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ABSTRACT

The L1 stalk is a key mobile element of the large
ribosomal subunit which interacts with tRNA
during translocation. Here, we investigate the struc-
ture and mechanical properties of the rRNA H76/
H75/H79 three-way junction at the base of the L1
stalk from four different prokaryotic organisms. We
propose a coarse-grained elastic model and param-
eterize it using large-scale atomistic molecular
dynamics simulations. Global properties of the
junction are well described by a model in which
the H76 helix is represented by a straight, isotropic-
ally flexible elastic rod, while the junction core is
represented by an isotropically flexible spherical
hinge. Both the core and the helix contribute sub-
stantially to the overall H76 bending fluctuations.
The presence of wobble pairs in H76 does not
induce any increased flexibility or anisotropy to the
helix. The half-closed conformation of the L1 stalk
seems to be accessible by thermal fluctuations of
the junction itself, without any long-range allosteric
effects. Bending fluctuations of H76 with a bulge
introduced in it suggest a rationale for the precise
position of the bulge in eukaryotes. Our elastic
model can be generalized to other RNA junctions
found in biological systems or in nanotechnology.

INTRODUCTION

The ribosome is a large and complex biomolecular
machine which synthesizes proteins in all cells. It trans-
lates the genetic information written in messenger RNA
(mRNA) to produce a polypeptide chain from amino
acids which come attached to their transfer RNA
(tRNA). In bacteria and archaea, the complete 70S,

2.4MDa ribosome has ~21nm in size and consists of a
small (30S) and a large (50S) subunit. The process of
translation has three main phases: initiation of protein
synthesis, elongation of the polypeptide chain and termin-
ation. During elongation, individual amino acids are
added to the nascent polypeptide chain in an iterative
manner. In the process, the individual tRNA molecules
subsequently occupy three main positions in the
ribosome, termed A, P and E site. One iteration, or
cycle, of elongation can be divided into tRNA incorpor-
ation, peptidyl transfer and mRINA—-tRNA translocation.
The pretranslocation (PRE) complex is a ribosome con-
taining a peptidyl-tRNA in the A site and deacylated
tRNA in the P site. In the translocation process, the
tRNA and mRNA are moved by the span of one codon
(13A) relative to the ribosome, so that the post-
translocational (POST) complex contains a peptidyl-
tRNA in the P site and a deacylated tRNA in the E site.
Contemporary knowledge about structural and functional
dynamics of the ribosome has been recently summarized
in a book (1) and several reviews (2—10).

Intense research effort has been made to characterize
the structural and dynamical aspects of translocation.
Studies using cryoelectron microscopy (cryo-EM)
(11-18), X-ray crystallography (19-23), single-molecule
FRET (smFRET) (24-33) and various molecular biolo-
gical techniques (34-39), together with simulation studies
focused on global changes (40—45) or on the properties of
building blocks (46-51) are beginning to yield a general
consensus picture. It appears that the PRE complex spon-
taneously interconverts between two global states, termed
macrostate I (MS-I) and macrostate 11 (MS-II). In MS-I,
the two tRNAs are in their classical A and P positions and
the L1 stalk, a prominent structural feature emerging from
the 50S subunit, is open away from the ribosome body.
The MS-I to MS-II transition is characterized by the for-
mation of the hybrid A/P, P/E state in which the acceptor
arms of the A-site and P-site tRNAs occupy the P site and
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E site on the 50S subunit, respectively. Furthermore, the
two subunits rotate relative to each other (the so-called
ratchet-like motion) and the L1 stalk closes to interact
with the tRNA in the E site. Translocation is completed
by moving from the PRE to the POST complex, a process
catalysed by the elongation factor G (EF-G).

A prominent role in the process of translocation is
played by the L1 stalk (Figure 1). This structural protu-
berance on the 50S subunit consists of helices 76, 77 and
78 of 23S RNA and protein L1. H76 forms a stem on
which the H77/H78/L1 complex folds into a rather
compact structure resembling a hat of a mushroom. The
other end (or the base) of H76 is attached to a three-way
junction involving, besides H76, also helices 75 and 79. It
is now widely accepted that the L1 stalk interacts with
deacylated tRNA in the E site during translocation
and regulates its release from the ribosome (2-4,6,8-10).
The role of the L1 stalk in translocation is further
corroborated by the fact that the deletion of the L1
protein destabilizes the hybrid state, thus slowing down
the rate of translocation (24). Interestingly, the L1 stalk
seems to be a rather new evolutionary achievement (52).

Cryo-EM and X-ray studies (2-4,6,8-10) revealed at
least three different positions of the L1 stalk, which were
also observed in an smFRET study (27). In structures of
ribosomes with a vacant E site or in isolated 50S subunits,
the L1 stalk is positioned away from the ribosome body
(open conformation). If a deacylated tRNA is bound in
the classical E/E state of the POST complex, the L1 stalk
moves towards the ribosome body to interact with the

A cP
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tRNA elbow (half-closed conformation). If a P/E tRNA
of the hybrid PRE complex is present instead, the stalk
moves still further to preserve its contacts with the tRNA
(closed conformation). Particular conformational re-
arrangements of the L1 stalk seem to be associated with
the formation of the first peptide bond, stimulated by the
elongation factor EF-P. In a crystal structure of EF-P
bound to the 70S ribosome together with the initiator
tRNA (22), a movement of the L1 stalk larger than in
the half-closed, but smaller than in the closed structure
was observed.

Several recent studies have started to identify conform-
ational intermediates between the MS-I and MS-II
macrostates (17,18,23,24,30). A crystallographic study of
Zhang et al. (23) yielded several structures of the ribosome
in intermediate states of ratcheting. Using smFRET,
Munro et al. (24) identified two distinct hybrid state inter-
mediates: apart from the classical (A/A, P/P) state and the
hybrid (A/P, P/E) state, they detected another hybrid
state, (A/A, P/E) whose occupancy was enriched by a
point mutation on the 23S RNA. Fu et al. (18)
investigated this mutated PRE complex using cryo-EM
and inferred four states. They are characterized by
increasing intersubunit rotation angle and by the
movement of the L1 stalk towards the ribosome body
(termed inward) and in the perpendicular direction
towards the 30S subunit (forward).

Although most of the studies so far have focused on the
prokaryotic ribosome, structural and dynamical data for
the eukaryotic ribosome are starting to emerge (53-59).

Figure 1. (A and B) Superposition of 23S rRNA in the large ribosomal subunit of E.c. (pdb code 2AW4, red) and T7.z. (IVSP, green). The H75/H76/
H79 junction at the basis of the L1 stalk is highlighted. Notice the different positions of H76 in the two structures: the E.c. H76 is extended away
from the ribosome body (open conformation), the 7.z. H76 is tilted towards it (half-closed conformation). The central protuberance (CP) and the L7/
L12 stalk are indicated, all the ribosomal proteins and the H77/H78 rRNA at the top of the L1 stalk are omitted for clarity. (A) View from the small
subunit, (B) structure rotated through 90° towards the reader. (C and D) Magnified view of the 7.z. L1 stalk (pdb code 1VSP) including the H75/
H76/H79 junction (atomic and ribbon representation), rRNA helices H77 and H78 (magenta) and the L1 protein (cyan). The L1 protein is not
complete in this structure. The orientation in (C and D) is the same as in (A and B), respectively.
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The eukaryotic helix H76 contains a bulge base not
present in prokaryotes, which introduces an additional
hinge point into H76 and likely explains the much larger
movement of the L1 stalk (53). The L1 stalk is found
either close to the central protuberance (in-position) or
in an open out-position. Contrary to prokaryotes where
the L1 stalk in vacant ribosomes is open, the L1 stalk in
vacant eukaryotic ribosomes is in the in-position (53).

Computer simulation techniques are able to provide
additional useful information about functionally relevant
dynamics of the ribosome. However, it is fair to admit that
the ribosome presents a formidable challenge for compu-
tational studies. Unrestrained atomistic simulations are
hampered not only by the enormous size of the
ribosome and the timescale of its dynamics, but also by
the uncertainties and absent parts due to the resolution
limits of the experimental structures. While unrestrained
atomistic simulations represent a ‘gold standard’ in the
simulation field, they are extremely sensitive to the com-
pleteness and accuracy of the starting model (60). This
means that a useful modelling of the ribosome dynamics
necessarily requires the application of smart approximate
steps or approaches, such as coarse-graining, the use of
knowledge based potentials, applying various restraints to
keep the structure in place or to impose the desired move,
etc. Simulations may help in interpreting experimental
data, notably my means of flexible fitting of
atomic-resolution structures into the cryo-EM density
maps (61) or more generally, by producing configurations
that are consistent with available biochemical and bio-
physical measurements (45). Molecular dynamics (MD)
simulations have been instrumental in elucidating mech-
anisms of tRNA accommodation (62,63), drug—ribosome
interactions (64) or functional, ribosome-induced
conformational changes in the elongation factor Tu
(EF-Tu) (65).

A study combining atomistic structural data with elastic
network normal mode analysis (40) found the closing and
opening movement of the L1 stalk already in the first
normal mode. The stalk closing was seen also in another
study, employing anisotropic network model (41).
Coarse-grained MD representing each protein or RNA
residue as one effective bead (42,66) suggests that func-
tionally important movements of the L1 stalk are in phase
with the intersubunit rotation. A recent systematic
analysis using essential dynamics coarse-graining yielded
coarse-grained sites of 20-30 residues each, connected by
effective harmonic springs (44). The authors found that
the LI stalk interacts very weakly with other residues,
except those at its basis. Another study combined
cryo-EM and X-ray data with MD simulation to
identify differences in the interactions of the L1 stalk
with initiator and elongator tRNA, and investigated the
stalk opening in the context of the entire ribosome (43).

The ribosome, just as any other biomolecular machine,
consists of building blocks (67). It is thus important to
study properties of these blocks and how they contribute
locally to the events in question. This bottom-up approach
complements the global one and would enable us to
understand systems composed of blocks in different

contexts, such as in novel structures proposed by RNA
nanotechnology (68-70).

There have been multiple studies focused on structural
dynamics and flexibility of RNA building blocks (or struc-
tural motifs) using atomic-resolution, unrestrained explicit
solvent MD simulations. The studied systems include the
L7/L12 stalk RNA region, the flexible base of the A-site
finger, the 5S rRNA three-way junction, RNA kink-turns,
SSU helix 44 and others (47-51,71,72). The basic assump-
tion of these studies is that the intrinsic structure and
deformability (flexibility) of the RNA building blocks
and segments are optimized to support the overall
dynamics and functional thermal fluctuations of the
ribosome, especially if complex structural changes within
the blocks (e.g. a rupture or rearrangement of base
pairing) are not involved.

Large-scale, unrestrained atomic-resolution MD simu-
lations can be combined with a suitable coarse-grained
model, defined by a small number of global coordinates
and an effective energy function. Fitting the model con-
figuration to each snapshot of an atomistic MD trajectory
yields time series of the global coordinates, from which
parameters of the energy function can be inferred
(73-75). This method has been used to deduce
sequence-dependent harmonic energy functions for DNA
base pair step coordinates (76) and intra-base pair coord-
inates (77). The base pair step stiffness parameters (76)
yield DNA mesoscopic force constants which compare fa-
vourably to experimentally observed values (78), without
any adjustable parameters. Furthermore, they were found
to outperform stiffness parameters from other data
sources in predicting relative affinities of a benchmark
protein—-DNA binding system dominated by indirect
readout (79). The approach has since been used in a
range of problems, including the stiffness of RNA
double helices (47,80,81). This indicates that unrestrained
MD simulations may be able to realistically capture the
magnitude of thermal structural fluctuations, at least for
structures where no major conformational rearrangements
take place.

In this work, we study structural and mechanical
properties of the three-way junction at the base of the
ribosomal L1 stalk, that is, the H76/H75/H79 rRNA
junction. We propose a coarse-grained elastic model in
which both the H76 helix and the junction core are repre-
sented by flexible, possibly anisotropic elements. The
model is characterized by a small number of shape and
stiffness parameters, which we infer from extensive atom-
istic, explicit-solvent MD simulations. Our results provide
insights into the junction properties relevant for its biolo-
gical role. The proposed elastic model should be readily
applicable to other junction systems important for biolo-
gical functioning or in nanotechnology.

MATERIALS AND METHODS

Starting structures

We investigated the H75/H76/H79 three-way junctions
(3wj) from four different organisms (Figures 1 and 2).
Starting conformations for our MD simulations were
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Figure 2. 2D structures of the studied three-way junctions. H75 is in grey, H76 is in green and H79 is in pink. The central UNA/GAN motif is in
light yellow and the residues forming a hook-turn are in red. The original X-ray residue numbering is shown. The part of H76 in H.m. which is
missing in the X-ray structure was prepared in silico (magenta). Red arrows indicate the two positions where the bulge base (adenine) was introduced.

taken from the crystal structures of E.c. 50S subunit (pdb
code 2AW4, resolution 3. SA) (82) and D.r. 50S (2ZJR,
resolution 2.9 A) (83), where the L1 stalk is in the open
position, and 7.z. 50S (1VSP, resolution 3. 8A) (21), where
the L1 stalk is in the half-closed position. In the crystal
structure for H.m. 50S (1S72, 2.4 A) (84), the helix H76 is
not complete (there are just the first 3bp in the stem);
therefore, we modelled the missing part as a canonical
A-RNA duplex using Insight II (Biosym/MSI, San
Diego, CA, USA). The program allowed us to add only
canonical base pairs (A-U and G = C, Figure 2) even
though the native sequence of H.m. H76 has also a
non-canonical A/A pair and several wobble G/U pairs
[see the secondary structure of H.m. at Comparative
RNA Web Site, http://www.rna.ccbb.utexas.edu, (85)].
In the X-ray structure for E.c., we changed the X-ray
glycosidic syn conformation of U2092 to the anti orienta-
tion in order to allow for the formation of the conserved
trans Hoogsteen/Hoogsteen (tH/H) base pair with the
opposite A2227 [the conservation of the tH/H pair at
this position was established using the Ribostral
software (86)]. The initial syn conformation represents
probably a refinement error. We also performed a test
simulation using another T.z. crystal structure with
higher resolution (pdb code 2J01, resolution 2. 8A) (20).
However, after 25 ns of simulation using the parm99 force
field (see below for details of the simulation method), we
observed unfolding of the central region. Therefore, this
system was not included in the present study.

We also studied fluctuations of the 3wj with a bulge
base positioned in the middle of H76 (Figure 2) as
found in the ecukaryotic ribosome (see Comparative
RNA Web Site). A recent eukaryotic Saccharomyces

cerevisiae X-ray structure of the large subunit (56),
however, shows disorder in the area of the bulge base in
H76, and the eukaryotic Tetrahymena thermophila X-ray
structure of the large subunit (58) contains only a lower
part of H76. Hence, we prepared the system in silico using
the H.m. 3wj with a modelled H76 stem as described
earlier, where we manually introduced the extra base
into H76 in a stacked-in conformation using Swisspdb
viewer. We created two bulged systems (Figure 2). In
one of them, the bulge base was introduced into the
2136-2149 strand of H76 (bulgeR), while in the other
one, the bulge base was introduced into the opposite,
2226-2239 strand of H76 (bulgel). The biologically
relevant position is bulgeL, but the identity of the bulge
base is not conserved (see Phylogenetic conservation map
of the large ribosomal subunit for Eukaryota at
Comparative RNA Web Site). In our study, we used
adenine for the bulge base, as found in S. cerevisiae.

Molecular dynamics simulations

MD simulations were performed using the Amber 10 suite
of programs. The RNA molecules in their starting con-
formations were solvated by an octahedral TIP3P water
box extending 10 A away from the solute and neutralized
by sodium cations initially placed to the most negatlve
sites around the solute. The original parm99 Na" param-
eters (radius 1.868 A and well depth 0.00277 kcal/mol)
were used. After equilibration, production MD runs ex-
tending to 100 ns each were performed using the pmemd
module of Amber 10 with the parm99 (87,88) and
parmbscO (89) force fields. Standard simulation protocols
described elsewhere (90) were applied. The bulged systems
were simulated using the parm99 force field only.
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In the simulation of E.c. 3wj with parmbsc0, we
observed a disruption of H76 and a formation of a
ladder-like structure, a recently reported irreversible
artefact occurring in long simulations (91). Therefore,
we ran a new simulation with parmbscO together with
the parmyOL; reparameterization for the glycosidic
torsion (92,93). This force field (presently a new default
RNA force field in the AMBER suite) prevents the
formation of ladder-like high-anti x structures which
sooner or later occur with all the preceding force field
variants. This new simulation was stable and was
used in our analysis. No other simulation showed signs
of unacceptable structural perturbations. The latest
parmyOL; definitely represents a substantial step
forward in stabilizing long RNA simulations. However,
the correction was not available before a major part of
the simulation data presented here was completed.
Unless the ladder-like structures form, the parm99 and
parmbcs0 force fields are both considered viable alterna-
tives for RNA simulations, although they result in
somewhat different RNA structural dynamics (60,94).
The main difference concerns the flips of the backbone
torsions o and y into the t/t conformation, which are
present in parm99 but largely suppressed in parmbscO
(60,94). In the absence of the ladder-like structures,

parmbscO/parmxOL; behaves similarly to parmbscO
(92,93). We expect that the results may be more affected
by resolution limits of the starting structures than by the
RNA force field.

The present results are also assumed to be insensitive to
details of the ion treatment. We have used a standard Na™*
net-neutral condition, which has been used in the majority
of nucleic acids simulation studies published so far. It
implies a biologically relevant cation concentration of
~0.2M. We have extensively tested different ion condi-
tions such as excess salt simulations for a number of
RNA systems and we did not observe any visible differ-
ence of the solute dynamics compared to the standard Na*
simulation protocol (51,995).

Global structure and stiffness description

We describe the global conformation of our three-way
junction by specifying the configuration of H76 with
respect to H75 and H79. The basic definitions are
illustrated in Figure 3. We first determine the helix axis
of H79, which forms the z-axis of our global coordinate
system. The x-axis is defined as the projection of the
helical axis of H75 onto the plane perpendicular to the
z-axis. The y-axis complements the x- and z-axes to

E.c. - parm99 H.m. - parm99
=
+ e
b AT
bulge L bulge R

4
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N

w7
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) by .
~ g%
i B aH75 .50
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+
0
-50
-50 0
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Figure 3. (Diagrams) Schematic representation of the coarse-grained description. The global reference system is defined by the helical axes of H79
and H75, a segment is then chosen within H76. The segment helical axis (ay76) serves to measure the bending magnitude ¢ and the bending direction
\, from which the global coordinates ¢,d, are computed as shown. (Panels) Scatter plots of ¢,d, for some of the studied systems. Grey points:
instantaneous conformations in 100 ps intervals. The coordinate fluctuations are interpreted using a harmonic, anisotropic elastic model. Red crosses:
equilibrium conformations, ellipses: energy levels of kg7/2, black crosses: starting X-ray conformations. In the E.c. panel, additional X-ray structures
are shown: pdb codes 212V (yellow), 3IIN (magenta), 3I1P (blue). The fluctuations are almost isotropic for systems without a bulge. The initial
half-closed conformation (7.t., black cross) lies within the kg7/2 contour and is thus thermally accessible. The bulgeL structure observed in
eukaryotes shows biologically relevant fluctuations towards the main ribosome body and towards the 30S subunit (compare with the 7'.z. half-closed
starting conformation). Inserting the bulge at the same location but in the opposite strand (bulgeR) results in biologically less relevant movement
where H76 stays away from the 30S subunit. Analogous data for the remaining systems are in Supplementary Figure SI.
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form a right-handed, orthonormal system. We then select
a segment of four consecutive base pairs within H76,
compute the helical axis of the segment (ay76 in
Figure 3), and measure the angles ¢ and \y as shown: ¢
is the oriented angle from the z-axis to the segment axis, \
is the oriented angle from the x-axis to the segment
axis projected onto the xy plane. Each helix axis is
computed as a directional average (normalized vector
sum) of the local helical axes provided by the program
3DNA (96). We describe the segment configuration by
the coordinate vector (¢,¢,) whose components are
defined by:

¢1 =¢cosy

1
¢ = ¢siny @

The coordinates ¢;,p» can be interpreted as bending
angles in the direction of x-axis and y-axis, respectively.
In our development, we assume small rotations, thus
all the rotations commute in our approximation. The
location of the segment within H76 is specified by the
distance L from the first H76 base pair adjacent to
the junction core to the middle of the segment, taken
along the helix contour. The contour length L is
computed as a sum of helical rises provided by 3DNA
(we take half the helical rise of the step in the middle of
the segment). We interpret thermal fluctuations of ¢q,¢»
using a model in which the elastic energy is a general
quadratic function of ¢1,¢$». The model is elaborated in
detail in the Supplementary Data.

The model just described cannot distinguish between
the contribution to the H76 flexibility from the junction
core and from the helix H76 itself. To identify these two
contributions, we propose a more detailed model in which
the helix H76 is represented by a homogeneous, intrinsic-
ally straight, flexible elastic rod, attached to a flexible
spherical hinge representing the junction core (Figure 4).
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given by the contour length L. We express the segment
coordinates ¢,d, as a sum of two terms,

¢1 = dnt+dm
b = dntédm

where ¢ 1, are contributions to ¢q,d» from the junction
core and ¢,y are contributions to ¢y,¢p, from the
helix (Figure 4). Just as for ¢y,d,, the values of ¢z1,dmm
depend on L. The values of ¢, , describe the orienta-
tion of the core and do not depend on L. The elastic
energy is assumed to have the form:

E=E/+Ey

)

A3)

where E; is a general quadratic function of ¢,1,$» and Ey
is a general quadratic function of ¢ z1,$ . Thus, the total
elastic energy is a sum of the energies associated with the
junction core and with the helix. The coordinates ¢,
and ¢p,dpo together describe the configuration of the
model, but are not directly measurable. This is because
our H76 segment has a finite length and therefore L
cannot be chosen arbitrarily small. The measurable coord-
inates are only ¢q,¢, as functions of L, from which the
properties of the model must be deduced.

The model is described in detail in Supplementary Data.
Since the helix is assumed intrinsically straight, its equilib-
rium direction is given by the equilibrium values ¢ ,¢, of
the junction core coordinates ¢ 1,$». These are equal to
the means of ¢1,¢,,

(@) =bn, () =on @)

The stiffness parameters of the junction core and the
helix are related to the second moments of the coordin-
ates—see Supplementary Data for the general, anisotropic
case. If both the core and the helix are assumed isotropic,
one obtains,

Both the helix and the core are in general assumed aniso- < A¢>2) = kg T(i_;_i) (5)
tropic. Consider a segment whose position within H76 is aj am
E.c. - parm99 H.m. - parm99 T.t. - parm99
600
5 a; = 0.0089 kcal/mol.deg?2 a;=0.0091 kcal/mol.deg?2
<Ap> Lp=64nm Lp=57 nm
(deg®)
400
Lp =68 nm
200} 2= 0.0048 kcal/mol.deg?2
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contour length (nm)

Figure 4. (Left) Schematic illustration of the flexible core, flexible helix model. The coordinates ¢1,¢, (Figure 3) are decomposed into the contri-
bution from the flexible junction core (¢,1,$,,) and from the flexible helix (¢ g1,0p0): &1 = b+ by, G2 = djn+ dpo. (Panels) Fitting of the isotropic
flexible core, flexible helix model. The contour length is the distance along H76 from its base pair closest to the core to the middle of the segment
chosen in H76. The bending angle variation (A¢2> is defined by Equation (6). The model predicts a linear relation between the contour length and the
bending angle variation [Equation (5)]. The simulated data (blue crosses) satisfy the linear relation very well. The model stiffness parameters are
inferred from the fitted linear functions (red lines). The intersection of the line with the y-axis determines the stiffness of the junction core a,, the line
slope determines the stiffness of the helix expressed by persistence length L, [Equation (5) and (7)]. The stiffness parameters inferred from the data
are shown. The complete list of the inferred parameters is in Table 1, analogous plots for the remaining systems are in Supplementary Figure S3.
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Table 1. Parameters of the isotropic model

Simulation Helix Helix Core stiffness Helix persistence Core bending angle
direction direction a, (kcal/mol.deg?) length L, (nm) variation® (%)
én (deg) ¢ (deg)

E.c. parm99 -7 13 0.0048 68 44

H.m. parm99 —4 21 0.0089 64 27

T.t. parm99 5 21 0.0091 57 25

E.c. bscO® -6 17 0.0060 74 41

H.m. bsc0 -3 23 0.0079 79 35

T.t. bsc0 3 32 0.0100 75 29

“Fraction of the bending angle variation due to the junction core.
®With the parmyOL; correction.

where a; is the stiffness constant of the junction core, az is
the stiffness constant of the helix and (A¢?) is the bending
angle variation defined by:

(Ag?) = (&1 — (01 )H (P2 — (¢2))°) (6)

Thus, for the isotropic model, the bending angle vari-
ation (A@¢?) is a linear function of the contour length L,
where the absolute term determines the junction core stiff-
ness and the linear term determines the helix stiffness. The
bending angle variation {A¢?) can be understood as the
mean square angular deviation between the instantaneous
direction of H76 and its equilibrium direction. Notice that
we do not assume H76 to be rigid. Rather, it is assumed to
be flexible, so that its instantaneous direction depends on
the position within H76, that is, on the contour length L.
It is convenient to express the helix stiffness constant in
the form of a persistence length L, using the formula (97),

Lp =a1-[/kBT (7)

It can be shown (see Supplementary Data) that the
absolute term in Equation (7) is equal to the bending
angle variation ((A¢,)?) associated with the core, while
the linear term 1s equal to the bending angle variation
((Apn)?) associated with the helix. Thus, the absolute
term represents the contribution to (A¢?) coming from
the junction core.

We split the MD trajectories into individual snapshots
(taken in 10 ps intervals) and analyse the RNA structure in
each snapshot using the 3DNA program to obtain the
local helical axes and H76 helical rises. From these, we
compute the coordinates ¢;,¢, and their moments,
replacing the canonical ensemble averages by averages
over the trajectories. The model fitting to the simulated
data is described below.

RESULTS AND DISCUSSION
Global fluctuations of H76

The coordinates ¢, for selected systems are plotted in
Figure 3, analogous plots for the remaining systems are in
Supplementary Figure S1. The coordinate ¢ can be inter-
preted as the bending angle of H76 towards H75, that is,
towards the main body of the ribosome, ¢, can be under-
stood as the bending angle in the perpendicular direction,

away from the 30S subunit. The plots show the orientation
of a 4-bp segment within H76 whose last bp is the third bp
from the end (the two last bp are excluded to avoid
end-effects). The red crosses in Figure 3 indicate the equi-
librium values of ¢;,d,. The numerical values are listed in
Supplementary Table S1. The equilibrium values for the
parm99 and parmbsc0 simulations differ by one to several
degrees (9° in one case), which may be related to the dif-
ferent backbone dynamics characteristic for the two force
fields, as discussed in ‘Methods’ section. These differences
do not qualitatively affect the equilibrium conformation
(which is clearly open except D.r., see below) and can be
considered rather minor. The red ellipses are isoenergetic
contours corresponding to the elastic energy of kg7/2. We
define the anisotropy of the system as the ratio (greater or
equal to 1) of the ellipse semiaxes. All of our simulated
systems except the bulged ones exhibit anisotropy close to
1 (Supplementary Table S1). Thus, our results indicate
that the bending fluctuations of bacterial and archeal
H76 are essentially isotropic.

The black crosses in Figure 3 represent the starting
structures used in our MD simulations. In the E.c., H.m.
and D.r. starting structures, the L1 stalk is in the open
conformation. Figure 3 and Supplementary Figure S1
show that the equilibrium MD structures are close to
the starting structures, except for D.r. where the deviation
is probably caused by the instability at the base of the
helix (see Supplementary Data). In our 7.z. starting struc-
ture, the L1 stalk is in the half-closed conformation. The
simulated structure undergoes a conformational change to
the open form (Figure 3 and Supplementary Figure SI)
within several nanoseconds. This is expected, since the
half-closed L1 stalk in the ribosome is stabilized by the
interactions with the E-site tRNA, which is absent in our
system.

Comparing the 7.r. starting conformation and the
kgT/2 energy contours (Figure 3 and Supplementary
Figure S1), we see that the energy cost of the half-closed
conformation does not exceed kg7. This suggests that the
half-closed conformation of the L1 stalk could be reached
by local thermal fluctuations of the L1 stalk itself, without
any long-range allosteric rearrangements.

The bulged systems (Figures 2 and 3) exhibit larger and
more anisotropic fluctuations compared to those where no
bulge is present. We introduced the bulge in a stacked-in
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conformation either at the position where it is found in
eukaryotic ribosomes (bulgeL) or at the same location but
in the opposite strand (bulgeR). Figure 3 shows that the
H76 global dynamics is very different in the two cases (see
Supplementary Data for a more detailed description of the
local bulge dynamics). While in bulgeR the H76 fluctu-
ations are moderately anisotropic (anisotropy 1.3) and es-
sentially stay away from the 30S subunit, the H76
movements in the biologically relevant bulgel system are
more anisotropic (anisotropy 1.5) and directed towards
the ribosome body and towards the 30S subunit, as
expected from the L1 stalk functional role. The equilib-
rium structure of bulgeL (red cross in Figure 3) is shifted
towards the main ribosome body and towards the 30S
subunit, in the same direction as the half-closed conform-
ation of the 7.z. structure (black cross in the 7.z. panel of
Figure 3). This is consistent with the in-position of the L1
stalk observed in vacant eukaryotic ribosomes (53). In
contrast, the equilibrium conformation of the non-native
bulgeR points away from the 30S subunit. The very dif-
ferent equilibrium and dynamics of H76 with bulges at the
same location but in different strands could explain why
nature has chosen one particular strand of H76 to intro-
duce the bulge.

Our global conformational description can be
compared with other published approaches. Fu et al.
(18) introduced rotation angles of H76 in two perpendicu-
lar directions around a hinge point at the junction core.
One of them (‘inward’) captures the rotation towards the
main body of the ribosome, the other (‘forward’) refers to
the rotation in the perpendicular direction, towards the
30S subunit. To clarify the relationship between our co-
ordinates ¢,¢p, and the rotation angles of Fu et al., we
measured global conformations of some of the E.c. X-ray
structures they studied. They are shown as the additional
colour crosses in the E.c. panel of Figure 3. Although our
coordinate values are higher than those of Fu et al., the
trends are identical (Supplementary Table S1). Taking the
structure 212V (resolution 3.2 A, yellow cross) (98) as a
reference, we see that the structure 311N (3.2 A, magenta
cross) (23) is bent away from the ribosome body and
towards the 30S subunit, while the opposite bending dir-
ection is observed for the 311P structure (3.2 A, blue cross)
(23). These bending deviations are entirely consistent with
those described by Fu et al. Thus, our coordinates capture
the same type of movement as theirs: ¢, corresponds to
the ‘inward’ rotation of Fu ez al., ¢» corresponds to their
negative ‘forward’ rotation. In the study by Trabuco et al.
(43), the global reference system and the H76 orientation
were based on the principal axes of inertia for suitably
chosen parts of the large subunit. The change between
the open and the half-closed conformation in terms of
their angular coordinates roughly corresponds to the
changes in ¢1,$, observed here.

A flexible core, flexible helix model of the three-way
junction

The analysis presented so far suggests isotropic H76 fluc-
tuations, but does not identify their origin. Are they pre-
dominantly due to the flexible junction core, due to the
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flexible H76 helix, or both? To clarify the issue, we
propose a model in which both the H76 helix and the
junction core are modelled as harmonic, possibly aniso-
tropic flexible elements (see ‘Methods’ section and
Figure 4).

We first test the validity of the model against the
simulated data. The means of ¢1,¢, are nearly independ-
ent of L (SD 1-3°), suggesting that H76 in its equilibrium
conformation is indeed close to straight, as the model
requires. The diagonal entries of the covariance matrices
of ¢1,9- are well described by linear functions in L, while
the off-diagonal entries are very small (Supplementary
Figure S2). This implies an essentially homogeneous
helix with very small stiffness variations. Furthermore,
the two diagonal entries in each matrix have similar
values (Supplementary Figure S2), implying isotropic stiff-
ness of both the helix and the core. Thus, the simulation
data are consistent with a model of an intrinsically
straight, isotropically flexible H76 helix attached to an
isotropically flexible junction core.

The isotropic model can now be parameterized. For
each system, we first compute the means (¢;) and (¢,)
for different values of L and then calculate their
averages over L. This gives estimates of the parameters
¢, and ¢, describing the H76 equilibrium configuration
with respect to H75 and H79 [Equation (4)]. To estimate
the stiffness parameters, we notice that the model predicts
the bending angle variance (A¢?) defined by Equation (6)
to be a linear function of L [Equation (5)]. The absolute
term in Equation (5) is related to the core stiffness
constant ay, the linear term is related to the helix stiffness
constant ay, or equivalently to its persistence length L,
[Equation (7)]. Thus, by plotting (A¢?*) as a function of
L and fitting a linear function, we obtain estimates for
both the core and the helix stiffness parameters
(Figure 4). The intersection of the line with the y-axis de-
termines the stiffness of the core, the line slope determines
the stiffness of the helix. Furthermore, the y-axis intersec-
tion gives the contribution to (A¢?) coming from the
junction core (see ‘Methods’ section).

We performed this analysis for the E.c., H.m. and T.t.
systems (Figure 4 and Supplementary Figure S3). The
initial movement of the 7.z. H76 from the half-closed to
the open conformation took no more than several nano-
seconds and its influence was neglected. The D.r. system
was not analysed due to instabilities at the base of H76
(see Supplementary Data). For E.c. and T.t., the local
helical structure of H76 was not well defined in several
locations (each containing wobble pairs), where the
helical rise showed large fluctuations and its value could
not be reliably estimated (areas in Figure 4,
Supplementary Figures S2 and S3 with no crosses). The
contour length over that area was computed as the
distance between the base pair centres at the sides, each
projected onto the local helical axis of the adjacent helical
domain.

The inferred model parameters are summarized in
Table 1. The equilibrium configuration of H76 lies
roughly in the yz plane perpendicular to H75 (small
absolute values of ¢,1) and points away from the 30S
subunit (large positive ¢,), as expected for the open
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conformation. The force field-dependent differences are
quite small except ¢, for T.t. where the difference is 11°,
but the qualitative features just described remain un-
affected. The deduced stiffness parameters (Table 1)
indicate that the junction core is rather flexible.
Indeed, the values of a; in Table 1 are comparable to
the stiffness constants for the most flexible intra-base
pair or base pair step angular coordinates of DNA
(76,77). Our estimated H76 persistence lengths L, are
similar to those of simulated A-RNA duplexes
(80,81,99) and can be compared with the experimental
RNA persistence length of 70-80 nm (100). Notice that
the parmbscO values of the persistence length are con-
sistently higher than the parm99 ones and fit well within
the experimental range. Given that the experimental
value also includes the effect of static disorder and
was obtained in the presence of Mg>", which soften
the helix (100), it is possible that our persistence
length is still somewhat underestimated.

GU wobble pairs do not substantially affect the H76
Aexibility

It has been proposed that the movement of the L1 stalk
can be facilitated by the cluster of wobble pairs in H76,
present in nearly all species (2,19). This view was partially
based on an NMR study of the tRNA”™ microhelix by
Ramos and Varani (101), where the authors identified
local conformational averaging between multiple confor-
mers and a static distortion at the G3/U70 wobble pair.
However, they also noticed that the overall structure of
the microhelix was close to the A-form RNA and that
base stacking was similar to what would be expected for
a G-C containing helix. Our results are in fact consistent
with the findings of Ramos and Varani. Indeed, although
the helical structure of our H76 locally fluctuates at
various positions containing wobble pairs, the helix as a
whole remains straight and exhibits uniform, isotropic
flexibility comparable to that of a regular A-RNA
duplex (Table 1). In conclusion, the GU wobble pairs do
not modulate the flexibility of H76 in any extent that
would be detectable by the simulations.

The role of the LI stalk junction core

The junction core has also been suggested as a putative
hinge region for movement of the L1 stalk (2,30) The
model proposed here a priori considers both the core
and the helix to be flexible, which enables us to quantify
their contributions to flexibility by fitting the model to the
simulated fluctuations. Our results indicate that both the
core and the helix contribute substantially. The contribu-
tion of the core to the H76 bending angle variation is
found to be 25-45% (Table 1). In conclusion, there is a
hinge at the core of the L1 stalk three-way junction, but
the hinge has a nonzero stiffness and is isotropic. Another,
somewhat larger contribution to the overall flexibility
comes from the basic flexibility of the long A-RNA H76
helix.

Influence of the ribosomal environment
In this work we study the L1 stalk three-way junction in
isolation. In the ribosome, however, the junction makes

contacts with its structural environment. The question
thus arises as to how these contacts modulate the
dynamics and flexibility of the junction. As described
below, the H75 and H79 helices make numerous tertiary
contacts with the surrounding rRNA and ribosomal
proteins. In contrast, H76 makes no contact with its
surroundings, except perhaps for the first two of its base
pairs. Thus, H75 and H79 can be considered attached to
the ribosome, while H76 is essentially free. In our descrip-
tion, we mimic this situation by fixing our global coord-
inate system onto H75 and H79, as detailed in ‘Methods’
section. The helical axes of H75 and H79 defining the co-
ordinate system are computed as directional averages of
the local helical axes, which largely eliminates the effect of
local structural fluctuations within the helices. There may
be an additional effect due to the relative motion between
the effectively rigid helices, but we checked that these
movements are small. In conclusion, our approach
should yield a rather realistic description of the L1 stalk
junction with H75 and H79 fixed, corresponding to the
junction built into the ribosome.

The intrinsic flexibility described by our model reflects
the most basic RNA flexibility mode which does not
involve any changes of the RNA secondary or tertiary
structures. It defines the region of easily accessible pos-
itions of the L1 stalk RNA, spontancously sampled by
thermal fluctuations. We suggest that other ribosomal
elements may utilize this intrinsic L1 stalk rRNA flexibil-
ity when imposing, or making use of, different L1 stalk
functional states. Within the range of its intrinsic flexibil-
ity as identified by our model, the RNA can passively
adapt to structural changes of the ribosome on the time
scale of <100 ns.

Comparison with the L7|L12 stalk three-way junction and
other flexible RNA systems

Different RNA building blocks exhibit different thermally
driven structural fluctuations as a result of differences in
their topology and intra-molecular interactions. MD
simulations represent an established method to capture
these fluctuations. Structural fluctuations seen in simula-
tions can be analysed using various approaches, such as
visual inspection, clustering, distance and angle measure-
ments, principal component analysis, etc. Upon defining a
suitable set of global coordinates, one can deduce the in-
trinsic stiffness associated with these coordinates, as done
in this work. Each of the approaches represents a different
viewpoint from which the molecular fluctuations are
assessed and which together compose the overall picture
of the RNA structural dynamics. The precise quantitative
meaning of flexibility and anisotropy, however, may differ
between the approaches.

Recently, Besseova et al. (50) carried out extensive
simulation analysis of three ribosomal RNA three-way
junctions that occur in dynamical or potentially dynam-
ical, functionally important regions of the large ribosomal
subunit. All of these junctions (the H90-H92, H42-H44
and 5S rRNA junctions) were of type C (102), so that their
topology is different from the type A junction of the L1
stalk studied here. In type C junctions, two of the helices
(P1 and P3) are parallel to each other and usually make



interhelical contacts, while the third one (P2) is coaxially
stacked on P1. Thus, globally there are just two intercon-
nected stems, the P1/P3 domain and the P2 helix. The
global deformation of the junctions was quantified using
an inter-stem angle defined by the centres of mass of 3 bp,
one in each of the two stems and the third one in the
middle of the junction. The character of the global
motion was further assessed by visually inspecting struc-
tures of maximal and minimal inter-stem angle, for which
atoms of one of the stems were superimposed. In a related
study, Reblova ef al. (103) investigated the elbow-shaped
kink-turn Kt-38 at the base of A-site finger (H38) from the
H.m. ribosome and equivalently positioned molecular
elbows in eubacteria using simulations and Cryo-EM
data. The global motion was again described using an
interhelical angle and structure superposition. Another
very flexible RNA element studied recently is the reverse
K-turn (51). The global conformational descriptors used
include the atomic root mean square deviation, radius of
gyration and end-to-end distance. In all of these three
studies, the analysis techniques employed there suggest
that the structural motifs investigated possess anisotropic
(or directional) flexibility. In contrast, our analysis indi-
cates that the prokaryotic and archaeal L1 stalk three-way
junction is globally isotropic, as detailed earlier. A precise
quantitative comparison, however, would require a de-
scription of all the systems from a common viewpoint,
which is beyond the scope of the present work.

Similarly, a simulation and elasticity study of intrinsic
flexibility of the rRNA helix h44 from the small ribosomal
subunit and a canonical A-RNA duplex (47) used
Essential dynamics analysis to suggest that this particular
system is isotropic, similar to the H76 portion of the L1
stalk rRNA. Again, since the global geometry description
of this system was different from ours, a rigorous, quan-
titative comparison of flexibility and anisotropy cannot be
accomplished. The basic analysis of the simulations
should nevertheless provide a relevant qualitative assess-
ment of fluctuations of the different rRNA elements.

As noticed already by Hagerman (100), a proper de-
scription of the conformational variation of non-helical
elements should also take into account the finite stiffness
of the flanking helices. His analysis shows that, for
instance, the core of yeast tRNAP™ is not substantially
more flexible than an equivalent length of pure helix. An
MD study discussed earlier (103) suggests that the flexible
helical arms attached to Kt-38 and the equivalent elbow
elements substantially enhance the range of their angular
fluctuations. In our case, we observe an analogous phe-
nomenon: our data are best explained by a model where
both the junction core and the helix are flexible. While
rigid helix models are fully justified if the junction core
is very flexible and the helices are short, finite stiffness
of both the core and the helix must be considered for
the systems studied here. In other words, the flexibility
in our system is smoothly distributed over multiple nu-
cleotides, which may be easier to achieve than attempting
to construct a highly localized RNA hinge and, in
addition, it is probably a more robust evolutionary
solution.
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Our approach can be contrasted with studies aimed at
identifying RNA conformations constrained by secondary
structure. Sim and Levitt (104) proposed a model of rigid
helices, each characterized by its orientation with respect
to a reference helix. Al-Hashimi and co-workers (105-108)
describe the geometry of a two-way junction by specifying
the general rotation of one rigid helix with respect to the
other one. Notice, however, that the aim of these works is
different from ours. Those studies typically generate a
rather narrow ensemble of topologically admissible con-
formations, from which tertiary contacts and intermolecu-
lar interactions select and stabilize specific conformers. In
contrast, our aim is to understand functionally relevant
mechanical properties of these conformers which contrib-
ute to the stochastic dynamics of the whole molecular
machine.

Interactions within the junction and their stability

The helical stems are predominantly composed of canon-
ical base pairs and wobble pairs while the junction core,
which is specifically shaped, contains three conserved
non-Watson—Crick (non-WC) pairs, namely a trans
Hoogsteen/Watson—Crick (tH/W) A/U base pair, a trans
Hoogsteen/Sugar-Edge (tH/S) A/G ‘sheared’ base pair
and a tH/H base pair (U/A in E.c., Hm. and T.t. and
U/C in D.r.) (Figure 2). The interface between H76/H79
and H75 exhibits two significant bends of the sugar—phos-
phate backbone. The first one, positioned in the strand
connecting H79 and H75, is a hook turn motif found at
various places of 16S and 23S rRNAs (109), while the
second one connecting H75 and H76 has not been classi-
fied and resembles the sharp bend seen in kink-turn struc-
tures (110) (Figure 2 and Supplementary Figure S4). These
bends are interconnected by the tH/H pair which involves
a single hydrogen bond and has a relatively long C1'-
Cl'distance (over 12A for U/A and U/C). We carried
out a search for the tH/H pairs in ribosomal RNAs
using the FR3D program (111) and noticed that they
often occur in irregular ribosomal RNA segments. The
tH/W and tH/S pairs together with the two adjacent
bulge bases form an UNA/GAN motif which is also
found in the core of the H20/H21/H22 junction of 16S
rRNA (112). The UNA/GAN motif is closely related to
the UAA/GAN internal loop, a structural motif with a
consensus sequence localized at various places of 23S
rRNA and also in other RNAs (112). Sugar—phosphate
and base-base contacts form a stabilizing network of
H-bonds in the central part of the junction (for more
details see Supplementary Data and Supplementary
Table S2). The simulated junction structures sampled
conformations around their starting structures and did
not unfold at the 100-ns time scale. Details about the
structure stability are in Supplementary Data and
Supplementary Figure SS.

Ribosomal contacts of the 3wj

The H75 and H79 helices make a number of tertiary
contacts with the surrounding RNA and ribosomal
proteins. In contrast, H76 makes no contact with its
surroundings, except for 2-3 H-bonds between the first
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two base pairs of T7.r. H76 (2093G = C2196 and
2094G = C2195) and the ribosomal protein L9
(Supplementary  Figure S6 and description in
Supplementary Data). The structural element closest to
H76 is H68. The shortest distance between H76 and H68
is73Ain D.r., 6.1 Ain Hm. and 5.6 A in E.c. In the T'1.
ribosome, which is in the half-closed conformation and
thus has the L1 stalk tilted towards the body of the 50S
subunit, the shortest distance between H76 and H68 is
only 4.0A (Supplementary Figure S6). Specific inter-
actions of H75 and H79 with the surrounding ribosomal
structures in all four systems are described in
Supplementary Data [the base-backbone interactions are
classified according to Zirbel et al. (113)].

CONCLUSION

In this work, we study the global structure and flexibility
of the H76/H75/H79 three-way junction found at the basis
of the L1 stalk, a biologically important mobile element of
the large ribosomal subunit. We propose a new
coarse-grained model in which both the junction core
and the H76 helix are modelled as harmonic, possibly an-
isotropic flexible elements. The elements are characterized
quantitatively, by means of their equilibrium shape and
stiffness parameters. The parameters are inferred from a
set of large-scale, unrestrained atomic-resolution molecu-
lar dynamics simulations.

The approach proposed here is rather general and can
be extended to other types of RNA junctions important in
biological systems or in nanotechnology. The quantitative
characterization of RNA building blocks in terms of their
mechanical properties would make it possible to under-
stand the behaviour of larger systems or to combine the
blocks into nanostructures with desired mechanical
features.

Our results indicate that both the junction core and the
helix H76 are isotropically flexible, and both contribute
substantially to the overall H76 movement. The H76
thermal fluctuations in the isolated junction can spontan-
eously reach the half-closed conformation observed in the
translocating ribosome. Introducing a bulge base into H76
as found in eukaryotes induces a very flexible, anisotropic
hinge within the helix. The observed bulge dynamics helps
to explain the in-position of the L1 stalk found in vacant
eukaryotic ribosomes (53) and may rationalize the precise
positioning of the H76 bulge in eukaryotes.

We conclude that the prokaryotic L1 stalk rRNA
three-way junction is an intrinsically flexible RNA
region, whose flexibility stems from the common isotropic
flexibility of the long A-RNA H76 helix complemented by
the isotropic-hinge flexibility of the junction core. It thus
seems to differ from other recently studied flexible RNA
systems such as the L7/L12 stalk junction, kink-turns and
elbow segment at the base of the A-site finger, which
appear to be anisotropically flexible (50,51,103). The eu-
karyotic H76 enhances its flexibility in an anisotropic
manner using the single bulge in its upper part. The L1
stalk rRNA junction allows the stalk to spontanecously
sample various conformations at minimal energy cost, at

the time scale of ~100ns. This suggests that the junction
may act as a passive flexible element, allowing the L1 stalk
to easily adapt to the surrounding structures and optimize
its interactions at various stages of translocation. The
local flexibility thus enhances the global movement of
the L1 stalk during translocation which itself takes place
at much longer time scales of 100 ms to several seconds
(27,30) and involves concerted motions of large ribosomal
domains.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Tables SI and S2 and Supplementary
Figures S1-S6.
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