Force measurements show that uL4 and uL24 mechanically
stabilize a fragment of 23S rRNA essential
for ribosome assembly
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ABSTRACT

In vitro reconstitution studies have shown that ribosome assembly is highly cooperative and starts with the binding of a few
ribosomal (r-) proteins to rRNA. It is unknown how these early binders act. Focusing on the initial stage of the assembly of
the large subunit of the Escherichia coli ribosome, we prepared a 79-nucleotide-long region of 23S rRNA encompassing
the binding sites of the early binders uL4 and uL24. Force signals were measured in a DNA/RNA dumbbell configuration
with a double optical tweezers setup. The rRNA fragment was stretched until unfolded, in the absence or in the presence of
the r-proteins (either uL4, uL24, or both). We show that the r-proteins uL4 and uL24 individually stabilize the rRNA frag-
ment, both acting as molecular clamps. Interestingly, this mechanical stabilization is enhanced when both proteins are
bound simultaneously. Independently, we observe a cooperative binding of uL4 and uL24 to the rRNA fragment. These
two aspects of r-proteins binding both contribute to the efficient stabilization of the 3D structure of the rRNA fragment
under investigation. We finally consider implications of our results for large ribosomal subunit assembly.
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INTRODUCTION Nierhaus 1987; Chen and Williamson 2013). In this respect,
a crucial observation was that the five r-proteins (uL24,
uL22, bL20, uL13, and ulL4) essential for an early 50S-as-
sembly stage, which cannot be bypassed for the formation
of active 50S subunits, all bind near the 5’-end of the rRNA
(Spillmann et al. 1977). Moreover, their in vitro order of in-
corporation neatly corresponds to their early incorporation
determined in vivo (Chen and Williamson 2013).

Apart from one study on the mechanical action of bL20
(Mangeol etal. 2011), investigations about the mechanistic
reasons why these early binders are essential are lacking.
Moreover, itis still unknown why among the five early bind-
ers, uL24 stands out to initiate the cooperative assembly of
the ribosomal large subunit (Nowotny and Nierhaus 1982).

To gain some understanding on these important topics,
we have focused in this study on the interaction of the first
large subunit r-protein binding to 23S rRNA in vivo—ul 24
(Chen and Williamson 2013)—uwith its primary binding site

The ribosome is the essential molecular machine responsi-
ble for protein biosynthesis in all living organisms. While
ribosome biogenesis in vivo can occur efficiently at tem-
peratures of 37°C or less in a couple of minutes, in vitro re-
constitution of the large subunit of the Escherichia coli
ribosome (the 50S subunit) takes about 90 min and re-
quires temperatures of ~50°C (Nierhaus 1991). A classical
reason invoked to explain this difference is that in vivo ribo-
some assembly occurs cotranscriptionally, i.e., r-proteins
bind to the rRNA during its synthesis.

In vivo the rRNA can thus sequentially interact with the r-
proteins and fold; this is in strong contrast to in vitro, where
the entire rRNA molecule is present from start. This could
lead to an entropic advantage through an “assembly gradi-
ent” in vivo (the progress of rRNA transcription defines the
progress of assembly) (Spillmann et al. 1977; Herold and
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23S rRNA mechanical stabilization by ulL4 and uL24

on the rRNA (Stelzl and Nierhaus 2001): a short 23S rRNA
fragment whose structure is highly conserved in all king-
doms of life (Petrov et al. 2013), and which is essential
for ribosome assembly in E. coli (Skinner et al. 1985;
Stelzl and Nierhaus 2001). Very significantly, considering
the assembly gradient hypothesis, this rRNA fragment is,
among all specific r-protein binding sites, the site located
nearest to the 5" extremity of 23S rRNA (Spillmann et al.
1977). This rRNA fragment is at the same time the primary
target of the essential r-protein ulL4 (Stelzl et al. 2000), an-
other early-binder whose presence is mandatory for the
first step of E. coli 50S in vitro reconstitution (Spillmann
etal. 1977). Structural and biochemical studies have shown
that this small 23S rRNA fragment, which specifically in-
teracts with only two r-proteins, uL4 and uL24, consists of
helices H18, H19, H20 forming a three-way junction
(Egebjerg et al. 1987; Stelzl and Nierhaus 2001; Noeske
et al. 2015). All the aforementioned observations indicate
that our in vitro studies focusing on this short RNA frag-
ment encompassing the uL4/ul24 binding site provide a
valuable approach to the initial stage of large ribosomal
subunit assembly. It has been shown that single-molecule
force measurements can shine new light on RNA-protein
interactions (Mangeol et al. 2011; Koslover et al. 2012;
Qu et al. 2012). Here we report on single-molecule force
measurements performed on the rRNA fragment de-
scribed above. We characterize the mechanical action of
ul4 and uL24 and find that both proteins are able to indi-
vidually stabilize the rRNA fragment. Moreover, we ob-
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serve that this mechanical stabilization is enhanced when
both proteins are bound simultaneously. Independently,
we observe and quantify cooperative binding of uL4 and
uL24. Taken together, these results illustrate a double
property of uL4 and ulL24 binding to their rRNA primary
target: an rRNA structure stabilization enhancement and
a cooperative binding for the same fragment. We propose
that these two properties both contribute to the efficient
stabilization of the rRNA local 3D structure.

RESULTS

A molecular construction containing the E. coli 23S rRNA
fragment (from nucleotides 281 to 359) involved in the
binding of the r-proteins ul4 and ulL24 (Stelzl and
Nierhaus 2001), flanked by two RNA/DNA handles (Fig.
1A), has been prepared as described in the Materials
and Methods section. Linked to two pm-sized beads, the
molecular construction is held in a dual optical trap (Fig.
1A). One trap is moved at constant velocity (50 nm/sec un-
less indicated otherwise) while the other is held fixed and
used to measure the force.

Mechanical stabilization of the 23S rRNA fragment
induced by uL4 and uL24

The stretching force versus displacement curves of our
bare rRNA exhibits a sawtooth signal between 7 and
12 pN. Typically, 2 to 3 force drops of ~0.5 pN amplitude

Displacement

Displacement

FIGURE 1. Typical force versus displacement curves. (A) A dual optical trap is used to manipulate a DNA/RNA molecular construction in a dumb-
bell configuration. In this configuration, the RNA containing the E. coli 23S rRNA fragment of interest (from nucleotides 281 to 359—secondary
structure represented schematically) is hybridized to two DNA handles both containing a biotin moiety (orange) at one of their extremities. Biotin
moieties are linked to streptavidin (red) coated silica beads. (B) Typical bare rRNA force versus displacement curve. As the molecular construction
is stretched, one observes a sawtooth signal region around 10 pN (marked by the black arrow) corresponding to the progressive unfolding of the
rRNA fragment of interest. Unfolding (green) and refolding (light green) curves as indicated by the corresponding arrows have been plotted show-
ing little hysteresis. (Inset) A close-up shows the unfolding experimental sawtooth signal (green) and the idealized path (black) around 10 pN. (C)
Region corresponding to the unfolding of the rRNA fragment of interest. A typical curve is represented for each set of experiments: bare rRNA
fragment (green), rRNA fragment bound to uL4 (blue), rRNA fragment bound to uL24 (brown), rRNA fragment bound to both uL4 and ulL24 (red).
The curves have been shifted horizontally for better visualization. Arrows indicate most important force drops. In black are superimposed the ide-
alized paths extracted from the analysis of the force versus displacement curves. These paths allow the precise assignation of the observed in-
termediate states during the progressive unfolding of the rRNA fragment of interest.
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are observed—well above the experimental noise of ~0.2
pN—thus indicating the successive unfolding of rRNA
structured intermediates (Fig. 1B,C, green curve). The
curve before (after) the first (last) force drop corresponds
to the elastic response of the molecular construction with
the rRNA fragment of interest in the folded (fully unfolded)
state. State to state transitions are frequently observed in-
dicating that the unfolding occurs in a close-to-equilibrium
condition (Mangeol et al. 2011).

When r-proteins are added at concentrations compara-
ble or in excess over their dissociation constants (Ky) for
the rRNA fragment (K4 = 1/K;; see section “The r-proteins
ul4 and uL24 bind cooperatively to the 23S rRNA frag-
ment” describing K, values and how they are determined
from our experiments), a large fraction of the force versus
displacement curves are different from the ones observed
with bare rRNA—indicating protein binding. We have ver-
ified that this protein binding is specific to our investigated
rRNA fragment via two negative control experiments de-
scribed in the Supplemental Material.

Characteristically, when r-proteins are bound to the
RNA, the sawtooth signal of the force vs. displacement
curves extend to higher forces than when there is no pro-
tein bound (Fig. 1C). The first force drop observed still oc-
curs around 10 pN indicating that the r-proteins do not
play a role in the first rRNA intermediate stability. One still
observes state to state transitions especially in the range of
force between 7 and 12 pN. Interestingly, additional force
drops are observed above 13 pN for uL4 and 14 pN for
uL24 suggesting the existence of a mechanically stabilized
rRNA partially unfolded state induced by the binding of
the r-proteins. When ulL4 together with uL24 are bound,
a much more stabilized intermediate state above 15 pN
is observed (Fig. 1C, red curve).

Hidden Markov modeling of the data identifies the
intermediate states

Hidden Markov modeling (HMM) of the data has been im-
plemented allowing for extracting reproducibly the inter-
mediate states and the transition forces from the force
versus extension curves.

The method relies on a fit of the data using the Worm-
Like Chain (WLC) elasticity model (Marko and Siggia
1995; Odijk 1995). A first term is fitted to the data corre-
sponding to the RNA/DNA handle elasticity curve. Then,
a term modeling the elasticity of the single-stranded RNA
is added. This allows converting the force versus displace-
ment curve to the released single-stranded rRNA (ssRNA)
length—i.e., corresponding to the progressive unfolding
of the rRNA fragment of interest—as a function of displace-
ment. All released ssRNA length versus displacement tra-
jectories are then analyzed using the HMM software
vbFRET (Bronson et al. 2009)—from which we have been
able to extract the rRNA unfolding intermediate states
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and the values of the transition forces (as described in the
Supplemental Material).

The released RNA length as a function of force is report-
edin a 2D histogram for the whole set of experiments with-
out added r-proteins (Fig. 2A) and in the presence of both
uL4 and ulL24 at 8 uM each—i.e., in excess over their K4 val-
ues (Fig. 2B).

To confirm the validity of the vbFRET HMM analysis, the
data have also been analyzed with the HMM software
HaMMy (McKinney et al. 2006), and the corresponding
2D histograms have been plotted (Supplemental Fig. S1)
for comparison with those obtained by the vbFRET soft-
ware (Fig. 2). The two representations are similar, in partic-
ular regarding the intermediate states.

Intermediate states assignation

In the absence of r-proteins, the rRNA fragment exhibits two
main partially unfolded states |; and I (Fig. 2A). 1, is located
at8 = 2 nmwhich corresponds to the release of 14 + 4 nucle-
otides of single-stranded RNA. |; is thus located in helix H18
of 23S rRNA (Fig. 2C). The existence and location of this in-
termediate can be rationalized using well-established RNA
secondary structure prediction softwares and the WLC elas-
ticity model (Supplemental Fig. S2). 11 and F (the fully folded
state) are populated together at forces below 10 pN. I, is lo-
cated at 37 =2 nm, which corresponds to a release of 60 =
4 nucleotides. |, is thus located beyond helix H18 and
should correspond to the unfolding of either one of the
two parallel helices, H19 or H20 (for clarity, I, is not repre-
sented in Fig. 2C, but is shown in Supplemental Fig. S3). I,
is frequently observed especially in the range of force be-
tween 10and 14 pN together with the fully unfolded state U.

In the presence of r-proteins, whether uL4 or ulL24
(Supplemental Fig. S4a,b) or both (Fig. 2B), I, is still ob-
served, while the contribution of |, is strongly reduced
concomitant with the occurrence of I5. |5 is observed only
rarely in the absence of r-proteins. It is located at 17 +
5 nm which corresponds to the release of 28 + 8 nucleo-
tides. I3 can thus be assigned very close to the junction be-
tween the three helices H18, H19 and H20 (Fig. 2C). lts
location is in agreement with the identification of the min-
imal RNA fragment that contains the binding sites of both
uL4 and ulL24 (Stelzl et al. 2000) as shown in Figure 2D.

From this analysis, we conclude that the two r-proteins
uL4 and ulL24, individually as well as both together, stabi-
lize an intermediate state localized very close to the junc-
tion between the three helices H18, H19, and H20.

The binding of both proteins uL4 and uL24 provides
an enhanced mechanical stabilization of the 23S
rRNA fragment

Here, we focus on the mechanical stabilization of the pro-
tein-stabilized intermediate state I5. To quantify this effect,
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FIGURE 2. (A) Superposition of the idealized paths of all the measurements performed without r-proteins (254 measurements). All the curves
have been superimposed in a heat map histogram where red (dark blue) indicates frequently (rarely) observed states. (B) Superposition of the
idealized paths of all the measurements performed with 8 pM of each r-protein uL4 and uL24 (255 measurements). (C) Secondary structure of
the rRNA fragment. The colored bars (areas) indicate the mean position (standard deviation) of the two RNA unfolding intermediate states |4
and |3 located in H18. (D) Secondary structure of the rRNA fragment of interest showing nucleotides involved in RNA/uL24 (brown) and RNA/
uL4 (blue) contacts observed in the fully assembled 50S ribosomal subunit (analyzed from PDB entry 4YBB).

we have determined a typical force of stabilization of the
intermediate in the different experimental conditions
(i.e., in the presence/absence of either r-protein). The
whole experimental procedure to determine these values
is detailed in the Supplemental Material.

Fitted values of stabilization forces of the intermediate |5
are reported in Figure 3—alongside the experimental his-
tograms from which these values have been extracted.

From these figures, it is clearly apparent that the pres-
ence of either one of the two r-proteins provides a me-
chanical stabilization of the intermediate state. The mean
force needed to unfold the rRNA fragment rises from
10.3 pN without r-protein to 13.0 pN in the presence of
ul4 and 14.6 pN in the presence of uL24 (see Fig. 3A-
C). The presence of both r-proteins together provides a
stabilization to 15.8 pN (Fig. 3D). This result indicates
that uL4 and uL24 act additively to provide an extra-stabi-
lization of the rRNA fragment.

The r-proteins uL4 and uL24 bind cooperatively
to the 23S rRNA fragment

The methodology used in the previous paragraph can also
be used to extract the binding affinities of the two proteins
for the rRNA fragment (see Supplemental Fig. S5 and

Supplemental Material section “Estimation of the r-pro-
teins’ affinities...” for the detailed procedure). First, bind-
ing affinities were determined from experiments where
we varied the concentration of one protein in the absence
of the other. In our experimental conditions, the corre-
sponding association constants are the following: Ki-** =
0.06 pM~" and K¢**=1.5 uM~" (see Fig. 4).

Second, from measurements in the presence of both
uL4 and ul24 at different concentrations, we can also
quantify affinities of one protein in the presence of the oth-
er: The corresponding values are also shown in Figure 4.

From these affinity measurements, it appears that uL4
and ulL24 bind cooperatively to the 23S rRNA fragment
(we observe a sevenfold enhancement of the affinity of
uL4 when ul24 is already bound; and a 5.5-fold enhance-
ment of the affinity of uL24 when ul4 is already bound).
The similarity of these last two figures suggests that the
binding of the two proteins can be modeled using the min-
imal cooperative binding scheme displayed in Figure 4.

Assembly initiator role of uL24

As already mentioned, a major biological difference be-
tween uL4 and ulL24 is that uL24 acts as an assembly initi-
ator and uL4 does not (Nowotny and Nierhaus 1982). Is it
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FIGURE 3. Histograms of the maximum force reached by states of re-
leased length below 25 nm (region corresponding to F, |4, and I3) for
experiments performed (A) without r-protein (254 measurements), (B)
with ulL4 at 8 pM (45 measurements), (C) with uL24 at 15 pM (65 mea-
surements), (D) with both uL4 and ulL24 at 8 uM each (255 measure-
ments). Each bar represents the fraction of curves where the
maximum force reached by the intermediates occurs in the corre-
sponding force range (with standard errors pictured as error bars).
To determine the typical force necessary to unfold each possible
rRNA fragment-protein complex, each distribution of forces displayed
in panels A-D has been fitted as the sum of gaussians (the procedure
is thoroughly described in our Supplemental Material paragraph
“Estimation of the typical force involved in the mechanical stabiliza-
tion”). In panel A, where there is no protein, the distribution of forces
has been fitted using a single Gaussian (green curve) and the charac-
teristic force is displayed in green. This gaussian is used subsequently
for panels B-D. In panels B and C, where only one of the two proteins
is present in solution, each distribution is the sum of two gaussians
(one displayed in green: no protein bound [previously determined];
and one in blue or brown [uL4- or uL24-bound RNA fragment, respec-
tively]). In panel D (the two proteins in solution), the distribution is fit-
ted by a model which is the sum of four gaussians, corresponding to
the four possible cases: no protein, uL4 bound, uL24 bound, ulL4 +
ulL24 bound. The first three of them were previously determined.
The fourth gaussian is newly determined and shown in red. In panels
B-D, the sum of the gaussians is represented as a dashed line and thus
corresponds to the best fit to the complete data. The mean force of
each gaussian is indicated.

possible to understand this difference within our experi-
mental configuration? To address this question we per-
formed two different sets of experiments. In the first set
(see “Order of incubation” section in the Supplemental
Material for details), we performed successive incubations
of the rRNA fragment first with uL4, then uL24—or vice ver-
sa: The experimental outcome was not significantly differ-
ent in the two cases (Supplemental Fig. Séa,b). The
conclusion is that if a difference exists it does not persist
beyond the time resolution that we could achieve in this
set of experiments, which was 15-30 min. In the second
set of experiments, we performed incubation with ulL4
and ulL24 together, but varied their concentrations. Here
we looked specifically for an asymmetry in the binding
properties of the two proteins (for instance that a small
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concentration of ulL24 would significantly enhance the
binding affinity of uL4, while a small concentration of uL4
would less enhance the binding affinity of ulL24). In view
of the uncertainties of the K, values presented in Figure
4 and Supplemental Figure S5, we note that such differ-
ence might well be not statistically significant. Restricting
ourselves to the mean K, values presented in the same fig-
ures, we find that the association constant K, for ulL4 in-
creased by a factor seven when ul24 is already bound,
while K, for uL24 increased by a smaller factor of about
five when ul4 is already bound.

DISCUSSION

uL4 and ulL24 both stabilize the rRNA fragment

Our force measurements allowed us to characterize the dif-
ferent mechanical properties of the bare RNA fragment
and the 3 RNA/protein complexes.

The bare rRNA fragment displays partially unfolded
states (Fig. 2) whose locations are compatible with the
RNA 3D structure observed in the fully assembled 50S sub-
unit (Fig. 5). The forces needed to completely unwind this
RNA are in the range 7-12 pN—as expected from values
found in the literature (Harlepp et al. 2003; Tinoco et al.
2006; Mangeol et al. 2011). When uL4 or uL24 are present
in the solution, the first observed states F and |, still unwind
in the 7-12 pN range (in agreement with the observation
that none of the proteins binds to the corresponding
RNA region), but to break the next encountered intermedi-
ate I3 requires higher forces (=13 pN) than with the bare
RNA. Our analysis maps the location of this unwinding in-
termediate very close to the three-way junction contacted
by both proteins (Figs. 2D, 5).

Inspection of the 50S 3D structure helps to rationalize
this observation (Fig. 5; Supplemental Fig. S7). As each
protein directly contacts two strands involved in the H18/
H19/H20 three-way junction, separation of these strands

uL24 uL4

Ka = 0.06 M- 7{ A \\\\ Ka = 1.5 pM-*

Ka = 10.6 pM-" Ka = 0.33 uM"'

FIGURE 4. Minimal cooperative binding scheme of r-proteins uL4
and ulL24 to the rRNA fragment: Association constants directly mea-
sured from our data are indicated (i.e., 0.06 +0.01 pM’1 for ulL24;
1.5+0.2 uM~" forulL4; 0.33 £ 0.01 uM~" for uL24 when ul4 is already
bound to the rRNA fragment; 10.6 £ 3.5 uM~" for uL4 when uL24 is al-
ready bound to the rRNA fragment; all figures correspond to mean =
standard error).
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FIGURE 5. Ribbon representation of the 3D structure of the RNA and
proteins investigated in this paper—structure as it is observed in the
fully assembled 50S subunit (PDB entry 4YBB). The RNA is colored fol-
lowing the conventions shown in the inset; the r-proteins ulL4 and
uL24 are pictured in blue and orange respectively. (Inset) Color con-
ventions used to highlight the H18/H19/H20 three-way junction:
top, 2D representation of the junction; bottom, schematic representa-
tion of the 3D structure of the junction—a prototypic Y-shaped three-
way junction, as described in the text. In this picture are also shown
schematically the tertiary interactions that stabilize this particular 3D
structure: RNA-RNA interactions (black dots) and protein-RNA inter-
actions (arrows).

needs higher force when a protein is bound with respect to
bare rRNA. Interestingly, when only uL4 is bound, the sta-
bilized intermediate state is the same as when only ulL24 is
bound—despite the fact that uL24 binds the two strands
under mechanical tension, and ulL4 only binds one of
them. Our observation that the intermediate stabilized is
the same in both cases indicates that the mechanical stabil-
ity of the folded three-way junction indeed depends on
the three strands (violet, green and red in Fig. 5). This is
probably due to the many close contacts between them:
They are not independent and mechanically unfold as a
unique structure. Noteworthy, forces needed are system-
atically higher when ulL24 is the one protein present in
solution—consistent with the observation that uL24 makes
overall more close contacts with the rRNA fragment than
does uL4. When both proteins are bound simultaneously,
the force needed to unwind |3 is even higher than previ-
ously (=15 pN). The mechanical stability enhancement of
this three-way junction due to the binding of ul4 and
uL24 indicates that under mechanical tension, the two pro-
teins pop off together and not independently.

Mode of action of uL4 and uL24

First, the observed intermediates of RNA unfolding by
force are mostly the same in the presence and absence
of either protein and these intermediates can be mapped
on the RNA 3D structure of the mature ribosome (Fig. 2).

Second, we observe that the force curves recorded during
refolding of the RNA fragment (induced by decreasing
trap separation) are not changed by the presence of uL4
and uL24 (Supplemental Fig. S8), suggesting that the pro-
teins do not assist refolding (they are clamps rather than
chaperones).

Information from the literature or from RNA structure
prediction software also suggests that the 3D conforma-
tion of the RNA fragment as observed in the assembled
50S is similar to the one adopted by the RNA on its own:
First, the secondary structure of this RNA is almost exactly
predicted by diverse prediction programs (e.g., Mfold
[Zuker 2003], Vienna RNAfold [Gruber et al. 2008]); sec-
ond, the 3D structure of the free RNA is compatible with
chemical/enzymatic probing (Egebjerg et al. 1987; Stelz
and Nierhaus 2001); third, this RNA fragment adopts (in
the ribosome) a very commonly encountered RNA 3D
structure—an archetypal Y-shaped three-way junction
(Fig. 5 inset), which is well established to be stably folded
on its own (without any protein) (de la Pefia et al. 2009).
Overall, these arguments favor the interpretation that the
RNA fragment nearly adopts its final 3D structure without
the proteins, but that uL4 and uL24 act together to strongly
stabilize this particular RNA 3D conformation (Fig. 5).

Our observations are thus compatible with a structural
model where uL4 and uL24 act as molecular clamps rather
than RNA chaperones, stabilizing an already folded RNA
3D structure.

Cooperative binding of uL4 and ulL24 to their
rRNA target

The cooperativity of the ribosomal assembly process in vi-
tro (and very probably also in vivo) has been discussed in
the literature (Nowotny and Nierhaus 1982) and its biolog-
ical importance emphasized. This cooperativity should
help to achieve the high efficiency of the ribosomal assem-
bly process in vivo and is probably mandatory in the com-
mon cellular context where rRNAs are in molar excess over
r-proteins (Nowotny and Nierhaus 1982).

The cooperativity has been quantified for small subunit
r-proteins binding to 16S rRNA (Recht and Williamson
2004). However, binding cooperativity has never been
quantified for large subunit r-proteins. In this paper, we
show the cooperative binding of uL4 and uL.24 to their pri-
mary target on 23S rRNA and quantify it. The resulting fig-
ure (approximately sixfold enhancement of the binding of
one protein when the other is already bound—see Fig. 4) is
very significant—i.e., much higher than 1. The molecular
mechanism of this cooperative binding can be assessed
by inspection of the 3D structure of the complex ulL4/
uL24/RNA as observed in the fully assembled 50S subunit
(Supplemental Fig. S7): The two proteins do not interact
directly but several indirect interactions are mediated
through target RNA base pairs. In this case, it is likely
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that binding of one protein to these nucleotides will alter
their local dynamics, which in turn will favor the binding
of the other protein.

Efficient stabilization of the rRNA fragment

The mechanical stabilizations expressed in pN (Fig. 3) and
the binding affinities expressed in uM™" (Fig. 4) are differ-
ent quantities and describe different properties. A protein
could provide weak mechanical stabilization and have high
affinity. It could provide strong mechanical stabilization
and have low affinity (Bustamante et al. 2004; Seidel and
Dekker 2007).

Regarding the combined action of two proteins, en-
hanced mechanical stabilization (Fig. 3) and cooperative
binding (Fig. 4) are different properties as well. In the
specific case of ulL4 and ulL24 investigated in this work,
these two properties lead to an efficient stabilization of
the RNA fragment. First, each protein directly affords a
mechanical stabilization of the folded RNA molecule
and the binding of both even more stabilizes this RNA.
Second, the cooperative binding of the two proteins en-
sures that this extra- stabilized species will occur more
frequently.

Mechanical stabilization of the uL4/uL24-bound
rRNA fragment: possible biological implications

The small RNA region investigated in this paper is essential
for ribosome assembly (Skinner et al. 1985); and the two
proteins uL4 and uL24 are essential for the formation of
the first in vitro assembly intermediate (Nowotny and
Nierhaus 1982).

A biological interpretation of our experimental results is
that the stabilization afforded by r-proteins of rRNA local
3D structure against destabilization by force would be nec-
essary during coupled rRNA transcription and ribosomal
subunit assembly. Our experimental pulling on the ends
of an RNA molecule could mimic the forces occurring dur-
ing ribosome assembly in vivo. Profound conformational
changes occur during assembly, which implies that local
tension develops transiently.

Our force measurement data suggest that uL4 and uL24
binding energetically stabilizes the folded 3D structure of
the investigated rRNA fragment. This stabilization by ulL4
and ulL24 is similar to what has been shown for another es-
sential early-binding r-protein acting as a clamp (bL20)
(Mangeol et al. 2011) (interestingly, bL20 and ulL24 are
both strict assembly proteins, which can be harmlessly re-
moved from the 50S subunit once assembled and thus
have no other role in the mature particle [Nierhaus 1991;
Stelzl and Nierhaus 2001]). A possible interpretation of
the stabilization afforded by these early binder clamps is
that this would help stabilizing and/or funneling 23S
rRNA (and 50S) into the native functional structure. In
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vivo, this proposed role of early-binding r-proteins would
be especially relevant to the assembly gradient hypothe-
sis: As soon as the rRNA is transcribed, its correct 3D con-
formation is stabilized by r-proteins—effectively reducing
the number of degrees of freedom available to the rRNA
molecule during the folding process.

Why is uL24 an assembly initiator and ulL4 is not?

We observe a small asymmetry in the enhancement of
the binding affinity of one protein provided by prior bind-
ing of the other protein (see paragraph “Assembly initiator
role of uL24" in the Results section). This observation could
be an element favoring ulL24 as initiator, although we
must note that the experimentally observed asymmetry is
relatively small in magnitude and within experimental
uncertainty.

In view of uL24's role as assembly initiator, it is surprising
that this protein exhibits a significantly weaker affinity to its
primary 23S target sequence than does uL4 (ratio of 25 be-
tween the K, values, see Fig. 4). On the other hand, we ob-
serve a quantitative difference in the force stabilization of
the rRNA fragment afforded by one protein compared to
the other (14.6 pN for uL24 vs 13.0 pN for ulL4).

Based on these findings, we propose two possibilities.
First, that the observed superior force stabilization afford-
ed by ulL24 is directly associated with the biological role
of the assembly initiator. Second, that the asymmetry be-
tween the roles of the two proteins might originate not
from equilibrium properties but from kinetic properties—
for example, uL24 would dissociate more slowly once
bound to its RNA target than uL4. We note that the two
possible models are not mutually exclusive. Indeed, ribo-
some assembly involves profound conformational chang-
es in RNA structure, which implies that high mechanical
tension arises transiently. An assembly initiator protein
must dissociate slowly enough to allow subsequently bind-
ing assembly proteins to fix and it must be able to fulfill this
role in the presence of force.

We believe that our single-molecule force measure-
ments provide new elements on the question of this sub-
section, but they do not provide a simple answer. It is
well possible that part of the full picture lies beyond the in-
vestigated system of uL24, uL4 and the 281-359 fragment
of the 23S RNA.

Inspection of the 3D structure of the 50S and examina-
tion of the interactions of the 281-359 fragment, ul4
and ulL24 with the rest of the subunit reveals a number of
interesting points. The assembly initiator protein uL24
contacts three short segments of 23S rRNA (all located
close to the 5" extremity of this RNA), but, as stated previ-
ously, the 281-359 fragment is its primary target in vitro
and in vivo. Possibly, ulL24 first binds to this fragment,
then to the other two 23S segments—and, as such, the
assembly initiator plays its role by stabilizing strongly the
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local 3D structure, including the RNA-RNA contacts be-
tween the three segments. In view of the literature
(Spillmann et al. 1977; Chen and Williamson 2013), one
can postulate that, a little later during the assembly pro-
cess, uL4 binds to the 281-359 fragment, further stabiliz-
ing its 3D structure. This interaction should also anchor
correctly ul4, which, contrary to ul24, interacts with
many other parts of the assembled 50S structure and has
not only an assembly role, but also a functional role in
the ribosome (Nikolay et al. 2015).

MATERIALS AND METHODS

RNA molecular constructions

The single-stranded RNA sequence of interest (nucleotides 281
to 359 of E. coli 23S rRNA), flanked by two RNA/DNA handles
of 2.5 and 3 kilo-base pairs labeled with biotin moieties, is at-
tached to two 0.96 um diameter silica beads coated with strepta-
vidin (Polysciences, Inc.) as described previously (Geffroy et al.
2018)—uwith the exception of the primers used for the PCR reac-
tion, which were the following:

Primer-forward: 5’ - tca ggc tct ggg ctg cte ccc
Primer-backward: 5 - agc tcg atg agt agg gcg gga

Overexpression and purification of E. coli r-proteins
uL4 and uL24

The rplD or rplX gene encoding uL4 or uL24 from E. colistrain A19
was cloned into the pET-15b-SUMO expression vector, possessing
Hise tag and SUMO (small ubiquitin-like modifier) downstream from
the T7 promoter site of pET-15b. The Rosetta(DE3)pLysS derivative
carrying the above plasmids was grown in LB containing 100 pg/mL
ampicillin and 25 pg/mL chloramphenicol.

Proteins uL4 or uL24 were overexpressed in the E. coli strain
Rosetta(DE3)pLysS (Novagen) after 3 h IPTG induction at 37°C.
Cells overexpressing uL4 or uL24 were sonicated in lysis buffer
(400 mM KCI, 20 mM MgCl,, 50 mM Tris-HCl pH 7.6, 4 M Urea
and 7 mM B-mercaptoethanol for ul4, 1 M NH,Cl, 10 mM
MgCl,, 50 mM Tris-HCl pH 7.6, 7 mM B-mercaptoethanol for
uL24) and the extract was centrifuged at 20,000g for 45 min.
After centrifugation, the protein was purified by nickel column.
After removing the His, tag-SUMO by Ulp1 digestion and reverse
his tag purification by nickel column, the protein was dialyzed
against ion exchange buffer (100 mM KCI, 10 mM MgCl,, 50
mM Tris-HCl pH 7.6, 4 M Urea and 7 mM B-mercaptoethanol
for uL4, 200 mM KCI, 10 mM MgCl,, 50 mM Tris-HCl pH 7.6, 7
mM B-mercaptoethanol for uL24) and further purified on Mono
S column using a 100-400 mM KCI gradient for uL4, 200-600
mM KCl gradient for uL24. The purity of all proteins was analyzed
by SDS-PAGE and confirmed that there are no extra bands
(Supplemental Fig. S9). Collected protein was dialyzed against
storage buffer (1 M KCI, 10 mM MgCly, 50 mM Tris-HCI pH 7.6,
30% glycerol and 7 mM B-mercaptoethanol for uL4; 1 M KCl, 20
mM MgCl;, 50 mM Tris-HCI pH 7.6, 30% glycerol and 7 mM B-
mercaptoethanol for uL24). Aliquots of the proteins were frozen
at —80°C.

Single-molecule force measurements: setup,
measurements and data analysis

The dual optical trap consists of two beams emerging from the
same laser source (1064 nm, 2W) as in (Mangeol and Bockelmann
2008). Force measurements have been performed at 29°C in 400
mM KCI, 20 mM Hepes Na pH 7.6, 5 mM MgCl,, and 0.1% (w/v)
biotinylated PEG 5000 (Laysan Bio, Inc.) at sampling rate of 300
Hz with an anti-aliasing filter at 132 Hz. The buffer conditions
are highly similar to the ones used by Nierhaus and Dohme in
their in vitro 50S subunit reconstitution assays (Nierhaus and
Dohme 1974) with the additional inclusion of PEG which proved
mandatory to avoid adsorption of r-proteins to the beads and
was indeed a key point in the success of our experiments.

Force versus displacement data were analyzed with custom
scripts written in Matlab (MathWorks). Additionally, HMM of these
data was implemented, allowing for extracting reproducibly the
rRNA unfolding intermediate states and the values of the transi-
tion forces. The HMM step was carried out using either one of
two publicly available HMM programs: vbFRET (Bronson et al.
2009) or HaMMy (McKinney et al. 2006). The complete method-
ology is detailed in the Supplemental Material.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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