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Ribosomal (r-) RNA adopts a well-defined structure within the
ribosome, but the role of r-proteins in stabilizing this structure is
poorly understood. To address this issue, we use optical tweezers
to unfold RNA fragments in the presence or absence of r-proteins.
Here, we focus on Escherichia coli r-protein L20, whose globular
C-terminal domain (L20C) recognizes an irregular stem in domain
II of 23S rRNA. L20C also binds its own mRNA and represses its
translation; binding occurs at two different sites—i.e., a pseudo-
knot and an irregular stem. We find that L20C makes rRNA and
mRNA fragments encompassing its binding sites more resistant
to mechanical unfolding. The regions of increased resistance corre-
spond within two base pairs to the binding sites identified by con-
ventional methods. While stabilizing specific RNA structures, L20C
does not accelerate their formation from alternate conformations
—i.e., it acts as a clamp but not as a chaperone. In the ribosome,
L20C contacts only one side of its target stem but interacts with
both strands, explaining its clamping effect. Other r-proteins bind
rRNA similarly, suggesting that several rRNA structures are stabi-
lized by “one-side” clamping.
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Whereas the structure of the bacterial ribosome has been
solved in magnificent detail (1–3), far less is known about

its mechanism of assembly (4, 5). In vitro, this assembly is highly
cooperative (4), but how r-proteins affect the folding of rRNA
remains obscure. A variety of ensemble techniques exist for
comparing RNA structures in the presence or absence of proteins
(see, e.g., refs. 6 and 7). Although these techniques can reveal net
changes in rRNA structures following protein binding, they yield
no information on the associated stability variations; moreover,
they only reflect the average behavior of large populations of
molecules. To bypass these limitations, we have used optical twee-
zers (8, 9) to stretch individual RNA fragments in the presence or
absence of r-proteins. Force versus displacement curves reflect
the nature and stability of the structural elements present within
the RNA [(10); see ref. 11 for review]. This approach has been
used to probe changes in RNA structure brought about by RNA
helicases (12) or the ribosome itself (13), but the effect of pro-
teins that bind specifically and statically to RNA, like r-proteins,
has not been studied this way.

We focus here on the Escherichia coli r-protein L20 that binds
rRNA early during in vitro assembly of the 50S subunit (4). It
consists of two domains of similar size—i.e., an N-terminal alpha-
helical domain that dives deeply into the 50S core and a globular
C-terminal domain (L20C) that specifically binds the junction of
helices (H) 40–41 (for numbering of rRNA helices and domains
see ref. 1) at the exterior of the subunit (2) (Fig. S1). The rplT
gene encoding L20 and the upstream rpmI gene encoding L35 are
co-transcribed and translationally coupled. By binding to the
mRNA at two nearby sites upstream of rpmI, L20 (and L20C)
represses the translation of both genes (autogenous control) (14).
There are three reasons for choosing L20, and more specifically
its globular domain L20C, for this work (see L20 and L20C in SI

Text for details). First, whereas many r-proteins (including the
full-length L20; Fig. S1) bind different rRNA regions via multiple
contacts whose contributions to the overall binding energy are
undefined (2, 3), L20C binds a simple rRNA target with nano-
molar affinity (14, 15). Second, L20 is dispensable for the func-
tion of the ribosome once assembled (4), and therefore the inter-
actions of L20 (and L20C) with rRNA presumably only serves in
rRNA folding. Third, the existence of well-characterized binding
sites for L20C in both rRNA and mRNA allows comparing the
effect of the same protein on the folding of two different RNA
molecules.

Here, we analyze the effect of L20C on the unfolding of its
rRNA and mRNA targets with a mechanical force. The protein
dramatically affects the energetics of unfolding by stabilizing RNA
structures that harbor its binding sites. Yet, it does not accelerate
the formation of these structures from alternate conformations.
The rationale for this “clamping” effect and its consequence for
rRNA folding are discussed.

Results
RNA fragments of 0.15–0.2 kb in length carrying the known bind-
ing sites of L20C on rRNA and mRNA were designed and linked
to two beads via 2.5 kb-long RNA/DNA handles (16) (Fig. 1A,
Inset). After trapping the beads with double optical tweezers,
we pull on the construct and record the force versus displacement
curve (17).

L20C Specifically Stabilizes the Top of rRNA Helix 40. First, we studied
an RNA fragment (nt 991–1,163 of 23S rRNA) that encompasses
H 40 to 44 (Fig. 1E), in the absence of L20C. When slowly
stretched at constant speed (50 nm∕s), the construct showed an
elastic behavior, except for a force drop occurring in several sub-
steps around 10 pN that corresponded to progressive unfolding of
the RNA (Fig. 1 A and B). These substeps were reproducible
when the molecule was allowed to refold and then stretched again
(Fig. 1B). Each substep corresponds to an increase in length,
from which the number of unfolded bases can be estimated
(Fig. 1C and Fig. S2; see SI Materials and Methods). We observed
three unfolding intermediates corresponding to 36.5� 5.3 (67
events), 100.0� 8.3 (66 events), and 149.6� 3.7 (39 events) un-
folded bases. The standard deviations of these values exceeded
the uncertainty of single measurements (ca three bases) and dif-
fered from state to state: Presumably, the boundaries of indivi-
dual intermediates do not correspond to a particular base pair but
to a small rRNA region, the size of which reflects the local cur-
vature of the energy potential. Assuming sequential opening of
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the RNA, we placed these regions on the secondary/tertiary struc-
ture of the 991–1,163 subdomain as deduced from phylogeny
(http://www.rna.ccbb.utexas.edu). Except for its branched top,
this subdomain forms an irregular stem with two tertiary inter-
actions (Fig. 1E). Interestingly, regions resisting unfolding (pink
areas in Fig. 1E) matched stable helices of the structure. In
particular, the first intermediate corresponded well to the unfold-
ing of the stem up to the stable H 41 (36 unfolded bases). This
result suggests that H 40–41, which constitutes the binding site
of L20, preexists in the absence of L20, a situation that has
been described for other r-protein binding sites as well (7). As for
the second intermediate, it may be stabilized by the non Watson–
Crick pairings that take place within the internal loop 1,044–
1,050/1,109–1,111 (2, 3).

The data also yielded the energy changes associated with the
unfolding process. In our experiment the system was close to
equilibrium as shown by the fact that it flipped thermally between
the fully folded and first intermediate states (10, 18, 19) (Fig. S3;
see also The “close-to-equilibrium” hypothesis in SI Materials and
Methods). Under these conditions, the free energy for unfolding
equals the average difference in the elastic energy of the system
before and after unfolding, which can be estimated from our data
(SI Materials and Methods; Fig. S4A). The result (11.8� 2.5 kcal∕
mol) agreed well with the predicted energy (12.6� 1.3 kcal∕mol)
needed to unfold the secondary structure shown in Fig. 1E up to
the bottom of H 41 (mfold software http://mfold.rna.albany.edu;
see SI Materials and Methods). This suggested that in the absence
of L20C the pseudoknot 1,005–1,006/1,138–1,137 contributes
little to the overall stability of the structure.

L20C was then added in excess so that at equilibrium most
RNA molecules were protein-bound (14, 15). Under these con-
ditions, unfolding showed only one major substep that was differ-

ent from those seen without protein. This substep occurred at
forces above 13 pN and corresponded to 18.2� 3.2 unfolded
bases (32 events) (Fig. 1 A, C, andD). The force needed to unfold
the molecule beyond this point was so high (average 16 pN, or an
extra 6 pN over the force needed to unfold the first 36 bases
without L20C; Fig. 1C) that the remaining structure usually un-
folded without further intermediates. That unfolding required
higher forces in the presence of L20C than in its absence directly
showed that the protein mechanically stabilizes the structure.
From the number of base pairs unfolded in the intermediate
state, we localized the region resisting unwinding within less than
two base pairs in the H 40 intrahelical bulge—i.e., in the region
contacted by L20 in the ribosome (2, 3) (Fig. 1E).

After complete unfolding, the molecule was allowed to refold
by approaching the two traps at 50 nm∕s. The corresponding
force versus displacement curves lay well below the curve for
unfolding, showing that the two processes are not the reverse of
each other. Conceivably, refolding of the bottom of the stem re-
quires the prior folding of the top, whereas during unfolding the
bottommust obviously be opened first. Of note, no difference was
seen whether L20C was present or not during refolding (Fig. S5).

Next, we attempted to quantify how strongly L20C stabilizes the
rRNA structure. Upon going to the first intermediate (i.e., upon
unfolding the first 18.2� 3.2 bases), the system again showed
thermal flipping and thus was close to equilibrium (Fig. S6).
Applying the same method as above, we found a free energy of
11.4� 2.4 kcal∕mol for unfolding this region, which was again
in good agreement with the free energy predicted for unfolding
the secondary structure shown in Fig. 1E (12.1� 1.2 kcal∕mol for
the first 18 bases). This implies that L20C does not affect the
stability of this region (essentially the bottom of H 40). The high
force needed to unfold the RNA beyond this point made the rest

A B E

C D

Fig. 1. Stretching of the 991–1,163 rRNA fragment. (A) Force versus displacement (50 nm∕s) curve for the rRNA fragment without (red) and with (blue) added
L20C. The drops correspond to unfolding of the RNA structure. (Inset) Principle of the assay. (B) Three successive measurements (in red, black, and gray) on the
same RNA molecule without L20C show reproducible intermediate states. (C) Distribution of the maximum force reached in a given state except for the fully
unfolded state (173 bases) where the minimum force is given. The number of unfolded bases is deduced from the successive increase in length during the
different substeps (SI Methods). This graph summarizes 38 and 87 individual measurements with (blue triangles) or without (red dots) L20C, respectively.
(D) Same as B, except that L20C was present. The three successive measurements are in blue, black, and gray. (E) Positions of the intermediate states on
the rRNA structure. Blue lines indicate tertiary interactions. Bars indicate the mean positions of unfolding intermediates and the colored regions represent
the standard deviations around this mean. Intermediates with and without L20C are shown in blue and red, respectively. Nucleotides that contact L20 in the
ribosome are in gray (2, 3).
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of the process irreversible. Nevertheless, we could estimate the
energy cost for extending unfolding from 18 to 36 bases (i.e., be-
hind the L20C binding site) by extrapolating to higher forces the
elasticity curve of the first intermediate in the absence of L20C
(36 bases unwound) (SI Materials and Methods; Fig. S4B). Overall,
the work necessary to unfold the first 36 bases in the presence of
L20C was 23.7� 4.4 kcal∕mol instead of 11.8� 2.5 kcal∕mol in
its absence. The difference, ca 12 kcal∕mol, is the energy paid
for removing L20C from its site.

Proper RNA Folding Is a Prerequisite for L20C Binding. The above re-
sults suggested that H 40–41—i.e., the L20C binding site, preex-
ists in solution in the absence of L20C. To test whether L20C
can favor the formation of its binding site even from a different
conformation, we used rRNA mutations. The double mutation
A1009U, A1010U strongly reduces the interaction of L20C with
the 991–1,163 rRNA fragment (14). Because in the ribosome
structure L20 does not recognize specifically bases 1,009 and
1,010 (2, 3), this reduction presumably reflects a change in RNA
conformation. Consistently, introduction of the mutations in the
rRNA fragment dramatically modified the force versus displace-
ment curve. Instead of four well-defined substeps (Fig. 1B andC),
many small upward and downward substeps were apparent
(Fig. 2A). Repetition of the experiment showed that, although the
substeps occurred consistently within the same force range, they
corresponded to the unfolding of a variable number of bases,
from 15 to 85% of the total (Fig. 2B). The presence of L20C did
not change this length distribution; simply, the drops occurred
at slightly lower force. We concluded that the protein does not
bind the mutated rRNA. The mfold predictions helped rationa-
lize these results. The program suggested that the mutant adopts
a branched structure, with an additional helix induced by pairing
of the mutated nucleotides 1,009 and 1,010. The binding site for
L20 was missing from this structure, hence the absence of bind-

ing. The branched structure presumably explains the continuous
distribution of the substep length in the mutant, because unfold-
ing of such structure can occur in either of two directions. Theory
predicts that in this situation many intermediates close in energy
should be observed (20).

L20C Mechanically Stabilizes Two Sites on Its Own Messenger RNA.
The region responsible for L20C binding (and for autogenous
control) in the rpmI-rplT mRNA consists of two elements sepa-
rated by a 155-nt nonessential linker (14). To probe the L20C–
mRNA interactions with a mechanical force, we designed a
201-nt fragment carrying the two elements but lacking the linker.
In solution, this RNA region folds into a branched structure
closed by a pseudoknot (14). L20C binds to the pseudoknot and
to the irregular stem S3 (Fig. 3E). In the absence of the protein,
the force versus displacement curve again showed several sub-
steps (Fig. 3A). Interestingly, the force corresponding to the first
substep displayed a bimodal distribution centered at 6.6 and
14.9 pN (Fig. 3B). In the absence of Mg2þ ions, which are known
to favor tertiary structures (21), only the low-force mode was
observed (Fig. 3B). These results suggested that in the presence
of Mg2þ, the RNA exists as a mixture of two states with and
without the pseudoknot, with the former state requiring a higher
force to unfold. Depending upon the force needed to start un-
folding (>11.5 pN or <11.5 pN), the initial state was assumed
to bear or to lack the pseudoknot and thus was attributed either
0 or 15 unfolded bases, respectively (Fig. 3D). Subsequent unfold-
ing events originating from these two initial situations are distin-
guished by different symbols on Fig. 3D. Beyond the pseudoknot,
the three stems S1, S2, and S3–4 (Fig. 3E) can unfold in parallel.
Consistently, the distribution of unfolded states from 50 to 80
unfolded bases showed a continuum like for the mutant rRNA
fragment (Fig. 3D). Subsequently, two well-defined intermediate
states were seen near the end of the unfolding process (ovals in
Fig. 3D). Of note, when the pseudoknot was initially present, the
continuum was never explored and the first intermediate was
rarely seen (Fig. 3D), presumably due to the high force needed
to start unfolding. As above, the intermediates were mapped
on the structure based on the number of unfolded bases and
the energy required to further unfold the molecule, assuming re-
versibility (Fig. S7). On this basis, the second intermediate
(137.7� 4.4 unfolded bases; 21.8� 3.5 kcal∕mole required for
full unfolding) retains only the very stable stem S4 (137 unfolded
bases; predicted unfolding energy 19� 1.9 kcal∕mole), whereas
the first intermediate presumably retains both S2 and S4
(119.7� 4.6 unfolded bases (predicted: 125) and 5.4� 2.6 kcal∕
mole for going to the second intermediate (predicted energy for
melting S2: 4.5� 0.5 kcal∕mole).

When L20C was present, the forces needed to unfold the
mRNA fragment were much higher than without the protein,
and the unfolding patterns were very different (Fig. 3 C and D).
Two states were especially stabilized: the fully folded one and
an intermediate state centered at 105� 4.9 unfolded bases.
These states corresponded well to the position of the two protein
binding sites—i.e., the pseudoknot and the middle of stem S3
(Fig. 3E). Interestingly, while strongly hampering the unfolding
of the mRNA fragment, L20C had little effect on its refolding,
as with the rRNA fragment (Fig. S8).

Discussion
The interaction of the globular C-terminal domain of L20 (L20C)
with its rRNA and mRNA targets has been extensively character-
ized in vivo and in vitro. Despite their different nature, L20C
recognizes its three binding sites (an irregular stem around H
40–41 on rRNA, a pseudoknot and an irregular stem on mRNA)
with similar affinities in the 10 nM range (∆G° ca 10 kcal∕mol)
(14, 15). The ribosome structure reveals the details of this recog-
nition: In the H 40–41 region, L20C contacts only the RNA back-

Fig. 2. Stretching of the rRNA fragment carrying the A1009U, A1010U
mutations. (A) Three force versus displacement curves without L20C are
shown. For clarity, the two upper curves have been shifted upward by 2 and
4 pN. (B) Same as Fig. 1C except that the mutated rRNA fragment was used.
Gray dots: without L20C; green triangles: L20C added.
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bone and not individual bases (2, 3). Using this well-characterized
L20C–RNA interaction as an example, we show here that the
stretching of single RNA fragments can tell us where, and how
strongly, these fragments interact with specific RNA-binding
proteins. To our knowledge, no other single technique can yield
this dual information. The measurements show that our double
tweezers setup, combining high stiffness (total trap stiffness of
0.1 pN∕nm) and force resolution (about 100 fN at 130 Hz), allows
us to dissect the secondary structure of RNAmolecules with close
to single base resolution.

Our results are consistent with more conventional methods
for the location of the binding sites and the associated binding
energies. An important finding of this work is that, while L20C
binds tightly and stabilizes RNA structures that carry its binding
sites, it cannot use its binding energy for inducing the formation
of these structures from alternate conformations. In short, it acts
as a clamp resisting unfolding and not as a chaperone facilitating
folding. These points, and their bearing for ribosome assembly,
are discussed successively.

Binding Sites and Energies. The presence of L20C makes RNA
fragments encompassing the L20C binding sites more resistant
to unfolding. We could localize the outer edge of the L20C bind-
ing site from the number of bases that have unfolded at the onset
of this resistance. For the binding site on H 40–41 of rRNA
(Fig. 1E) or on stem 3 of mRNA (Fig. 3E), this edge lies within
2–3 bases of the nucleotides in contact with L20C as deduced
from footprinting and mutational analyses and from the ribosome
structure (2, 3, 14). The localization of the binding site on the
mRNA pseudoknot is less precise because in this case the entire
tertiary structure resists unfolding (Fig. 3E). Altogether, the
L20C binding sites identified here agree well with those deduced
from other methods.

The energy required to remove L20C from its rRNA binding
site (ca 12 kcal∕mol) has also been estimated from our data;
its ensemble equivalent would be the free energy of activation
for L20C dissociation. Incidentally, this value compares well
with the standard free energy for L20C binding to the same frag-
ment according to fluorescence anisotropy measurements
(Kd ¼ 13 nM, or ΔG0 ¼ −10.6 kcal∕mol) (14). This result sug-
gests that the reverse reaction, the binding of L20C to its specific
site, has negligible activation energy—i.e., that it is diffusion-
controlled or nearly so. This inference is reasonable because this
reaction does not involve large conformational changes: The
structure of L20C does not change upon RNA binding (22), and
the L20 binding site on rRNA seems to exist prior to this binding
(see below).

Structural Basis for L20C-Mediated Stabilization of RNA Structures.
Certain DNA-binding proteins, e.g., the restriction enzymes
EcoRV, XhoI or BsoBI (23–25), protect their double-stranded
targets against unzipping by an external force in a manner similar
to L20C. However, these enzymes differ from L20C in the way
they “clamp” their substrate. When bound to their recognition
sequence, restriction enzymes largely or even completely encircle
the DNA double helix (26) (Fig. S9C). In contrast, L20C binds
only one side of the irregular stem H 40–41, but the contacts in-
volve both helix strands, which explains the helix stabilization
(Fig. S9 A, B, and D). Logically, this mode of clamping is less
efficient than helix encirclement. At a loading rate of 2.3 pN∕s,
pulling L20C out of its rRNA binding site requires an extra force
of ca 6 pN compared to unfolding without L20C (Fig. 1C)
whereas dislodging BsoBI or XhoI with the same loading rate
requires extra forces of 15 pN or more (cf. figure 4 in ref. 25).

Is single-sided clamping unique to L20C? The crystal structure
of the ribosome shows that L13, which interacts with the same
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Bases from the pseudoknot and from S3 that contact L20C are shown in dark and light gray, respectively (ref. 14 and references therein).
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H 40–41 region as L20C (Fig. S1), also binds one side of this stem
and contacts both strands, although at nucleotides different from
L20C. Presumably, L13 acts as another clamp for this stem.
Similarly, the 30S proteins S4, S7, and S8 mainly bind to one side
of a helix but contact both strands (2, 3). Presumably, single-sided
clamping is widespread among r-proteins.

L20C Helps Resisting Unfolding But Cannot Assist Folding. There is
evidence that the binding sites for L20C in our rRNA and mRNA
fragments (Figs. 1E and 3E) preexist in the absence of L20C.
With the rRNA fragment, the number of bases unfolded during
the first substep (36.5� 5) corresponds well to the unfolding of H
40, up to the stable H 41 (36 bases) and the associated free energy
change fits the calculated free energy for the secondary structure
of this region. Similarly, our data support the existence of the
pseudoknot and of stems S2 and S4 for the mRNA fragment. This
result, together with chemical probing data (14), suggests that
the structure of Fig. 3E, including the two L20C binding sites,
preexists in solution. Thus, L20C appears to stabilize existing
structures. This stabilization is quite strong, as judged from the
energies involved (10–12 kcal∕mol; see above).

Yet, our data show that this large binding energy cannot be
used to drive the formation of L20C binding site if it is not initially
present in the rRNA and mRNA fragments. The refolding
process is not affected by L20C when the unfolded molecule is
slowly relaxed, in spite of the stabilization of the final folded state.
Another illustration is given by the rRNA fragment carrying the
double mutation A1009U–A1010U for which the force versus
displacement curve reveals a new, presumably branched, confor-
mation. Although the energy provided by the binding of L20C to
its binding site is arguably higher than the energy difference be-
tween the wild-type and mutated structures, our data (Fig. 2) and
spectroscopic measurements (14) show that L20C does not bind
the mutated fragment. Thus L20C, while strongly stabilizing struc-
tures that carry its binding site, cannot induce their formation
from alternate conformations. In short, it cannot act as an RNA
chaperone (27). Chaperones catalyze the interconversion of RNA
structures by stabilizing intermediary states. L20C may be unable
to play this role because of the high specificity with which it recog-

nizes RNA. Interestingly, the chaperone activities of allEscherichia
coli r-proteins have been compared using a trans splicing assay.
Although this assay is unrelated to the folding of rRNA, it is
noteworthy that the full-length L20 was found to lack chaperone
activity in contrast with many other r-proteins (28).

Concluding Remarks
The “clamping” of the bottom of subdomain 991–1,163 of 23S
rRNA by L20C, as documented here, is presumably highly signif-
icant. L20 is required for the recruitment of L13, L21, and L22
(4), all of which bind to the same subdomain or, for L22, in proxi-
mity of it (2, 3) (see Fig. S1). Rather than a direct interaction of
L20 with all these proteins, this requirement presumably reflects
the need for a correctly and stably folded subdomain that is
mediated by L20C. As discussed in Subdomain 991–1,163 and
Ribosome Assembly in SI Text, this folding seems to occur early
during the 50S assembly and it may be essential to this process.

Materials and Methods
The double optical tweezers setup, including a frequency shifting procedure
for increased precision, has been described (17). The extremities of the
molecular constructions are linked to two different beads—i.e., an antidigox-
ygenin coated silica bead (diameter 0.97 μm) and a streptavidin coated
polystyrene bead (diameter 1.87 μm), prepared from carboxylated beads
(Bangs Laboratories Inc.). The RNA/DNA hybrid constructions were prepared
as in ref. 16 and attached to the beads by mixing all components together
for 1–2 h at room temperature. L20C, corresponding to amino acids 59–118
of L20, was prepared as in ref. 29. To ensure saturation of RNA with protein,
L20C (3 μM) was present at more than 200-fold excess over Kd. Experiments
on the rRNA fragment were performed at 29 °C in 20 mM Tris pH 7.5, 100mM
KCl, 5 mM MgCl2. For the mRNA fragment, we used 50 mM HEPES-K pH 7.5
with or without 0.25 mM MgCl2. Data were acquired at a sampling rate of
300 Hz with an antialiasing filter at 132 Hz.
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