
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 1
:1

4:
57

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Protein-free ribo
Department of Chemistry & Biochemistry, Ge

30332, USA. E-mail: loren.williams@chemis

† Electronic supplementary information (
methods and structural analysis. See DOI

Cite this: RSC Adv., 2017, 7, 54674

Received 6th August 2017
Accepted 31st October 2017

DOI: 10.1039/c7ra08696b

rsc.li/rsc-advances

54674 | RSC Adv., 2017, 7, 54674–5468
somal RNA folds to a near-native
state in the presence of Mg2+†

Timothy K. Lenz, Ashlyn M. Norris, Nicholas V. Hud and Loren Dean Williams *

The assembled bacterial ribosome contains around 50 proteins and many counterions. Here, focusing on

rRNA from the large ribosomal subunit, we demonstrate that Mg2+ causes structural collapse in the absence

of ribosomal proteins. The collapsed rRNA forms many native-like RNA–RNA interactions, similar to those

observed in the assembled ribosome. We assayed rRNA structure by chemical footprinting in the presence

and absence of Mg2+. Our results indicate that Mg2+-dependent conformational change is focused in non-

helical regions, consistent with tertiary interactions. In the presence of Mg2+, the large subunit rRNA adopts

a state that includes the core inter-domain architecture of the assembled ribosome. We infer that the

rRNA–Mg2+ state represents the core architecture of the LSU which, while not catalytically active,

positions the residues of the LSU rRNA in such a way as to promote native interactions with rProteins to

ultimately form a functional LSU.
Introduction

Cations accumulate around RNAs and facilitate folding.1,2

Monovalent cations promote formation of RNA secondary
structure (2� structure). Mg2+ is oen necessary for adoption
of native states, characterized by long-range tertiary interac-
tions. Mg2+ can increase local RNA density and rigidity
by packing RNA functional groups in its rst coordination
shell.

Ribosomal structure is maintained by complex networks
of rRNA–rRNA, rRNA–protein and rRNA–cation interac-
tions.3,4 Mg2+ is required for peptidyl transferase activity of
the ribosome.5 Over a hundred Mg2+ ions are observed in the
X-ray structure of the large ribosomal subunit (LSU) of
H. marismortui.3,6 The LSU contains four dinuclear
Mg2+ complexes7 and over 20 bidentate Mg2+ clamps.8

Nucleotides that directly contact Mg2+ are dispersed
throughout the 2� structure, in all seven domains of the LSU
rRNA (Fig. S3†).

Focusing on the LSU, we infer roles of Mg2+ in the formation
of native rRNA structure, and determine the degree to which
rRNA sequence governs folding in the absence of ribosomal
proteins (rProteins). We investigate collapse of rRNA from a 2�

structural state in the presence of Na+ alone into a compacted
state upon addition of Mg2+. We characterize rRNA folding at
nucleotide resolution in the absence of rProteins, 5S rRNA, or
base modications.
orgia Institute of Technology, Atlanta, GA,

try.gatech.edu
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Results and discussion
Chemical footprinting

We assayed rRNA folding by comparing footprinting data ob-
tained in the presence and absence of Mg2+. SHAPE (Selective 20-
Hydroxyl Acylation analyzed by Primer Extension) provides
quantitative information about nucleotide exibility and base
pairing.9 SHAPE was used previously to characterize 2� and
tertiary interactions in crystalline P4–P6 domain of the tetra-
hymena ribozyme.10 SHAPE has been performed previously on
intact yeast ribosomes11 and deproteinized E. coli, C. difficile,
and H. volcanii rRNAs.12

Comparison of SHAPE data collected under various condi-
tions can be used to characterize structural transitions. SHAPE
has been used previously to monitor RNA structural transitions
induced by cations, small molecules, or proteins.9,13 We have
previously utilized this technique to monitor Mg2+-induced
transitions of domains and subdomains of LSU rRNA.14–16

Here SHAPE was performed, in the absence and presence of
Mg2+, on the intact �2900 nt T. thermophilus 23S rRNA (LSU
rRNA). Experiments were performed in the presence of 250 mM
Na+ (abbreviated Na+ conditions), which favors formation of 2�

structure,1,2 and in 250 mM Na+ plus 10 mM Mg2+ (Na+/Mg2+

conditions), which favors formation of tertiary interactions.
SHAPE data were collected for 2890 of the 2911 LSU rRNA
nucleotides (>99%). Na+ conditions yielded low SHAPE reactiv-
ities for helical nucleotides (Fig. S2, ESI†). Reactive sites are
observed at non-helical regions of the canonical LSU rRNA 2�

structure.17,18

SHAPE data under different conditions were quantitatively
compared showing broadly distributed changes in reactivity
upon addition of Mg2+ to the LSU rRNA (Fig. 1). For this work we
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 T. thermophilus LSU rRNA exhibits Mg2+-dependent changes in structure. Changes in SHAPE reactivity caused by the addition of Mg2+

(DMg2+ reactivity) are mapped onto LSU rRNA 2� structure. Positive values (red) indicate increased SHAPE reactivity upon addition of 10 mM
Mg2+. Negative values (blue) indicate decreased reactivity. Grey; data not available for those nucleotides. Domain numbers and helix numbers are
indicated. Methods are described in the ESI† and full numeric SHAPE data are available in ESI† Dataset 1. This figure was generated using
RiboVision; a full-page version with greater detail is provided in the ESI (Fig. S4†).
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have collected, quantitatively analyzed and visualized an
extensive amount of data. Na+ and Na+/Mg2+ data were
normalized, and Na+ SHAPE reactivities were subtracted from
Na+/Mg2+ reactivities at each nucleotide position to obtain
DMg2+ data (Fig. 1 and ESI† Dataset 1). In analysis of Mg2+-
dependent SHAPE changes, values >0.3 SHAPE units (positive or
negative) are termed ‘DMg2+ sites’, i.e., sites which experience
a signicant Mg2+-dependent alteration in SHAPE reactivity;
�7.5% of LSU rRNA nucleotides exceed this threshold. Overall,
the locations of DMg2+ sites are consistent with Mg2+-induced
formation of tertiary interactions observed in the three-
dimensional structure of the ribosome. The extent and distri-
bution of DMg2+ sites suggest a global transition from a state
This journal is © The Royal Society of Chemistry 2017
comprising 2� structure with limited tertiary interactions (the
rRNA–Na+ state) to a state containing a signicant extent of
tertiary interactions, plus additional local interactions (the
rRNA–Mg2+ state).

Addition of Mg2+ causes changes in SHAPE reactivity that are
dispersed throughout the LSU rRNA. However, nucleotides
within helical regions in the 2� structure19 are excluded from
these changes (Fig. 1). The overall absence of DMg2+ sites from
helices conrms that addition of Mg2+ does not change RNA 2�

structure of the LSU rRNA.
By contrast, nucleotides found in loops, bulges and other-

wise unpaired regions in the 2� structure are responsive to Mg2+

(Fig. 1 and S2†). The observed changes in SHAPE reactivity are
RSC Adv., 2017, 7, 54674–54681 | 54675
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Fig. 2 Mg2+-induced changes in SHAPE reactivity in LSU rRNA are
consistent with formation of tertiary interactions. (A) The 3D structure
of H74 and the surrounding rRNA (cyan). H74 nucleotides are colored
by DMg2+ values (red, increased reactivity; dark blue, decreased
reactivity; beige, little/no change in reactivity). (B) 2� Structure, tertiary
interactions and Mg2+ interactions of H74 in the assembled ribosome.
(C) 3D structure of the uL1 protuberance. (D) 2� Structure, tertiary
interactions and Mg2+ interactions of the uL1 protuberance. Nucleo-
tides of the uL1 protuberance are colored by DMg2+ values as in Fig. 1.
(E) Inter-domain interactions within the LSU rRNA. Green boxes indi-
cate domain pairs that interact through long-range RNA–RNA
contacts in the assembled LSU. Checkmarks indicate where data
supports presence of inter-domain interactions in the rRNA–Mg2+

state. In (B and D), lines indicate RNA–RNA interactions in the 3D

54676 | RSC Adv., 2017, 7, 54674–54681
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consistent with a model in which Mg2+ induces native-like
tertiary interactions. Six lines of evidence support this hypoth-
esis: (i) DMg2+ sites are highly focused in rRNA loops, bulges,
and other non-helical regions, which in general are expected to
form tertiary interactions, (ii) DMg2+ sites cluster at or near
nucleotides involved in tertiary interactions in the assembled
LSU, (iii) DMg2+ sites cluster at or near rRNA regions involved in
inter-domain interactions, (iv) DMg2+ sites are absent from
regions that do not form tertiary interactions, (v) DMg2+ sites do
not cluster exclusively at or near sites of rst-shell RNA–Mg2+

interactions (ESI†), obviating the possibility that the signal
arises predominantly from direct Mg2+ interactions, and (vi) it
has been demonstrated previously that Mg2+ effects on SHAPE
reactivity are related to formation of tertiary interactions.9,20
Structural analysis

Using the RiboVision visualization suite,21 we compared RNA
tertiary interactions22 in the assembled T. thermophilus ribo-
some4 to DMg2+ sites observed here by SHAPE. Regions with the
greatest density of DMg2+ sites were manually inspected in both
two and three dimensions. The DMg2+ sites correlate with
locations of tertiary interactions in the assembled LSU (Fig. 2
and 3); nearly all DMg2+ sites occur at or directly adjacent to one
or more nucleotides that participate in tertiary interactions in
the LSU. Conversely, loops that do not participate in RNA–RNA
tertiary interactions in the assembled LSU are not responsive to
Mg2+ (ESI†).

Relationships between DMg2+ sites and local and tertiary
interactions are illustrated in Fig. 2 and 3. Helix 74 (H74), which
lies at the functional and structural core of the LSU, contains
DMg2+ sites consistent with formation of native tertiary inter-
actions (Fig. 2A and B). In the assembled LSU, H74 interacts
with RNA from Domain 0 (D0), DII and DV, in addition to Mg2+

ions to form a portion of the LSU functional core, the peptidyl
transferase center. DMg2+ sites in H74 correlate with nucleo-
tides involved in tertiary interactions that connect DV to distant
nucleotides of D0 and DII (ESI†) that are remote from H74 in
the primary and 2� structure. Formation of these tertiary
interactions would necessarily cause collapse of the global RNA
structure, decreasing the radius of gyration, as previously
observed upon addition of Mg2+ to the LSU rRNA.23

DMg2+ sites in the uL1 protuberance are consistent with
Mg2+-induced formation of loop–loop interactions between
nucleotides 2109–2119 and 2161–2173 (Fig. 2C and D). The uL1
protuberance extends from the exterior of the LSU and interacts
with rProtein uL1.24 The loop regions of the uL1 protuberance
become unreactive to SHAPE upon introduction of Mg2+

(Fig. S2†). In the same way, virtually all DMg2+ sites in the LSU
structure. Solid black lines are 2� hydrogen bonding interactions.
Dashed brown lines are tertiary hydrogen bonding interactions. Cyan
lines are stacking interactions. Magenta circles are nucleotides in first-
shell interactions with Mg2+ ions. Gray boxes on intact 2� structure
(right) highlight the region displayed on the left. Three dimensional
figures were generated with PyMol using the T. thermophilus ribo-
some (PDB entries 2J00 and 2J01).

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 DMg2+ regions of the LSU rRNA. LSU rRNA with high density of DMg2+ sites is shown with regions of rRNA that interact at or near the
DMg2+ sites. A–Z Top panels: 3D structures of selected regions of LSU rRNA (adjacent DMg2+ sites) from the T. thermophilus ribosome crystal
structure (PDB IDs: 2J00 and 2J01). Nucleotides are colored by DMg2+ values (red, increased reactivity; dark blue, decreased reactivity; wheat,
little to no change in reactivity). LSU rRNA segments that form tertiary interactions at or near these DMg2+ sites are colored cyan. Mg2+ cations
that form first shell interactions with RNA (2.4 Å cut-off) are represented by magenta spheres. RNA is in cartoon representation. A–Z Bottom
panels: Mg2+-induced changes in SHAPE reactivity mapped onto LSU rRNA 2� structure. Nucleotides are represented as circles, colored as in
Fig. 1. Lines represent RNA–RNA interactions observed in the T. thermophilus ribosome structure (determined by FR3D; black, base–base;
orange, base–phosphate; blue, base–stacking; and green, base–sugar). Magenta halos indicate nucleotides that interact directly with Mg2+ ions.
The same nucleotides are displayed in corresponding 3D and 2D representations. Helix and nucleotide numbers are indicated.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 54674–54681 | 54677
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Fig. 3 (continued).

54678 | RSC Adv., 2017, 7, 54674–54681 This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (continued).

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 54674–54681 | 54679
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rRNA occur at or adjacent to nucleotides involved in tertiary
interactions in the assembled LSU (Fig. 3). The locations of
DMg2+ sites suggest formation of an intricate tertiary interac-
tion network, corresponding with global collapse of the LSU
rRNA into a native-like rRNA–Mg2+ state. Further analysis of
DMg2+ sites is provided in the ESI.†

In sum, the DMg2+ data support formation of native-like
inter-domain architecture of protein-free LSU rRNA in the
presence of Mg2+. Most domain pairs observed in the assembled
LSU are inferred to interact in the rRNA–Mg2+ state (Fig. 2E). In
the assembled ribosome, long-range inter-domain tertiary
interactions connect disparate 2� regions of LSU rRNA.4 Mg2+

has been implicated previously in facilitating these inter-
domain contacts,6 whereas moderate monovalent cation
concentrations induce 2� structure only.25 SHAPE results here
support formation of 12 out of 14 native domain pair interac-
tions (Fig. 2E and Table S5, ESI†). The network of inter-domain
interactions in the rRNA–Mg2+ state supports formation of the
core domain architecture of the LSU, in the absence of other
interaction partners.

In the rRNA–Mg2+ state, tertiary interactions not supported
by correlation of DMg2+ sites to assembled LSU-interacting
regions must fall into one of three classes; (i) already present
in Na+ alone, (ii) present only in Na+/Mg2+, but undetectable by
comparative SHAPE, or (iii) absent or unstable in Na+/Mg2+, in
which case their formation is dependent on agents other than
or in addition to Mg2+. Inter-domain interactions that are not
indicated by DMg2+ sites may be pre-organized for protein-
mediated association. The extent of supported Mg2+-induced
tertiary interactions (Fig. 2 and 3) suggests that most nucleo-
tides involved in the absent interactions are pre-organized for
association, contingent upon addition of a mediating rProtein
(see ESI, Table S6†). In this model, formation of certain native
tertiary interactions is more favorable in the rRNA–Mg2+ state
than in presence of Na+ alone.

A role for rProteins is suggested by RNA–RNA interactions
that appear to be absent from the rRNA–Mg2+ state. These
absent interactions occur at or adjacent to regions of native
rRNA interaction with rProteins uL2, uL3, uL4, uL15, uL16 and
bL20 (Table S6†). Based on this, we suggest that these rProteins
foster formation of certain inter-domain RNA–RNA interactions
in the assembled ribosome. Five of the six genes coding for
these rProteins (uL2, uL3, uL4, uL16, and bL20) are essential for
survival,26 and all six rProteins exhibit strong interconnectivity
in LSU assembly maps. The correlation between functional and
structural importance of this set of rProteins implies that the
interactions they mediate foster formation of the active, native
LSU. It appears that the rRNA–Mg2+ state represents the core
architecture of the LSU which, while not catalytically active,27

positions the residues of the LSU rRNA in such a way as to
promote native interactions with rProteins to ultimately form
a functional LSU.

Conclusions

The LSU rRNA interacts in vivo with the 5S rRNA and over 30
LSU proteins.4 Our experiments involve in vitro-transcribed LSU
54680 | RSC Adv., 2017, 7, 54674–54681
rRNA in solutions containing only buffer and ions, within
reasonable physiological ranges, with no additional compo-
nents. We have used comparative SHAPE to provide single-
nucleotide information regarding Mg2+-induced structural
changes. We propose a model of the near-native LSU state in the
presence of Mg2+ based on correlations between our data and
three-dimensional ribosomal structures. Ourmodel, termed the
rRNA–Mg2+ state, is collapsed with a considerably reduced
radius, and includes core inter-domain architecture similar to
that in the native LSU, but is not expected to be catalytically
competent. Protein-free rRNA is not capable of peptidyl trans-
ferase, even in presence of Mg2+.27 Mg2+ interactions may be
cooperative with rProtein interactions in formation of the native
LSU. Certain rProtein–rRNA interactions are cation-mediated,6

underscoring the interdependence of rProteins and cations in
the structure of the assembled LSU.

The results presented here are consistent with previous
results, in which removal of Mg2+ results in global unfolding of
the LSU rRNA, as detected by several biophysical techniques.23

Virtually all aspects of ribosome structure and function involve
Mg2+ to some degree.28 Ribosome function can survive signi-
cant deproteinization, but is completely abolished upon expo-
sure to divalent cation-chelating compounds.5 We suggest that
Mg2+ is crucial to the formation of local interactions, inter-
domain contacts and core LSU architecture. When the assem-
bled LSU is depleted of Mg2+, this core architecture is lost,
resulting in dissociation of domains and their unfolding, and
loss of ribosomal function. Our results support a model in
which the LSU rRNA requires only Mg2+ to fold to a well-dened,
collapsed near-native state, and elements such as rProteins
induce local structural changes that foster formation of the
remaining interactions to form a fully catalytic LSU. This model
is consistent with the ndings of Woodson and coworkers, who
used chemical footprinting and molecular dynamics simula-
tions of the small ribosomal subunit to show that ribosomal
proteins dampen rRNA uctuations at subdomain interfaces
and cause switching of conformation of select regions of the
rRNA.29
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