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Both the small and large subunits of the ribosome, the molecular ma-
chine that synthesizes proteins, are complexes of ribosomal RNAs
(rRNAs) and a number of proteins. In bacteria, the small subunit has
a single 16S rRNA whose folding is the first step in its assembly. The
central domain of the 16S rRNA folds independently, driven either
by Mg2+ ions or by interaction with ribosomal proteins. In order to
provide a quantitative description of ion-induced folding of the∼350
nucleotide rRNA, we carried out extensive coarse-grained molecu-
lar simulations spanning Mg2+ concentration between 0–30 mM. The
Mg2+ dependence of the radius of gyration shows that globally the
rRNA folds cooperatively. Surprisingly, various structural elements
order at different Mg2+ concentrations, indicative of the heteroge-
neous assembly even within a single domain of the rRNA. Binding
of Mg2+ ions is highly specific, with successive ion condensation
resulting in nucleation of tertiary structures. We also predict the
Mg2+-dependent protection factors, measurable in hydroxyl radical
footprinting experiments, which corroborate the specificity of Mg2+-
induced folding. The simulations, which agree quantitatively with
several experiments on the folding of a three-way junction, show that
its folding is preceded by formation of other tertiary contacts in the
central junction. Our work provides a starting point in simulating the
early events in the assembly of the small subunit of the ribosome.

RNA folding | Divalent ions | Ribosome assembly | Coarse-grained
simulation | Three-way junction

The determination of the spectacular ribosome structures
has galvanized great interest in dissecting how such a

complex structure assembles in vivo (1–5). The bacterial ribo-
some is a complex between the small 30S and the large 50S
particles. These subunits themselves are complexes involving
the ribosomal RNA (rRNA) and a number of proteins (6, 7).
Since ribosomes synthesize proteins in all living organisms,
considerable energy and other regulatory mechanisms are used
to generate and maintain their homeostasis. Although there
have been vast experimental efforts to understand the molecu-
lar mechanism of ribosome assembly, which led to important
early discoveries, such as Nomura and Nierhaus maps (8, 9),
the general principles associated with the assembly process of
the ribosome have not been fully resolved (3, 4). In order to
solve the assembly problem, many elegant experiments have
been systematically performed initially by investigating how
the various domains of the rRNA fold and subsequently by
the effect of ribosomal proteins in reshaping the assembly
landscape. Along the way it has been pointed out (10) that
some of the principles of ribozyme folding might form a useful
framework for producing a quantitative theoretical model for
ribosome assembly. After all, the rRNA folding problem has
to be solved to produce an intact ribosome capable of protein
synthesis.

In bacteria, the three ribosomal rRNA chains (∼4,500 nu-
cleotides in total) fold and assemble together with over 50

ribosomal proteins (r-proteins) in order to build one functional
ribosome. The small subunit, the 30S particle, is a large
ribonucleoprotein complex consisting of a single 16S rRNA
chain (approximately 1500 nucleotides) and about 20 proteins.
The rRNA chain could be further decomposed into the 5′ (∼
560 nucleotides), central (∼ 350 nucleotides), and 3′ (∼ 625
nucleotides) domains. It is known that the three domains fold
independently and concurrently in the presence of r-proteins
(2, 11–13). Therefore, a logical approach is to understand
how the individual components, especially the various rRNA
domains, might fold independent of each other.

Previous simulation studies, focusing on the nuances of
the protein induced structural transitions in the 5′ domain
(14–16) have been most insightful, especially when combined
with experiments (16). These studies showed that S4-guided
assembly results in the 5′ domain reaching the folded state
by navigating through multiple metastable states, revealing
the rugged nature of the folding landscape of RNA (17, 18).
As a prelude towards undertaking computational studies in
the early events in the assembly of the 30S particle, here we
report our investigations of the Mg2+-induced folding of the
central domain of the 16S rRNA using an accurate simulation
model.

The importance of divalent cations, Mg2+ in particular, in
stabilizing tertiary structures of RNA cannot be understated.
In the context of ribosome assembly, the importance of Mg2+

has been recognized from a variety of experiments (19, 20).
For instance, it has been recently shown that the entire 23S
rRNA from the large subunit of the bacterial ribosome forms
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a near-native conformation in the presence of Mg2+ without
any r-proteins (21). In the central domain of the small sub-
unit, in vitro studies have shown that a three-way junction
(3WJ) (Fig. 1) is in dynamic equilibrium between an open
and a closed conformation, whose populations depends on the
Mg2+ concentration. Experiments have shown that the 3WJ
undergoes substantial rearrangements upon addition of Mg2+

or S15 r-protein (22–24).
In order to provide molecular insights into the folding of

the central domain of the small subunit of bacterial ribosome,
driven by Mg2+, we performed extensive simulations based on
an accurate coarse-grained model for RNA (25, 26). We chose
the 346-nt RNA fragment as our starting point because it has
been used in experimental studies to probe the early stage of
RNA assembly involving r-proteins (23, 24, 27–29). In this
paper, we focus on the thermodynamics of Mg2+-dependent
folding of the isolated RNA. Our simulations reproduced the
folding transition of the central domain, from its unfolded state
containing only secondary structures to the near-native tertiary
structure, as the Mg2+ concentration increased. Changes in
angle of the three-way junction obtained using simulations
accords well with experiments, thus validating the proposed
model. Although the folding transition is cooperative, we
find that some groups of tertiary contacts form at different
Mg2+ concentrations. Thus, the components of the domain
do not fold simultaneously at a unique midpoint. Importantly,
the groups of tertiary contacts are stabilized by specific Mg2+

binding at their constituent nucleotides. From analyses of free-
energy stabilization by Mg2+ binding at a single nucleotide
resolution, we found that the order of folding is dictated by the
extent of stabilization by each Mg2+ binding. In the case of the
central domain, tertiary folding occurs preferentially around
the central junction. We make predictions for Mg2+-dependent
nucleotides protection, which is testable by hydroxyl radical
footprinting experiments.

Results

Mg2+-induced compaction of rRNA. We first focus on global
properties that are measurable using Small Angle X-ray Scat-
tering (SAXS) experiments. From equilibrium simulations of
the rRNA fragment at various Mg2+ ion concentrations, we
calculated the average radius of gyration (Rg) as a function
of [Mg2+] (Fig. 2A). rRNA undergoes an apparent two-state
folding transition, as indicated by the order parameter Rg, as
Mg2+ concentration increases from 0 to 30 mM. The maximum
decrease in Rg occurs in the range of [Mg2+] ≈ 2–10 mM. In
the absence or at [Mg2+] up to ∼1 mM, tertiary interactions
of the RNA are disrupted resulting in expanded conformations
containing only secondary structures (see the top left structure
in Fig. 2A). After adding an excess amount of Mg2+ (> 10
mM), rRNA folds to a compact conformation, with an average
Rg ≈ 4.3 nm, that is modestly larger than the Rg of the crystal
structure, RNative

g = 4.0 nm. This indicates that either or both
of the ribosomal proteins and other domains of the rRNA (we
simulated only a fragment of the 16S rRNA) may be needed
to fully drive the conformation to that found in the crystal
structure. Interestingly, Mg2+-driven compaction of rRNA is
highly cooperative. The fit of the titration curve to the Hill
equation (see Methods) yields a high n value (= 2.96) with
an apparent midpoint of [Mg2+] ≈ 3.3 mM.

In order to evaluate the similarity between the simulated

Fig. 1. Sequence and structure of the ribosomal RNA. (A, B) The entire small
subunit of T. Thermophilus ribosome is illustrated as the secondary structure of the
16S rRNA (A) and the crystal structure including ribosomal proteins (B). The central
domain simulated is in red and labeled as Central in (A). The secondary structure is
adopted from (30) and the tertiary structure was taken from PDB entry 1J5E (31). (C,
D) Secondary and tertiary structures of the 346-nucleotide fragment central domain
of the 16S ribosomal RNA.

structures and the crystal structure, we also computed the root-
mean-square deviation (RMSD, Fig. 2A inset). The RMSD
of the entire rRNA fragment is 1.5 nm at 30 mM Mg2+,
whereas RMSD computed excluding h21 and h27 is 0.7 nm.
From this data, we conclude that fluctuations of h21 and h27
contribute to the slightly larger Rg found in the simulations.
As illustrated in Fig. 2A, the structure is correctly folded at
high [Mg2+].

Figs. 2(B, C) show the distance distribution functions at
several Mg2+ concentrations, which may be obtained as the
inverse Fourier transform of the scattering function that is
measurable by SAXS experiments, thus serving as a testable
prediction. Comparison of the results in Fig. 2(B, C) shows
that the enhanced fluctuations at higher [Mg2+] are due to h21
and h27, which do not (especially h27) engage in extensive
tertiary interactions. In the intact 30S subunit, h21 and h27
interact with other ribosomal domains and r-proteins, that we
did not included in the simulations (Fig. S2).

We also calculated the shape parameters, asphericity ∆
(0 ≤ ∆ ≤ 1) and prolateness S (−0.25 ≤ S ≤ 2) (32, 33). Both
∆ and S are unity for rods, whereas ∆ = S = 0 for spheres.
In our previous work (33) we showed, by considering a large
number of folded RNA chains, that the distribution of ∆ and
S are broad with the shapes being highly spherical adopting
prolate ellipsoidal shapes. In accord with the expectations,
we find that beyond the midpoint, the shape of rRNA does

2 | Author’s Final Draft Hori et al.



[Mg2+] / mM
0.1 1.0 10.0

0.1 1.0 10.0

/ n
m

4.0

4.5

5.0

5.5

6.0

6.5

7.0

R
M

S
D

 / 
nm

5
4
3
2
1
0

h21
h27

h22

h23 h27

h21

h20

h24

(A)

(B) (C)

(D) (E)/ nm / nm
0 5 10 15 20 0 5 10 15 200.0

0.1

0.1

0.2

0.0

0 0.2 0.4 0.6 -0.2 0 0.5 10

2

4

0

2

4

6

20 mM
5 mM
3 mM

0.1 mM

20 mM
5 mM
3 mM

0.1 mM

20 mM
5 mM
3 mM

0.1 mM

20 mM
5 mM
3 mM

0.1 mM

Fig. 2. Global structural transition in Mg2+-induced folding. (A) Radius of gyra-
tion (Rg) as a function of Mg2+ concentration. Representative conformations are
shown for [Mg2+] = 0.1, 1.0, 3.0, 4.0, 5.0, and 20.0 mM (left to right, see also Fig. S1).
The red dotted line is the fit to the Hill equation with n = 2.96 and the midpoint
[Mg2+]m = 3.3 mM. The inset shows the average RMSD from the crystal structure.
The orange solid line shows RMSD for the entire RNA fragment, and the green dotted
line is calculated excluding h21 and h27 (helices indicated in the bottom right struc-
ture). (B, C) Pair distance distributions at [Mg2+] = 0.1, 3, 5, and 20 mM (labeled in
the panel) calculated using (B) the entire fragment, and (C) the fragment excluding
h21 and h27. (D, E) Probability distributions of the shape parameters, (D) asphericity
∆ and (E) prolateness S, at the same concentrations as (B, C).

resemble a prolate ellipsoid. Surprisingly, at low Mg2+, rRNA
is predicted to be nearly spherical (∆ < 0.2 and S ≈ 0).
Fig. 2(C) shows that there is a dramatic change in the shape
of rRNA (roughly spherical to prolate ellipsoid) as the [Mg2+]
concentration increased. This is exactly the opposite of what
is typically found as a globular protein folds (34).

Helix h19 forms only at high Mg2+. In the rRNA fragment,
there are nine distinct helices, that are conventionally named
h19 through h27 (see Fig. 1C). We calculated the probability
of helix formation as a function of [Mg2+] (Fig. 3A). All the
helices except the short h19 are stable over the entire range
of Mg2+ concentration in the presence of 50 mM KCl at the
simulation temperature (37◦C). These helices, which are stable
at very low [Mg2+], contain at least 8 canonical Watson-Crick
base pairs. In contrast, h19, connecting the central junction to

h27 and the 5′ domain, has only three G-C base pairs. Thus,
it is likely that the stability of individual helices determine the
order of their formation, as previously suggested (35). More
importantly, as shown in Fig. 1C, the two constituent strands
of h19 are far separated along the sequence. Consequently,
the stability of h19 depends not only on [Mg2+] but also on
the formation of other tertiary interactions around the central
junction as well as the adjacent helix h25. Note that only
after h25 fully forms (at [Mg2+] ≈ 1 mM), which brings the
two strands of h19 into proximity (Fig. 1C), does h19 get
structured at [Mg2+] ≈ 2 mM (Fig. 3A). The formation of
tertiary interactions are predicated on the formation of h19
(see below). The formation of h19 is essential for structuring
the central junction (the big loop region surrounded by h19,
h25, h24 and h20, shown in Fig. 1C). The results in Fig. 3A
suggest that h19, whose [Mg2+] midpoint nearly coincides with
the folding of the rRNA, must nucleate the formation of the
tertiary interactions.

[Mg2+] midpoints of tertiary contacts formation vary. In the
crystal structure of the rRNA fragment, there are seven re-
gions with major tertiary contacts (TC), where two or more
secondary structural elements contact each other (Fig. 3C).
These contacts are typically clusters of hydrogen-bonding in-
teractions. We label them as in Fig. 3C, TC1 through TC7.
Since we have already shown that all the secondary structures
except h19 are stable even in the near absence of Mg2+, the
formation of the TCs must drive the folding, and consequently
rRNA compaction (decrease in Rg) upon addition of Mg2+

ions.
In Fig. 3B, we show the formations of the seven TCs as

a function of [Mg2+]. There are three inferences that can
be drawn from these results. (i) We first note that TC7,
involving interactions between h24 and h27, does not form
even at the highest [Mg2+]. We surmise that the formation
of TC7 may need r-proteins or other domains in the rRNA.
Indeed, the crystal structure of the mature 30S (31) shows that
helix h27 interacts with h44 of the 3′ domain and S12 protein
(Fig. S2). (ii) The other six TCs exhibit Mg2+-dependent
formation. Clearly, the [Mg2+] midpoints at which the TCs
order vary substantially, perhaps reflecting the hierarchical
structure formation. The fraction of TC formation sharply
changes in the [Mg2+] range from 2 to 10 mM. Thus, the
hierarchical assembly of rRNA does not occur co-operatively
at a sharp value of [Mg2+], implying that there is no precise
midpoint for folding even though global measures indicate
otherwise. (iii) The range of Mg2+ concentration over which
rRNA orders, coincides with the decrease in Rg (Fig. 2). The
results confirm that the Rg change, which depends on [Mg2+],
is a consequence of the tertiary contact formation.

The six TCs can be classified into three pairs in terms
of the Mg2+ concentration requirements. From the titration
curve (Fig. 3B), the midpoints of [Mg2+] are ∼2.5 mM for TC1
and TC2, ∼4 mM for TC3 and TC4, and ∼5 mM for TC5
and TC6. By mapping the TCs onto the secondary structure
(see Fig. 3C), we notice that the formations of the TCs occur
first at locations near the central junction (TC1 and TC2).
Upon further increase in [Mg2+], the two interactions, TC3
and TC4, separated by a moderate distance, from the junction
are stabilized. Lastly, a much higher concentration of Mg2+

(5–10 mM) is required to stabilize the long-range contacts
between h23 and h24. From this analysis, we conclude that
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Fig. 3. Mg2+-dependent folding of key struc-
tural elements. (A) Probabilities (Phs) of forma-
tion of the nine helices as a function of Mg2+ concen-
tration. Besides h19 (red) and h25 (blue), all other
lines overlap with h27 (green) because these stable
helices remain folded even at extremely low Mg2+

concentrations. See Fig. 1 for positions of the he-
lices. Both h19 and h25 are near the central junction
(Fig. 1C). (B) Fraction of various tertiary contacts
(TCs) as a function of Mg2+ concentrations. The
[Mg2+] midpoints calculated using PTC([Mg2+]m) =
0.5 (shown by the horizontal line) change substan-
tially depending on the TC. The color code reflects
the midpoint of [Mg2+] for each TC as shown on
the middle. (C) Locations of the seven key clusters
associated with the TCs are mapped onto the sec-
ondary structure diagram. On the periphery, tertiary
structures are shown using a surface representation
for the corresponding regions.

the network of TCs is centered around the central junction.
This hierarchy of tertiary contact formation is also revealed
in the representative snapshots from the simulations (Fig. 2).
Helices h25 and h26 (orange) come close to h20 (magenta)
in the early part of the transition at low [Mg2+], and the
formation of contacts between h23 (blue) and h24 (yellow)
occurs only at higher [Mg2+].

Mg2+ binding to specific sites drives tertiary contact forma-
tion. How do Mg2+ ions facilitate the folding of the RNA
fragment, in particular, the formation of the TCs? To begin
the investigation, we computed the fingerprints of Mg2+ bind-
ing at the nucleotide resolution as contact Mg2+ concentration,
c∗ (see Materials and Methods). In Fig. 4A, the fingerprints
are shown at three bulk Mg2+ concentrations at which the
major conformational changes occur. The data clearly reveal
that there are distinct positions where Mg2+ ions bind with
substantial probability. Although c∗ increase as the bulk Mg2+

concentration increases from 2.5 mM to 5.0 mM, many of the
distinctive peaks exist even at 2.5 mM. This is a non-trivial
prediction because, at [Mg2+] = 2.5 mM, only TC1 and TC2
form with ∼50% probability but all other contacts are either
absent or formed with low probability (Fig. 3). This shows
that coordination of Mg2+ to rRNA is nucleotide specific,
and does not occur in a random diffusive manner as is often
assumed. The finding that the specificity of Mg2+ binding
causes RNA tertiary structure formation appears to be general
(26, 36).

To delineate how those Mg2+ ions facilitate individual
tertiary-contact formation, we further analysed the three-
dimensional positions of Mg2+ ions around high-c∗ nucleotides
revealed in the fingerprint. In Fig. 4(B), we present a display
of the three-dimensional density of Mg2+ ions in the central
junction. The highest Mg2+-density region is surrounded by
several phosphate groups associated with nucleotides C817,
G821, and G576. All of these were detected as nucleotides
that have high c∗ (Fig. 4A), and thus tend to bind Mg2+

preferentially. Another nearby Mg2+ ion is located between
two phosphate groups of nucleotides G575 and G576. We
confirmed that there are precisely the two Mg2+ ions resolved
in the same region in a high-resolution cryo-EM structure of
the same T. Thermophilus (PDB 4Y4O (37)), which further
validates the TIS simulation model. See Supplemental Fig-
ure S4 for other Mg2+ binding motifs. It is gratifying that we
are able to predict the precise locations of Mg2+ ions without
adjusting any parameter in the model.

We then analyzed the relationship between TC formations
and Mg2+ binding to specific positions. The effects of spe-
cific binding can be revealed by comparing the free-energy
change upon formation of each TC. We define ∆∆Gα(i) (see
Materials and Methods Eq. 2), which is the difference between
bound and unbound states of Mg2+ to the ith nucleotide.
The subscript α stands for conformational change considered
(α = TC1, TC2, ..., TC6). The value of ∆∆Gα(i) would be
negative if a specific binding of Mg2+ to the ith nucleotide
stabilizes the formation of α. Fig. 4(C-E) show ∆∆G for
TC1, TC3 and TC5 formations, respectively, at the midpoint
Mg2+ concentrations. The three panels show quantitatively
the free energy gain due to binding of Mg2+ to specific sites.
For example, Fig. 4(C) shows that TC1 formation stabilizes
tertiary contacts involving nucleotides of h19, h20, h25, and a
part of h24 (blue surface in Fig. 4F, A563–G587, G756–A767,
G809–C826, and A872–U884). Tertiary structure stabiliza-
tion in other regions occurs at higher Mg2+ concentrations.
Comparing the three dimensional positions in Fig. 4F and the
locations of TC in Fig. 3C, we conclude that the formation of
contacts is associated with specific Mg2+ binding to the same
nucleotides.

Interestingly, the extent of stabilization by Mg2+ (absolute
values of ∆∆G) are larger in the nucleotides that form contacts
at lower [Mg2+], than nucleotides that require higher [Mg2+].
For instance, values of ∆∆GTC1 at [Mg2+] = 2.5 mM (Fig. 4C)
are more negative than ∆∆GTC3 at 4.0 mM Mg2+ (Fig. 4D)
or ∆∆GTC6 at 5.0 mM Mg2+(Fig. 4E). This indicates that,
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Fig. 4. Fingerprints of Mg2+ binding leading to tertiary contact
formation. (A) Mg2+ binding to each nucleotide is quantified as
the contact Mg2+ concentrations (c∗) defined in Eq. (1). The data is
shown for three Mg2+ concentrations that correspond to the midpoints
at which different TCs form (see Fig. 3B). Some nucleotide that have
high c∗ are labelled on top. Fig. S3 in the Supplemental Information
shows similar plots for other solution conditions. (B) Mg2+ binding in
the central junction. At the center, the filled space in gray represents
the region where Mg2+ ions were highly localized in the simulations
(space filled if more than 50% of the maximum density in the region
at [Mg2+] = 5 mM). Two red spheres are Mg2+ ions solved in a cryo-
EM structure (PDB 4Y4O (37)). See Fig. S4 for other Mg2+ binding
sites in h20, h25, and the three-way junction. (C-E) ∆∆G for (C)
TC1, (D) TC3 and (E) TC5. The vertical axes are flipped for the
ease of comparison to (A). Note that a part of data in A-D is not
continuous because nucleotide 842 through 847 do not exist in T.
Thermophilus. (F) Three dimensional positions of nucleotides with
distinct peaks, ∆∆G < −0.5 kBT (= −0.31 kcal/mol), are shown
using surface representation with the same color code as (C-E).

at lower Mg2+ concentrations, Mg2+ ions preferentially bind
to nucleotides that provide greater stability by forming Mg2+-
driven tertiary interactions. The results in Fig. 4 show clearly
that coordination of Mg2+ ions resulting in consolidation of
tertiary structure in rRNA occurs in a discrete manner.

Tertiary stacking nucleates the central junction assembly.
The central junction (Fig. 1C) is stabilized by several ter-
tiary base stacking interactions between non-consecutive nu-
cleotide (tertiary stacking, TST). From the crystal structure,
we detected six TST interactions around the central junction
(Fig. S5A, B), that contribute to the correct folding. Fig. S5(C)
shows that the [Mg2+]-dependent formation of all the six TST
interactions occur cooperatively at the midpoint [Mg2+] ∼2.5
mM. Interestingly, this value corresponds to the midpoint of
formation of TC1 and TC2 (compare with Fig. 3B). Thus,
the ordering of the central junction takes place cooperatively
with the simultaneous formations of TC1 and TC2. These
events, resulting in partial folding, as well as the ordering of
h19, contribute to the formation of the compact core region,
leaving other longer peripheral helices unfolded. Structuring
of these helices occur only at higher [Mg2+].

Three-way junction folds upon tertiary-contact formation of
constituent helices. The three-way junction (3WJ) consist-
ing of h20–22 has been used as a representative folding
motif in earlier experimental studies of the rRNA folding
(23, 24, 27, 38, 39). In the unfolded state, the three helices
are expected to be well separating without having major inter-
actions with each other because of the electrostatic repulsion.
Indeed, an experimental study done sometime ago using tran-
sient electric birefringence indicated that the three angles
between the helices are nearly equal (roughly 120◦) in the
absence of Mg2+ and r-protein S15 (23). On the other hand,
in the folded state, the two helices h21 and h22 are coaxially

stacked, while the other, h20, forms an acute angle with h22
(Fig. 1). Although, in the ribosome, S15 binds to the center of
the junction and presumably stabilizes the folded form, exper-
iments demonstrated that Mg2+ ions alone are sufficient to
stabilize the native form (23, 27). In addition, further analyses
showed that the folding of the junction is determined solely
by the RNA sequence rather than by binding of S15 (24).

We calculated changes in the three angles between h20, h21
and h22 as a function of Mg2+ concentration (Fig. 5A). At
Mg2+ concentration below 4 mM, the average of the angle
Θh20-h22 is about 80◦, whereas the values of the other two
angles are around 110◦. On an average, the sum of the three
angles is smaller than 360◦, indicating that the helices are not
entirely confined to a plane. All the three angles fluctuate
in the ensemble of conformations, which is shown by the ≈
20◦ in the standard deviations (Fig. 5A). Nonetheless, the
three helices are aligned roughly in a radial manner, in accord
with the experiments (23). At [Mg2+] ∼5 mM or above, the
angles change dramatically. Two angles, Θh21-h22 and Θh20-h21,
are around 150◦ indicating that the two helices are coaxially
stacked. The third, Θh20-h22, adopts an acute value around
15◦, showing that h20 is aligned towards h22, as in the crystal
structure. As shown by the shaded regions in Fig. 5A, the
fluctuations in the angles are also much less at the higher Mg2+

concentrations. The Mg2+ concentration at which the 3WJ
folds corresponds to the concentration at which TC3 forms,
which is reasonable because TC3 is the tertiary interactions
between the two ends of h20 and h22.

To illustrate the fluctuations in the 3WJ as function of
Mg2+ concentration, we calculated the two dimensional distri-
butions of specific angles between the helices and the distance,
which could be used to compare with single molecule experi-
ments (22, 40) on a related but different 3WJ construct. We
find that at low Mg2+ concentrations, the distributions are
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Fig. 5. Folding of the three-way junction. (A)
Changes in the angles between helices at the three-
way junction as functions of Mg2+ concentration. The
angle, Θ, between a specific helix pair is given in the
Figure. The filled regions represent the ranges of
standard deviations in Θ. (B-D) Two dimensional dis-
tributions of the distance (dh20-h22) and the angle
Θh20-h22 between the helices h20 and h22. The
distributions are shown at three Mg2+ concentrations
around the transition point, (B) 3 mM, (C) 4 mM, and
(D) 5 mM. The distance dh20-h22 was measured
using the positions of the sugars of G577 and C735.
The red color indicates the highest probability and
the purple is the lowest probability regions. Fig. S6
in the Supplemental Information shows similar plots
for the other two angles, Θh20-h21 and Θh21-h22.

very broad (Fig. 5B-D) but become narrower when Mg2+ in-
creases. The distribution of the distance between G577 and
C735 (dh20-h22) is unusually broad at low Mg2+ concentrations,
which is reminiscent of the FRET efficiency distributions (22).
The substantial width of the angle distributions, which are
difficult to directly measure experimentally, also show that
upon folding there are substantial conformations in the 3WJ
even in the intact central domain. The good comparison be-
tween simulations and experiments, obtained without tuning
any parameter, again validates the coarse-grained force field.

Hydroxyl radical footprinting. Lastly, we make predictions for
hydroxyl-radical footprinting based on solvent accessible sur-
face area (SASA) of the simulated ensembles at each Mg2+

concentration. Footprinting is a powerful experimental tech-
nique to probe RNA structures in vitro and in vivo (6, 10, 41).
Much like hydrogen-deuterium exchange experiments using
NMR in the context of protein folding, hydroxyl-radical foot-
printing is used to assess the extent to which each nucleotide
is exposed to the solvent. The solvent exposure has been
demonstrated to be highly correlated with the SASA of sugar
backbone (42, 43). We first calculated the SASA of each struc-
ture generated in the simulations, and then determined the
protection factor (PF ) of each nucleotide site by averaging
over the simulated conformational ensemble at each Mg2+

concentration (see Materials and Methods).
Fig. 6 (A-E) shows the nucleotide-dependent protection

factors at various Mg2+ concentrations. At 0.2 mM Mg2+, no
nucleotide exhibits high protection factor, indicating that the
RNA is unfolded other than the presence of stable secondary
structures. At [Mg2+] = 1 mM, only three nucleotides, G666,
C726, and G727, show distinct protection (PF > 2). In the
crystal structure, G666 is near a bulge of h22, that interacts
with a part of h23 (C726 and G727). Our simulation data
shows that this interaction is formed at relatively low Mg2+

concentration (∼1 mM), and could in principle be detected by
footprinting experiments. As Mg2+ concentration is increased,
additional nucleotides are protected. At [Mg2+] = 2.5 mM,
another tertiary interaction at the center of h25 results in
protections of G869, U870, and G874. Above Mg2+ > 5 mM,
nucleotides around the core region are protected (nucleotides
colored in green in Fig. 6G and H). Many of these nucleotides
are located in the central junction, and are involved in tertiary
contacts, as shown in Fig. 3C.

For reference, we also calculated the footprinting profile

using the crystal structure coordinates (Fig. 6F). Note that
the protection factors calculated from a single crystal structure
should be less accurate and overestimate the protections com-
pared to the values under solution conditions because thermal
fluctuations are not included in the calculation. Moreover, the
crystal packing reinforces molecular rigidity. Despite these
caveats, the positions of the peaks are consistent with the pro-
file we obtained in the simulations at high Mg2+ concentration
(Fig. 6E, [Mg2+] = 20 mM). The predictions in Fig. 6 can be
experimentally tested using the footprinting technique.

Discussion

We investigated folding of the central domain of the 16S rRNA
with particular emphasis on how Mg2+ drives structure forma-
tion. To our knowledge, experiments have not investigated the
folding of the intact domain in the absence of proteins although
the expectation is that the central domain could self-assemble
autonomously. Consequently, many of our results are predic-
tions that are amenable to tests using standard experimental
techniques. The central domain of the 16S rRNA unfolds at
low Mg2+ concentrations (roughly below 2 mM in our simu-
lations), where only the secondary structures are intact. As
Mg2+ concentration is increased, tertiary interactions form in
a hierarchical manner in three distinct stages. Considering
that the typical Mg2+ concentration of bacterial cytoplasm
is ∼ 1 mM (44), our data suggest that the rRNA would not
spontaneously form a stable compact structure in the absence
of r-proteins (Fig. 2). This conclusion is not definitive because
folding in vivo occurs in a crowded milieu, which could lower
the effective midpoint for folding (45–47).

Fate of the three-way junction. The independent folding of the
3WJ and related constructs in the central domain (Fig. 1)
has been studied extensively from over two decades ago by
a variety of experimental methods (23, 24, 27). In a quest
to understand the influence of r-proteins on the assembly of
30S particle they focused initially on the folding of the 3WJ,
which folds either in the presence of S15 or Mg2+ (23). Using
transient electric birefringence and a model to analyze the
data (23), they inferred that the angles between the three
helices (h20, h21, and h22) are roughly 120◦, which implies
that they adopt a planar structure. Upon addition of 1.5 mM
Mg2+ (or S15) the 3WJ is structured in which h21 is coaxially
stacked with h22, and h20 forms an acute angle with h22.
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Fig. 6. Prediction of Mg2+-dependent protection factors. (A-E) Footprinting pro-
tection factors estimated based on SASA at nucleotide resolution. Mg2+ concentra-
tions are labeled on the top of each panel. (F) Protection factors estimated based
on SASA calculated for the crystal structure (PDB: 1J5E). A few peaks exceeding
Fp > 100 were truncated for clarity of presentation. These values are likely to be
larger than those under solution conditions. (G, H) Secondary and tertiary structures
with protected nucleotides highlighted with the same color scheme as in (B-D).

The results of our simulations, carried using the entire central
domain, are in excellent agreement with experiments (Fig. 5).
We find that 3WJ folds cooperatively with the formation
of tertiary interactions between h20 and h22 (TC3). The
good agreement between simulations and experiments not
only validates the model but also shows that the folding of
the 3WJ does not change significantly when embedded in the
intact central domain.

Specificity of Mg2+ binding. The role of Mg2+ ions is partic-
ularly difficult to probe experimentally because monitoring
the binding to RNA is likely to be cooperative. Indeed, we
find that the Hill coefficient extracted from the dependence
of Rg on Mg2+ condensation is roughly three, an indication
of cooperative binding (Fig. 2A). Our simulations show in un-
equivocal terms that Mg2+ ion binding is discrete and highly
specific. Even at the lowest concentration of Mg2+, there are
specific nucleotides where the local concentrations of the diva-
lent ions is significantly higher than the bulk value. As shown
in Figs. 4 and S4, these Mg2+ ions are often surrounded by
two or more phosphate groups that come to proximity forming

tertiary contacts. These Mg2+ ions should effectively reduce
the negative electrostatic potential. It is possible that these
discrete and specific binding events nucleate the folding of the
RNA, which was proposed long ago based on the crystal struc-
ture of the P4-P6 domain of the Tetrahymena ribozyme (48).
Indeed, a new theme that is emerging through simulations is
that Mg2+ ion binding, which can occur directly or mediated
by a single water molecule (49), is specific and dictated by the
architecture of the folded state (25, 26). The present study
adds one more example of this concept.

Transition midpoint is not unique. A corollary of specificity of
Mg2+ ion binding is that the midpoint concentration of Mg2+

at which the RNA folds is not unique. This is evident in
Fig. 3 which shows that the important tertiary interactions
that stabilize RNA order at different Mg2+ concentrations.
The variations likely reflect the differences in the stabilities
in the different regions, with the least stable one requiring
higher Mg2+ concentration. The non-uniqueness of ordering
temperature or denaturant concentration has been previously
predicted for proteins (50) in which (typically) the secondary
structural elements are not stable, thus making it difficult to
validate the predictions experimentally.

Estimates of Mg2+ midpoints. A few remarks on the measure-
ment or calculation of Mg2+ midpoints (referred to as cm), the
Mg2+ concentrations at which individual secondary or tertiary
interactions order, are worth making. The absolute values of
cm are not highly significant except as a qualitative assessment
of the ion-induced folding reaction. There are three principle
reasons for making this assertion. (1) The cm values depend
on the RNA concentration, cRNA. For example, experiments
show that the value of cm for Azoarcus ribozyme folding is
≈ 0.34 mM at cRNA = 6.3 µM (51), increasing to cm ≈ 0.88
mM at cRNA = 15.8 µM (52). We expect that, at cm, the
concentration of the free ion (cm,0) is almost (not exactly) neg-
ligible (25), which implies that cm,0 = cm−m ·cRNA ≈ 0 where
m is the number of Mg2+ ions bound to one RNA molecule.
This relationship shows that roughly cm ∝ cRNA. (2) In our
simulations cRNA = 38.7 µM, which is larger than the typical
value used in experiments by a factor of ∼ 2. In light of the
linear dependence of cm on cRNA noted above, we expect the
predicted cm values to be about a factor of two larger than
in experiments. (3) The estimate of cm also depends on the
order parameter used to assess the extent of folding. Different
probes could and do give different values of cm. The value of
cm obtained using Rg would be different if native gel assay
or average FRET efficiency is used even if cRNA is fixed. Of
course, the cm values would not differ significantly (at most a
factor 2-3 say) if reasonable values (range in which no inter
RNA interactions occur) of cRNA is used, and an appropriate
order parameter is considered. In light of the arguments given
here, we conclude that cm should be treated as a qualitative
measure of the efficiency of ions to fold RNA. For instance, for
a fixed cRNA, the cms are measures of how efficient a particular
ion is in folding the RNA.

Concluding remarks. Currently there is no alternative com-
putational method other than the TIS model with explicit
ions for simulating Mg2+-dependent folding of large RNA
molecules. The present study on the central domain of rRNA,
which yields results that are consistent with experiments on
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the 3WJ, has produced a number of predictions that could
be tested. Based on the results presented here and elsewhere
for other RNA constructs we believe that the proposed coarse-
grained model is transferable. The present study sets the
stage not only for simulations of the intact rRNA but also for
probing RNA-protein interactions by the TIS model and the
coarse-grained model for proteins (53, 54).

Materials and Methods

Three-Interaction-Site model. We used the Three-Interaction-Site
(TIS) coarse-grained RNA model with explicit ions (25) to sim-
ulate the folding of the ribosomal RNA. In our previous study,
we established that the model quantitatively reproduced thermo-
dynamics of folding of RNA hairpins and pseudoknots as well as
folding of the 195 nucleotide Azoarcus ribozyme (25). Because
the details of the model have been reported previously (25), we
only provide a brief description here. In the TIS model (55), each
nucleotide is represented by three coarse-grained spherical beads
corresponding to phosphate, ribose sugar, and a base. Ions in
the solution, Mg2+, K+, and Cl-, are explicitly treated whereas
water is modeled implicitly with temperature-dependent dielectric
constant. Briefly, the effective potential energy is taken to be,
UTIS = UL + UEV + UST + UHB + UEL, where UL accounts for
chain connectivity and bending stiffness of the polynucleic acids,
UEV accounts for excluded volume interactions of each chemical
group including interactions between RNA sites and ions, UST and
UHB are the base-stacking and hydrogen-bond interactions, respec-
tively. All the consecutive bases have the base-stacking interactions,
of which the strength depends on the sequence. Any pair of the
canonical Watson-Click base pairs (A-U and G-C) and the Wobble
base pair (G-U), separated by at least four nucleotides along the
chain, can form hydrogen bonds thus contribute UHB. In other
words, the model accounts for certain non-native interactions as well.
Besides those general stacking and hydrogen-bonding interactions,
we generate a list of tertiary stacking and hydrogen-bonding appear
in the specific RNA based on the crystal structure (see the next
paragraph). The interactions between the charged moieties (phos-
phate groups and ions), UEL, interact via the standard Coulomb
potential. The values of the charges on phosphate groups and ions
are −1 (phosphate), +2 (Mg), +1 (K) and −1 (Cl). All the force-
field parameters used here are the same as in our earlier study (25).
Applications to a wide variety of RNA molecules show that the TIS
model is transferable, quantitatively accounting for many aspects
of RNA folding, although it would require exhaustive testing to be
sure that this is so.

RNA molecule. We investigated the folding thermodynamics of the
central domain of the small subunit (16S) of T. thermophilus ribo-
some. The central domain of 16S rRNA consists of ∼350 nucleotides
(C562–A914 in T. thermophilus, PDB entry 1J5E (31)). The sec-
ondary structure map and the tertiary structure are displayed in
Fig. 1C. The list of hydrogen bonds was generated by WHAT-IF
server based on the crystal structure (56). The secondary structure
diagram was generated using RNApdbee (57) and Forrna (58). All
three-dimensional graphics of this paper were generated with VMD
(59).

Simulations. In this study, we examined the effects of Mg2+ ions
by varying the concentration from 0 to 30 mM in the presence
of 50 mM K+, a typical value contained in the Tris buffer. All
simulations were conducted using periodic cubic box (each side
is 35 nm) containing different number of Mg2+, determined by
the concentration of divalent ions, and a fixed number of K+ ions.
An appropriate number of anions (Cl-) was added to neutralize
the entire system. We performed low friction Langevin dynamics
simulations at 37◦C in order to sample conformations of the system
containing the ribosomal RNA and ions (60). For each condition
(Mg2+ concentrations), at least 60,000 conformations were collected
from the equilibrated trajectories.

Calculation of contact Mg2+ concentration. To quantify the affinity
of Mg2+ at each nucleotide site, we computed a contact ion con-
centration around the ith nucleotide using (25),

c∗i =
1

NAVc

∫ rc

0
ρi(r) 4πr2dr, [1]

where ρi(r) is number density of the ion at the distance r from
the phosphate of the ith nucleotide, Vc is the spherical volume of
radius rc, and NA is the Avogadro’s number to represent c∗i in
molar units. In order to count only tightly bound Mg2+, we used a
cutoff distance, rc = RMg +RP + ∆r where RMg and RP are radii
of Mg2+ and phosphate sites, respectively, and ∆r = 0.15 nm is a
margin for contact formation. Since ∆r is small, the quantity c∗i
corresponds the local molar concentration of Mg2+ at the surface
of the phosphate groups.

Calculation of Mg2+ effects on conformational changes. We com-
puted the free energy contribution of Mg2+ binding to confor-
mational changes as ∆∆Gα, where α represents a certain confor-
mational change (e.g. formation of certain tertiary contacts, TCs).
This quantity can be defined for each Mg2+ binding site, namely
∆∆Gα(i) for the ith nucleotide. The changes in the stability upon
specific Mg2+ binding is,

∆∆Gα(i) = ∆GMg
α (i)−∆Gφα(i), [2]

where the superscripts Mg and φ indicate that Mg2+ is bound and
unbound to the ith nucleotide, respectively. Each term on the right
hand side gives the stability due to contact formation, given that
Mg2+ is bound or unbound to the ith nucleotide. In other words,

∆GMg
α (i) = GMg

αF (i)−GMg
αU (i), [3]

where GMg
αF and GMg

αU are the free energies of the states where the
contact α is formed and disrupted, respectively, given that Mg2+ is
bound to the ith nucleotide. Similarly,

∆Gφα(i) = GφαF (i)−GφαU (i) [4]

is the stability of the contact given that Mg2+ is unbound. In our
simulations, we calculated the difference in the free energy as a
combination of the joint probabilities computed from the ensembles
of conformations,

∆∆Gα(i) = −kBT ln
Pα, i(F, Mg)Pα, i(U, φ)
Pα, i(U, Mg)Pα, i(F, φ)

[5]

where each Pα, i is a joint probability. For instance, Pα, i(F, Mg) is
the joint probability that the contact α is formed, and Mg2+ is not
bound to the ith nucleotide.

Angles between helices. Our previous work had shown that a key
element in the self-assembly of Azoarcus ribozyme is the establish-
ment of an angle between certain helices, which due to topological
frustration, occurs only at high Mg2+. To determine if this is the
case for this piece of the rRNA we computed the Mg2+-dependent
angles between certain helices. In the three-way junction (Fig. 1C),
angles (Θ) between helices h20, h21, and h22 were calculated us-
ing the axis of each helix. The helix axes were computed using
Kahn’s algorithm (61) using nucleotides 577-586 and 755-764 for
h20, 588-597 and 643-651 for h21, and 655-672 and 734-751 for h22.

Footprinting Protecting Factors (Fp). In order to calculate the sol-
vent accessible surface area (SASA), we first reconstructed atomistic
structures based on coarse-grained coordinates using a tool devel-
oped in-house that employs a fragment-assembly approach and
energy minimization by AmberTools (62–64). Using the recon-
structed atomically detailed structures, SASA was computed with
Free-SASA version 2.0 (65). It is known that experimental footprint-
ing data, obtained using hydroxyl radicals, is highly correlated with
SASA of the sugar backbone (42, 43). Considering that hydroxyl
radicals preferably cleave C4′ and C5′ atoms of the RNA backbone
(43), we assigned the larger SASA value of C4′ and C5′ atoms to
each nucleotide. From the SASA data, we computed the protection
factor of ith nucleotides as,

Fp(i) =
〈SASA(i)〉Unfolded
〈SASA(i)〉

, [6]
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where the bracket indicates an ensemble average (66). We used
the conformations obtained in the absence of Mg2+ to compute
the average SASA of the unfolded state, 〈SASA〉Unfolded, as the
reference state.

Hill equation for Rg. The global transition of the rRNA size, mea-
sured by Rg as a function of Mg2+ concentration ([Mg2+]), was fit
to the Hill equation,

θ
(
[Mg2+]

)
=

[Mg2+]n

[Mg2+]nm + [Mg2+]n
. [7]

The two parameters, the Hill coefficient (n) and the midpoint
of Mg2+ concentration ([Mg2+]m), were obtained by fitting the
simulation data to Eq. 7. Before fitting, we converted the average
Rg values at each [Mg2+] to θ using,

θ = −
Rg −min (Rg)

max (Rg)−min (Rg)
+ 1, [8]

where max (Rg) and min (Rg) were taken from the average Rg values
at the lowest and highest Mg2+ concentrations, respectively.

Data availability. The simulation code and all the force-field pa-
rameters are available at GitHub (https://github.com/naotohori/
16S-central-folding). The data of three-dimensional distribution
of Mg2+ is also available at https://doi.org/10.5281/zenodo.4304537.
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