were removed
for measurement of cell density and GFP analysis every
30 min. The experiment was performed only once since
we also had end-point data for each mutant.
Overexpression and complementation studies

The S15 gene (rpsO) and the S8 gene (rpsH) were
amplified from DH5 genomic DNA using the PCR primer
pairs EcS15F + EcS15R and S8F + 8R (Table S8), respec-
tively. Each gene was cloned into pKan5T1T2, a derivative
of pKan5 [26] containing the arabinose-inducible PBAD
promoter and transcriptional terminators from rRNA operon
B, T1T2 [45] using the NotI and XbaI restriction sites. The
resulting plasmids, pKanEcS15 and pKanEcS8, were
transformed into E. coli DH5 and confirmed by sequencing.
Complementation tests were performed by transforming

E. coli DH5 cells containing either pKanEcS15 or
pKanEcS8 with the junction mutants. Transformants were
cultured on LB-Amp100 medium containing 30 μg/ml
kanamycin (LB-Amp100 + Kan30). The mutant rRNA
genes were induced by adding IPTG (1 mM), and the
rprotein genes were induced by adding L-arabinose (0.2%).
Overexpression, ribosome preparation, and
primer extension

Primer extension experiments were performed using
constructs containing the C1192U mutation [46] as a stop
in the WT control or the junction mutations as stops in the
mutants as described by Lee et al. [21]. Cultures were
induced with IPTG (1 mM) and L-arabinose (0.2%) at
A600 = 0.1 and incubated until A600 = 0.6. Crude ribo-
somes were isolated from the cell pellet using standard
procedures [27,47] and 30S and 70S were obtained by
using a 10–30% sucrose gradient with 6 mM Mg2+ and
centrifuging at 20,000 rpm for 15.5 h with a Surespin 630
rotor. rRNA was prepared from the 30S and 70S peaks as
described in Triman et al. [48].
To determine the ratio of plasmid-derived 16S rRNA to

host rRNA, we synthesized cDNA from the 30S and 70S
extracts of each mutant and the WT using ImProII reverse
transcriptase (Promega), a mix of three deoxynucleotides
and one dideoxynucleotide (dependent on the mutation).
The 5′-labeled primers 1192UPE, J255PE, or 653delPE
(Table S8) were used to produce cDNA from WT (1192U),
clone J12, and 653Δ, respectively, which were isolated by
polyacrylamide gel electrophoresis and then quantified
using a Typhoon imaging system and the ImageQuant
program (GE Health Systems). Percentages represent the
mean of three separate analyses on three separate
cultures done on different days.
Production of EcS15 protein

Construction of expression vector, pET15B-EcS15

Primers 5′ pET15-EcS15 and 3′ pET15-EcS15 (Table S8)
were used to amplify E. coli rpsO (rprotein S15) from E. coli
DH5 genomic DNA. The product was cloned into pET15b
[49–51] using NcoI and XhoI, which places S15 with an
N-terminus 6X-histidine tag behind a T7 promoter, and then
transformed into BL21(DE3)pLysS (F-,dcm, ompT, hsdS(rB

−

mB
−), gal, λ(DE3), [pLysS CmR]) [52] for protein

overexpression.
Purification of 6X-histidine-tagged EcS15

An overnight culture of pET15B-EcS15 was grown in
LB-Amp100 + Cm50 culture at 37 °C with shaking for
12–16 h. The culture was diluted 1:500 into four flasks of
500 mL of LB-Amp100 + Cm50 and grown at 30 °C until
OD600 was 0.4 to 0.6. Protein expression was induced by
adding 1 mM IPTG and allowing the culture to grow for an
additional 16–18 h at 30 °C. The cells were pelleted at
6000 X g, resuspended in 30 mL of K-eq/wash buffer
[50 mM potassium phosphate and 0.3 M KCl (pH 7)], and
lysed using a French Press. Ribosomes were removed by
precipitation [27], and S15 was purified from the
supernatant by immobilized metal affinity chromatogra-
phy using Profinity IMAC Resin (BioRad) charged with
Ni2+. The column-bound protein was washed with K-2W
buffer [50 mM potassium phosphate, 0.3 M KCl, and
7.5 mM imidazole (pH 7)] then K-20W [50 mM potassium
phosphate, 0.3 M KCl, and 20 mM imidazole (pH 7)]. S15
protein was eluted with K-E buffer [50 mM potassium
phosphate, 1 M potassium chloride, and 150 mM imid-
azole (pH 7)]. After purification, S15 was concentrated
and the imidazole was removed by filtration using an
Amicon Ultra15 filter (MW: 5 kD) and by washing with
K-1M buffer [50 mM potassium phosphate and 1 M KCl
(pH 7)].
RNA purification and labeling

All RNA oligonucleotides were purchased from the Keck
Foundation Biotechnology Resource Laboratory (Yale
University, New Haven, CT) with 2′ OH protection groups.
RNAs were purified and labeled as described [53,54].
Each construct consists of three RNA oligonucleotides:
one is unlabeled (RNA-1), biotin is attached to the second
strand (RNA-2), and donor Cy3 and acceptor Cy5
fluorophores are attached at the 5′ and 3′ ends, respec-
tively, of the third strand (RNA-3) (Fig. 3a).
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A 1 μMsolution of central junction complex was annealed
by combining three RNA strands at a concentration ratio of
1:2:10 (RNA-3:RNA-1:RNA-2) in annealing buffer [10 mM
NaH2PO4 (pH 7.2) and 20 mM NaCl]. Solution was heated
to 90 °C for 45 s and slowly cooled to room temperature.
Annealed junction formation was confirmed by native gel
electrophoresis (not shown) [55]. Experiments were carried
out with a homebuilt total internal reflection fluorescence
microscope as previously described [56,57]. Biotinylated
junction complex was immobilized onto PEG-passivated
quartz slides via a biotin–streptavidin interaction in standard
buffer [50 mM Mops (pH 7.2), 100 mM KCl, and 2 mM
Trolox] at various [Mg2+] [56–58] or [S15] with 1 mM Mg2+

as indicated in the results. Donor (ID) and acceptor (IA)
fluorescence intensities from individual molecules were
detected using an electron multiplied CCD camera. Each
molecule was characterized by single-step photobleaching.
Individual donor and acceptor time traces were background
corrected and then used to calculate apparent FRET
efficiencies as IA/(IA + ID) by using a custom code written
in MATLAB as described previously [56,59]. FRET traces
and composite FRET histograms were generated using
IGOR Pro software (WaveMetrics). Dwell time analysis was
performed using a custom code written in MATLAB [59] and
dwell time histograms were generated and fitted using
IGOR Pro.
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