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Abstract

The importance of Mg?* ions for RNA structure and function cannot be overstated. Several attempts were made to establish a comprehensive
Mg?* binding site classification. However, such descriptions were hampered by poorly modelled ion binding sites as observed in a recent
cryo-EM 1.55 A Escherichia coli ribosome structure where incomplete ion assignments blurred our understanding of their binding patterns. We
revisited this model to establish general binding principles applicable to any RNA of sufficient resolution. These principles rely on the 2.9 A
distance separating two water molecules bound in cis to Mg?*. By applying these rules, we could assign all Mg?* ions bound with 2-4 non-
water oxygens. We also uncovered unanticipated motifs where up to five adjacent nucleotides wrap around a single ion. The formation of such
motifs involves a hierarchical Mg?* ion dehydration process that plays a significant role in ribosome biogenesis and in the folding of large RNAs.
Besides, we established a classification of the Mg?*...Mg?* and Mg?*...K* ion pairs observed in this ribosome. Overall, the uncovered binding
principles enhance our understanding of the roles of ions in RNA structure and will help refining the solvation shell of other RNA systems.
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Introduction

Since the earliest biochemical studies on ribosomes, Mg?*
along with K* and polyamines were found to be essential for
the structure and function of these systems (1-8). The first ri-
bosome structure that allowed the assignment of mono- and

cryo-EM/X-ray structures have been deposited to the Protein
Data Bank (PDB) with resolutions ranging from 1.55 to over
4.0 A (11). The number of assigned Mg?* ions varies from
zero for the most cautious authors to ~1 260 Mg?* per 70S
ribosome (or one Mg?* per three nucleotides) as in a 2.3 A

divalent ions was that of the 50S Haloarcula marismortui
large subunit (Hm-LSU) by Steitz and co-workers (9). A com-
prehensive study on the identification of Mg?*, Na* and K*
ions based on this structure was subsequently published by
these authors (10). To date, several hundreds of ribosomal

resolution Thermus thermophilus structure (12) or close to
full neutrality as in another 3.1 A resolution T. thermopbhilus
(13) structure (PDBid: 4V6F; ~2 970 Mg?*/70S). These num-
bers are in stark contrast, with the 138 Mg?*, 85 Na*, 2 K*,
5 Cd?* cations and the 30 CI~ and 4 acetate anions assigned
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Figure 1. 8bOx ion assignments and first shell completion issues. (A) This Mg?* ion has been assigned to the deep grove of a GeU pair (a neighbouring
C=G pair shows silver carbons). However, the heptahedral ion coordination with d(Mg?*...0) ~2.8 A implies that this ion is K* and not Mg?*; see Figure
2 for distance criteria. (B) These 60y, (C) Opn.Ny.40,, and (D) Opy.50,, ions display missing first shell waters. (E) A Mg?* and a water belonging to a
hexahydrated Mg?* were not assigned. (F) The densities of this Op,.50,, ion and of three waters were left empty. See Figure 4 for binding site
nomenclature. Green/cyan lines mark distances <2.3 A and in the 2.6-3.2 A range. (G) View of the amended 8b0x model (top) and of its solvation shell
(bottom) with 403 Mg?* (green spheres), 231 K* (purple spheres) and 21 397 waters (red dots). Sigma levels are indicated where appropriate.

in the latest 2013 refinement (14) of the (Hm-LSU) structure
(PDBid: 4V9F; resolution: 2.4 A).

Current estimates suggest that 100-300 site-bound Mg?*
ions per ribosome are reasonable depending on the system size
and experimental conditions (3,7). Larger Mg?* numbers may
result from specific buffers or from an excess of confidence in
the amount of information that can be extracted from exper-
imental data. For RNA and other metal containing biomolec-
ular systems, the latter bias has been documented (15-24).
Some tools to identify assignment issues have been developed
(25-29) but none specific to nucleic acids besides the critically
evaluated MgRNA attempt (15,16,30).

To gain deeper insights into the biological functions of
Mg?* and K* ions, it is essential to advance our understand-
ing of the binding stereochemistry of these ions. To this
end, we re-examined the recent 1.55 A resolution (PDBid:
8b0x) Escherichia coli 70S ribosomal cryogenic-Electron-
Microscopy (cryo-EM) structure that comprises 1 Zn?*, 361
Mg?*, 168 K* and 11 461 water molecules (11). However,
a rapid examination of this structure revealed that ~261
Mg?* ions exhibit incomplete coordination shells and that
about ~28 K* with coordination distances around 2.8 A
were assigned as Mg?* ions (Figure 1). Such inaccurate or
incomplete assignments are a hurdle to database surveys
(20,27,30) and limit the precision of artificial intelligence tools
(31-35).

Here, we applied state-of-the-art stereochemical knowledge
to establish criteria for validating the ionic structure of small
RNAs up to large ribosomes. Correcting inaccurate ion assign-
ments such as those described here and in previous reports is

an essential prerequisite for the understanding of ion-binding
features (15-17,19). This undertaking helps to lay the basis
of a comprehensive Mg?*/K* ion binding site classification
and to improve ion positions in earlier, sometimes less well re-
solved, structures. For instance, the authors of the 8b0Ox struc-
ture based part of their Mg?*/K* assignments on those made
in the 6qnr and 7k00 structures. This process led to some of
the issues described herein (17,29,36,37).

By building on the previous MgRNA study (15,16,30) and
seminal investigations by Steitz and Klein (10), we present
an updated classification of Mg?*-binding sites and illustrate
each of the identified ion-binding site categories. Using the
amended 8b0x structure, we describe a set of simple stereo-
chemical rules for positioning Mg?* ions at key locations. We
stress the importance of Mg?* bidentate clamps and demon-
strate that by scanning the OP...OP distances <3.4 A, nearly
100% of these clamps can be accurately assigned. We infer
that these Mg?*-binding motifs are key to the processing of
key ribosome folding events occurring during biogenesis. We
also discuss the formation of novel motifs, such as those in-
volving Mg?*...02’ coordination and propose a classification
of Mg?*...Mg?* and Mg?*...K* ion pairs which are frequently
observed in both catalytic and non-catalytic systems.

Additionally, we describe rules to characterize the bind-
ing of ‘chelated’ hexahydrated Mg(H,O)4s>* ions that are
based on a correspondence between the local ribosomal RNA
(rRNA) hydration structure and the Mg?* hydration shell.
This highlights the importance of thoroughly refining the sol-
vation shell of RNA systems. However, diffuse Mg(H,O)s>*
and K* ions, which dominantly contribute to the charge neu-
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tralization process, still escape direct observation even in high-
resolution structures.

A few drawbacks associated with cryo-EM techniques can
be noted. For instance, unlike X-ray experiments, cryo-EM
does not provide differential maps despite efforts made in
that direction (38-40). Although anomalous signals can be
obtained for identifying K* ions under very specific condi-
tions (17,36,41,42), no current technique produces signals to
directly identify Mg?* ions. Therefore, in most instances, we
have to rely on stereochemical criteria to assign Mg?* /K* ions.

Despite these limitations, we believe that 8b0x is currently
the best candidate for investigating the ribosomal ionic shell.
Given the conservation of the ribosome core sequences and
structures, we expect that a significant percentage of the
chelated ions found in E. coli ribosomes are conserved in ar-
chaea, bacterial and eukaryote systems (10,43-45). We antic-
ipate that the use of the present stereochemical rules will en-
hance our understanding of the solvation shell of nucleic acids
and protein systems.

Due to space constraints, the binding features of K* ions
(15,36,46-48) will be addressed in a companion paper.

Materials and methods

8b0x cryo-EM buffers

The final cryo-EM buffer contained 25 mM Mg(OAc),, 100
mM K(OAc), 50 mM HEPES and 1 mM DTT for a pH of 7.4
(11). Hence, it can be inferred that next to HEPES, DTT and
possible contaminants (see below), only Mg?* and K* cations
along with acetate anions and water molecules are part of the
8b0x solvation shell. For E. coli ribosome structures with res-
olutions <2.0 A, see Supplementary Information (SI).

Updated Cambridge Structural Database
histograms for Mg and K

Distance and angle histograms for the Mg?* and K* ions
were derived from the Cambridge Structural Database (CSD
version 5.43, update November 2022; see Figures 2 and 3)
(49,50). These histograms are updated versions of those ex-
amined in previous studies (15,16,51). Only high-resolution
structures were considered (R_factor < 0.05 %). Disordered,
error containing, polymeric and powder structures were dis-
carded. All O/N atom types were considered with the excep-
tion of protonated nitrogens. Charge constraints were not ap-
plied given known arbitraryness in the CSD attribution pro-
cess (52). Only hexacoordinated Mg ions were considered
since their primary coordination number in biomolecules is 6.
For potassium (K), no restrictions on the coordination number
of coordinated atoms were applied as the coordination num-
ber can range from 6 to 9 (15,36,53). For additional potassium
coordination features, see SI.

Mg coordination parameters

d(Mg...O/N)~2.07 £+ 0.04 A and d(Mg...N)~2.19 +0.08 A
are average first shell distances for hexacoordinated Mg ions
derived from the Figure 2 histograms. An exclusion zone spec-
ifying that no O/N atoms should be present in the 2.3-3.6 A
distance range was drawn for Mg. However, given stereo-
chemical constraints associated with highly chelated Mg**
motifs found in ribosomal structures but not in the CSD, we
readjusted the upper exclusion zone limit from 3.6 to 3.4 A
(see SI). In the CSD histograms, d(Mg...N) distances longer

by ~0.10 A over d(Mg...O) distances are observed. The ori-
gin of this offset remains unclear. It may in part be linked to
the binding of bulky imidazole rings (54). Yet, the 2.19 A co-
ordination distance is in line with the 2.17 A distance derived
from quantum mechanical calculations (55).

For Mg, the cis- and #rans- coordination angles are
0(0...Mg...O) ~90 £ 3° and 6(O...Mg...O) ~177 = 4°. The
resulting average distances between oxygen atoms in cis- and
trans- are d(O...0) ~2.93 + 0.09 A and ~4.13 + 0.07 A,
respectively (Figure 3).

lon-binding site nomenclature

The ion-binding site nomenclature, extended here to com-
prise amino acid atoms, is derived from the MgRNA study
(15,16,30). Oy, corresponds to OP1/OP2 phosphate an-
ionic oxygens, O, to 02°/04°/03’/035’ ribose and phosphate
bridging oxygens, O}, to nucleobase 02/04/06 oxygens and
N}, to non-protonated nucleobase N1/N3/N7 nitrogens. lon-
binding sites are named by using a combination of these cate-
gories. For instance, 20,,,.40,, stands for a hexacoordinated
ion bound to two O, atoms and four waters. The sites with
two O, atoms in cis- or trans- and four water molecules are
named c¢is-20,,.40,, and trans-20,,.40. When three non-
water atoms such as Oy, are attached to the ion, the corre-
sponding isoforms become fac-30,,.30,, (facial) when the
three Oy, pairs are in cis- and mer-30,;,.30,, (meridional)
when at least one Oy, pair is in trans- (30). When four non-
water atoms are bound to the ion such as 40,;,.20y, the cis-
/trans- terminology is used to name the respective orientation
of the two bound water molecules. To distinguish them from
the cis-/trans-20,,,.40,, types, the Cis-/Trans- prefix (under-
lined with an initial capital) are used. Finally, this cis-/trans-
/fac-/mer-/ Cis-/ Trans- nomenclature can be extended to any
Opn/Op/O;/N}, atom combination. For proteins, we used Oy,
(previously Oy, ) for amino acid backbone oxygens, O, for
Asp/Glu carboxyl oxygens, O, for Asn/Gln carbonyl oxy-
gens, OHpoc for Ser/Thr/Tyr hydroxyl oxygens and N for
non-protonated ND1/NE2 histidine nitrogens.

lon identification issues and Phenix refinements

Mg?*-binding sites are more difficult to identify when ions
present one or more of the following flaws: (i) Mg?* coor-
dination distances that exceed the 2.3 A limit, (ii) incomplete
Mg?* coordination shells, (iii) misassigned ions or (iv) unas-
signed ions (Figure 1). To identify these issues, we used the
outputs for a previously developed (17) in-house ‘lonDiagno-
sis” tool (see SI for an 8b0x ‘TonDiagnosis’ output). We ‘ide-
alized’ the Mg?* coordination shell through the addition of
d(Mg?*...0/N)~2.07/2.19 A distance restraints that allowed
an improved ion-binding site assessment. Then, the modified
8b0x structure was refined in Phenix (56). We refrained using
angle restraints that could have led to an inappropriate level
of idealization (see next paragraph). This process resulted in
an amended 8b0x model. The coordinates of this 1.0 model
that comprises all the added/modified Mg?*/K* ions and wa-
ter molecules are available in the SI.

Consistency criteria used to check the assigned
Mg?* ion-binding sites

Several criteria were used to estimate the consistency of the
identified Mg?*-binding sites. First, we checked the presence
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Figure 2. O/N coordination distance histograms for Mg/K derived from the CSD (version 5.43, update November 2022). (Top) See the Materials and
method’ section for CSD search criteria. Only hexacoordinated Mg ions were considered; no coordination number constraints were placed on K. First
and second peak standard deviations are in parenthesis. All types of O and non-protonated N atoms were used to build these histograms (15,16,51). A
vertical dashed line marks the average d(Mg...0) ~2.07 A coordination distance in all histograms. Mg exclusion zones are marked by grey rectangles.
Note that we readjusted the 3.6 A exclusion zone limit to 3.4 A for 8b0x (see SI).

of six coordination distances in the 1.9-2.3 A range. Then, the
octahedral character of the coordination shell was assessed
by calculating the angular deviations of the bound atoms. For
that purpose, the hexacoordinated Mg?* ions were classified
into one of three categories: ‘correct’, ‘slightly distorted’ and
‘highly distorted’. These categories are determined based on
the deviation of the cumulated (ligand...Mg?**...ligand) angu-
lar value associated with a regular coordination octahedron:
<5° for ‘correct’, in the 5-10° range for ‘slightly distorted” and
>10° for ‘highly distorted’, respectively. The ions in the ‘highly
distorted’ category are affected by local disorder, partial occu-
pancy or any other factors that might blur their coordination
patterns. As such, we refrained to include these ‘distorted’ ions

in our ‘well-defined’ binding site count unless otherwise speci-
fied. However, we included them in our amended 8b0x model.

A second consistency criterion was defined as follows. If the
density peak of a given ion is below an arbitrary 4.0 A r.m.s.d.
value as defined by the Coot visualization program (57), this
ion was excluded from our ‘well-defined” Mg?*-binding site
ensemble. Further, if some coordinating atoms are found in
the 2.3-3.4 A exclusion zone, we tried to correct the stereo-
chemistry of the binding site by imposing local restraints. If
we were unable to find any rational for these ‘exclusion zone’
contacts, these ions were discarded. We note that the ions as-
sociated with ‘not-well-defined’ sites may have been appropri-
ately modelled. Yet, the experimental density maps were not
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Figure 3. First shell oxygen coordination angle and d(O...0) distance histograms for Mg/K derived from the CSD. (Left) Coordination angle histograms
for 8(0...Mg/K...0) and (right) related coordination distances for oxygen ligands in the ion first coordination shell derived from the CSD (49,50). The
insert shows an ultra-high-accuracy Mg(H,0)g?* X-ray structure showing the water octahedral arrangement around Mg?* (130,131) and the cis-/trans-
configurations. The angle histograms for K are marginaly useful given that the most frequent K ligands in the CSD are diethoxy (O-C-C-O) groups found
in crown ethers and cryptands. These groups are rare in nucleic acids except when the cryo-EM/X-ray buffers contain ethylene glycol monomers or
poly-ethylene-glycol (PEG) fragments (132). Diethoxy groups were excluded from the CSD searches shown Figures 2 and 3.

sufficiently precise to support their assignment. The consis-
tency criteria used to check the K* assignments are described
in the SI which also comprise an EXCEL file listing all ‘highly
distorted’, ‘slightly distorted’, and ‘well-defined” ion-binding
sites in the amended 8b0x model.

Results

Amendments made to the 8b0x solvent shell
structure

Herein, we assume that the preferred Mg?* coordination
number is six in most nucleic acid environments with strict
d(Mg?*...0/N) ~2.07/2.19 A coordination distances to oxy-
gen, purine N7 and histidine ND1/NE2 nitrogen atoms (Fig-
ure 2). Despite its remarkable 1.55 A resolution, a rapid in-
spection of the 8b0x structure as deposited to the PDB and
of the corresponding ‘TonDiagnosis’ file (see SI) reveals that
only 96 of the 361 assigned Mg?* are hexacoordinated with
coordination distances in the 1.9-2.3 A range.

To establish a comprehensive classification of Mg?*-binding
sites, we completed the 8b0x solvation shell by adding 104
hexacoordinated Mg?* ions to non-assigned density spots.
We also added d(Mg?*...0/N) ~2.07/2.19 A coordination
distance restraints during Phenix refinements. Through that
process a much clearer solvation shell picture emerged even
though additional “fixes’ were needed. For instance, 28 Mg?*
ions with coordination distances in better agreement with
those of K* were reassigned (Figure 1A). Likewise, two K*
ions were reassigned as Mg?*.

The coordination of a sub-category of Mg?* ions looked
significantly distorted even with the use of distance restraints
suggesting that some local density patterns may be too blurred
to allow a proper modelling of these sites (see the ‘Materials
and methods’ section). These ions were not included in the
‘well-defined” Mg?*-binding site categories described below.
However, we included these ions in our amended 8b0x model.
For some Mg?*, it was impossible to define precise hexacoor-
dinated patterns resulting in the deletion of ~40 of them or
their reassignment to water. It was also necessary to alter the



upper limit of the Mg?* exclusion zone from 3.6 to 3.4 A due
to the occurrence of specific binding patterns in rRNA not
found in the CSD (see SI).

To summarize, all densities close to rRNA and r-protein
atoms were inspected. We recovered ~110 Mg?* ions that
were either assigned as water molecules, K* ions or not as-
signed at all (Figure 1). This led to a final model that con-
tains 403 Mg?*, 231 K* and 21 397 water molecules con-
trasting with the 361 Mg?*, 168 K* and 11 461 water
molecules initially assigned. The two models share 299 com-
mon Mg?* positions. Although anions can bind to nucleic
acids (58,59), we could not identify any of them in 8b0Ox
(see SI).

Mg?*-binding site categorization

This ion identification process allowed a clear-cut classifica-
tion of Mg?* ion-binding sites in terms of type and frequency.
Although the resolution of a cryo-EM structure is not uniform
and less precise in some regions like the small subunit (SSU),
we considered that the assigned 403 Mg?* ions (290 ‘well-
defined’) correspond to an important part of the chelated di-
valent ions necessary to stabilize a bacterial ribosome. These
ions differ from diffuse or weakly chelated ones with no or
too weak densities to be characterized in cryo-EM structures.
Next, we describe the classification of all the uncovered sites
along with their occurrences in the amended 8b0x structure
(Figure 4).

e 60,, coordination (79 ‘well-defined’ occurrences among
115): Although Mg[H,0]s** can form up to 12 hydrogen-
bonds, the number of water-mediated contacts in 8bOx is
in the 1-8 range with an average of ~4. Here, we con-
sidered the 79 ‘well-defined’ ions with density peaks >4.0
and with octahedral angle deviations <10° (see the ‘Ma-
terials and methods’ section). As expected, the best hy-
drogen bond acceptors are the Hoogsteen (G)O6/(G)N7
atoms and the anionic OP1/OP2 phosphate oxygens that
are good binding sites for hexahydrated ions (10,30). Depend-
ing on the context, any combination of OP1/0P2/0;/0,/Ny
atoms can be part of the Mg[H,O]¢?* coordination shell
(see SI).

The most strongly bound 60, ion establishes eight water-
mediated contacts to OP/O6/N7 atoms and has likely been
trapped during domain ‘I’ folding steps (Figure SA). This
ion is strongly chelated despite the fact that common knowl-
edge suggests that hexahydrated ions should be able to easily
exchange with bulk ions.

Interestingly, when a Mg[H,O]s** ion establishes water-
mediated contacts to a guanine Hoogsteen edge, the two
06/N7-bound water molecules can replace two Mg?*-bound
water molecules in cis-. This process takes advantage of the
similar ~2.8-3.0 A distance separating the coordinated gua-
nine and Mg[H,O]s2* water molecules and explains why
guanine Hoogsteen edges are favourable ion binding sites
(Figures 3 and 5B).

e 0,,.50,, coordination (105 ‘well-defined’ occurrences
among 147): This is the most frequently observed coordina-
tion mode. It involves OP1/OP2 atoms with a slight prefer-
ence for OP2 atoms (46 versus 59). As for 60, the coordi-
nated water molecules establish a variable number of water-
mediated contacts with rRNA/r-protein atoms. The most
highly connected O;,.50,, ion involves a direct O, contact to
an OP atom completed by 10 water-mediated contacts (Fig-

2+
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ure 6A). This stunning motif comprises five consecutive nu-
cleotides that wrap around the ion.

When bound to a single phosphate, the (P-OP...Mg?*)
angle is ~148 + 10° and the bound Mg?* is mainly lo-
cated in the OP1-P-OP2 plane with an average deviation
of ~0.7 &+ 0.3 A (Figure 6B). We did not observe the elu-
sive ‘bidentate’ type of coordination (60,61) that implies that
Mg?* interacts with both anionic carboxylate or phosphate
groups oxygens (Supplementary Figure S1). With 15 bind-
ing occurrences, the guanine Hoogsteen edge is, as for 60y
ions, an excellent anchor-point for water-mediated contacts
(Figure 6A).

e 0,.50,, coordination (10 ‘well-defined’ occurrences
among 16): These rare patterns involve (G)O6, (U)O4,
(PSU)O2 and (C)O2 atoms. Binding to O, atoms only oc-
curs in rare structural contexts (Figure 6C). An example of
a completely encapsulated O,,.50,, ion is observed in P4-
P6 group I intron structures (15,62). In most instances,
the Mg?* ion turns to the Hoogsteen edge. It can also
be oriented towards the nucleobase Watson—Crick edge de-
pending on the local environment. The C=0...Mg?* angle
is ~144° with Mg?* strictly in the nucleobase plane while
monovalent ions usually are not in the base pair planes
(15,63).

e N,.50,, coordination (7 ‘well-defined’ occurrences
among 10): Coordination to (G/A)N7 but not to N1/N3
atoms was observed (Figure 6D). Coordination to (A)N7 is
only observed in higher-order motifs involving more than two-
direct contacts (see below). The electron densities around the
N7 atoms are often blurred and difficult to interpret as dis-
cussed previously (64). Occasionally, direct Mg?* binding to
N7 atoms was considered important for catalytic mechanisms
(16,65,66).

o cis-20,,.40,, coordination and variations (35 ‘well-
defined’ occurrences among 47): cis-20,,.40,, coordination
modes can be split into two main categories involving con-
secutive (17 occurrences) and sequence distant nucleotides
(18 occurrences). The first category (Figure 7A) comprises
bidentate Mg?* clamp motifs (30,43,65,67). These motifs,
also defined as 10-membered ring systems (Mg?*...OP-P-
05°-C5-C4-C3’-03-P-0OP), involve any combination of
OP1/0OP2 atoms with a preference for the deep groove
OP2/OP2 combination of atoms. Other patterns com-
prise O, atoms from distant residues (Figure 7B). A
few clamps involving a Mg?** bridging an O,,(n) and an
Opn(n + 2) atom also occur. These clamps were consid-
ered as new motifs and called 16-membered ring systems
but are simply a variation of the 10-membered ring system
(32).

Importantly, there is a strict correspondence between the
distance separating two Mg?* first shell water molecules in
cis- and the ~2.9 A distance separating two coordinated Opn
atoms (Figures 3 and 7A). Thus, Mg?* ions stabilize short Oph
contacts with d(Oyy,...0p) <3.4 A. This distance range is as-
sociated with the Mg?* first shell water molecules in a cis-
configuration. As discussed below, all d(Oyy...0p) ~2.9 A
distances observed in 8b0x are stabilized directly or indirectly
by a Mg?* ion (for stabilization through both, direct and
water-mediated contacts, see Supplementary Figure S2). The
cis-2N},.40,, binding sites are discussed below. Variations of
these patterns with Oy /N}, atoms replacing O, atoms are dis-
cussed in the SL
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Figure 4. Types and occurrences of Mg?*-binding motifs observed in the amended 8b0x structure. (Left) In addition to the outershell 60,,-binding motif,
all the innershell Mg?* ion binding types and occurrences uncovered in 8b0x are shown ('well-defined’ and ‘not-well-defined’ binding site occurrences
are given in parenthesis; we did not include binding to rproteins that account for 15 ions). (Right) The top panel shows a Mg?* clamp where the ion
coordinates in cis- to two neighbouring (j = 1) or distant (j > 1) O,y atoms. The middle panel shows a 60,, outershell binding to a guanine Hoogsteen
edge. The bottom panel shows a Mg?* micro-cluster of the MgA ¢ type (see Figure 14).

o cis-2N,;,.40,, coordination (three ‘well-defined’ occur-
rences): One SSU and two LSU c¢is-2N;,.40,, patterns involv-
ing non-consecutive N7 atoms were observed. They engage
G/G or A/G nucleotide pairs (Figure 8 and Supplementary
Figure S3) and were named elsewhere ‘purine N7 seats’
(15,30). However, it might be more appropriate to name
them ‘head-to-tail stacked purine’ motifs (Figure 8 and
Supplementary Figure S3). Each of these ions bind to two
N7 atoms and these ions are also coordinated through water-
mediated contacts to three or four OP2 atoms. In total, they

are involved in 8-9 inner- and outer-shell contacts. This rare
motif, involved in the folding and stabilization of specific
rRNA fragments, is recurrent in ribosomes from all kingdoms
(16,30).

Some of us questioned earlier the nature of the ion associ-
ated with the cis-2N,,.40,, motif and suggested that the as-
signed Mg?* may be an hexahydrated Zn?* given the very
high-density peaks observed in some X-ray structures and the
affinity of Mg?* for purine N7 atoms that is much lower than
that of Zn?* (16,51). At this stage, this hypothesis cannot be


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1148#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1148#supplementary-data

8 Nucleic Acids Research, 2025, Vol. 53, No. 1

A B
,AQP
=-=====6 < Bridging water
‘ﬂ : ¢9‘=°

b.-‘.. 9550 1378
o ™. [
¢ [}
=2. 9A 1
@) ;Q
1379
1319
LSu

Mg visible up to 0=15

Figure 5. A 60,, ion establishing eight watermediated contacts to rRNA atoms and a Mg[H,0lg?*-binding to a guanine Hoogsteen edge. (A) This
domain ‘llI" 60,, ion occupies a tight binding pocket where it forms eight watermediated contacts. Note the binding of two first shell waters to a
guanine Hoogsteen edge and the recurrent first shell water bridging two consecutive phosphate groups shown by an arrow. (B) Schematics illustrating
how two waters bound to a guanine Hoogsteen edge and separated by 2.9 A can be replaced by two first shell waters in cis- of a Mg[H,Olg2* ion.
Green/cyan lines mark distances <2.3 A and in the 2.6-3.2 A range. For clarity, experimental densities and some waters were hidden.
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Figure 6. Examples of Opn/Op/Np.50,, Mg?* ions establishing watermediated contacts to rRNA atoms. (A) This domain V' Opp.50,, ion is the most
highly connected ion in 8b0x with one innershell and 10 outershell contacts. Strikingly, this ion establishes contacts with five consecutive nucleotides
and displays at least one bridging water similar to that shown Figure 5A. (B) The left histogram illustrates the P-OP...Mg?2* angular distribution with the
average value calculated from the ensemble of 105 ‘well-defined” Opn.50., occurrences. The right histogram describes the Mg?* distance to the
OP-P-OP plane for the same 105 occurrences. (C) This domain ‘VI' O,.50,, ion, although less connected, establishes inner and outershell contacts to
two consecutive guanine Hoogsteen edges. (D) This domain ‘I' Ny.50,, ion establishes inner and outershell contacts to a guanine Hoogsteen edge and
r-protein uL15. Green/cyan lines mark distances <2.3 A and in the 2.6-3.2 A range. Experimental densities and some waters were hidden.
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Figure 7. Two cis-20,,.40,, and one trans20,,.40,, motifs. (A) Two domain 'V’ phosphates form a bidentate Mg?* clamp also defined as a Mg?*
10-membered ring (43,65,67). (B) Two non-consecutive phosphates that belong to domain ‘0" form a trans-20,.40,, motif. (C) Two phosphate groups
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2.6-3.2 A range. Experimental densities and some waters were hidden.
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Figure 8. 'Head-to-tail stacked purine’ motif. (A) Two domain ‘Ill" guanines coordinate a Mg?* through their N7 atoms in a cis-2N,,.40,, arrangement. As
a result, a total of nine inner- and outershell contacts are formed. The purines in these examples are separated by >10 nucleotides. The two other
cis-2Ny.40,, arrangements in 8b0x are shown in Supplementary Figure S3B and C. (B) Schematics showing the cis-2N,,.40,, 'head-to-tail stacked
purine” arrangement. Green/cyan lines mark distances <2.3 Aandin the 2.6-3.2 A range. Experimental densities and some waters were hidden.

excluded and Zn?* might be present at similar locations in
rRNA as an eventual contaminant (see below). The hypothe-
sis that hexacoordinated Zn?* may replace hexacoordinated
Mg?* ions at histidine containing sites has been discussed else-
where (68).

o trans-20,,.40,, coordination and variations (10 ‘well-
defined’” occurrences among 14): These patterns are less fre-
quent than the cis- patterns. They are more difficult to char-
acterize given d(Opp...0p)) ~4.2 A that overlap with other
similar d(Opy...Op) distances (Figures 3 and 3C). Although,
their architecture implies a greater flexibility when compared
to cis- patterns. Variations of this motif involving the replace-

ment of one or two O, atom(s) by Op,/N}, atoms are rare (see
Supplementary Figure S2A).

o fac-30,,.30,, and mer-30,,.30,, coordination and
variations (22 ‘well-defined’ occurrences among 23): The
30,-30y coordination type comprises 7 fac- and 9 mer- ar-
rangements that are likely formed during ribosome biogenesis.
Most of these occurrences feature a Mg?* bidentate motif (Fig-
ure 9) with only one exception in the SSU. There, the bidentate
motif is associated with a two-nucleotide insertion. Variations
of these motifs are mentioned in the SI.

o Cis-/Trans-40,,,.20,, coordination and variations (five
‘well-defined’ occurrences among eight): We observed five
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Figure 11. Two rare 02'...Mg?* contacts. (A) This domain 'll" Cis-30p.0;.20,, motif involves a turn formed by four consecutive nucleotides and a rare
backbone conformation leading to a (n)O2"...(n + 1)OP1 distance close to 3.0 A. (B) This domain ‘III’ fac-20,,.0,.30,, ion involves a turn formed by three
consecutive nucleotides and a rare backbone conformation leading to a (n)O2'...(n + 1)OP2 distance close to 2.8 A. The two conformations involving
OP1 and OP2 atoms are different. None of the 02 atoms is deprotonated. Green/cyan lines mark distances <2.3 A and in the 2.6-3.2 A range.
Experimental densities and some waters were hidden. See also Supplementary Figure S4C.
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Figure 12. Two Mg?* bound base pairs with a negatively charged guanine/uridine nucleobase. (A) The first GeG(-) pair involves a negatively charged
guanine nucleobase. The 60,, ion binds to the G(-) Hoogsteen edge (Figure 5). (B) The U(-)eG pair involvesg negatively chargedwuridine and is associated
with a unique Mg%*-binding pattern of the merOp,.20,,.30,, type. Green/cyan lines mark distances <2.3 A and in the 2.6-3.2 A range. Experimental

densities and some waters were hidden. See also Supplementary Figure Sb.

‘well-defined’ LSU-binding sites in addition to three ‘poorly-
defined’ ones: two in the SSU and one in the uS2 r-protein re-
gion. For naming these binding sites, we used the Cis-/Trans-
configurations of the two bound water molecules instead of
the cis-/trans- configurations of the bound O, atoms (for
nomenclature details, see the ‘Materials and methods’ sec-
tion). The first binding site is Trans-40,;.20,,. Here, all four
O,, atoms are coplanar with Mg** (Figure 10A). The second
is Cis-40,4.20,, (10B). This domain ‘V’ site displays a unique
pattern of three consecutive nucleotides that is completed by
a fourth domain ‘II’ phosphate group.

These intricate motifs mostly based on Mg>* bidentate
chelation are rare given the complexity of the folds and the dif-
ficulty in dehydrating multiple times a Mg[H,OJ¢%* ion. Such
motifs can only emerge in large RNAs where the nucleotide
chain can fold back on itself as for instance in the ~440 nu-
cleotide long P4-P6 group I intron (PDBid: 8tjx; res. 2.44 A)
where a  Trans-40,;,.20,, motif involving nucleotides (n,
n+2,n+ 3,n +4) is observed (69). It is expected that addi-
tional variations of these motifs will be identified. Variations
of these patterns are discussed in the SI.

Rare inner-shell Mg?*-binding to 02’ atoms

Three ‘well-defined> Mg?*...02’ contacts were character-
ized (15). Two of those involve a bidentate contact to
OP1/0P2 atoms where the 02’ atom is at 3.0/2.8 A from
the OP1/OP2 atoms of the next residue (Figure 11). Only
two O2’(n)...OP1/OP2(n + 1) contacts of the Mg?*...02’-
C2’-C3>-P-OP...Mg?* (a six-membered ring) were localized
in the entire 70S suggesting that these configurations need
the presence of Mg?* ions. The first binding type is Cis-
30.4.0:.20y,. It is the only binding site that involves a chain
of four consecutive nucleotides (Figure 11A). The second is
fac-20,;,.0;.30,, and comprises three consecutive nucleotides
(Figure 11B). The third contact of the O,.50,, type needs to be
validated through the analysis of larger structural ensembles
(Supplementary Figure S4C). Overall, these occurrences imply
that in rare structural contexts, O2’ atoms may coordinate to
Mg?*. Two of these motifs induce turns associated with suc-
cessive nucleotides that are probably impossible to achieve,

like bidentate binding in general, without the participation of
Mg?* ions. None of the two O2’ atoms are deprotonated since
one of them is hydrogen bonded to a (C)OP2, the other to a
(G)N7 atom.

Base pairs involving anionic nucleobases in 8b0x

According to a recent study (70), at least four base pairs in-
volving anionic nucleobases are observed in bacterial ribo-
somes. In 8b0x, two and one ¢cWW U(-)eG pairs are in the
SSU and LSU, respectively, while a fourth cWW GeG(-) pair
is in the LSU (Figure 12 and Supplementary Figure S5). These
pairs involve deprotonated uridine/guanine nucleotides that
carry a negative charge.

One of these U(-)eG pairs displays a unique Mg?*-binding
pattern of the mer-O,,.204,.30,, type (Figure 12B). These
pairs involving negatively charged nucleobases are unique in
the ribosomal ecosystem. Besides, we note the occurrence of
an [A*eC]eho5C base triple (Supplementary Figure S5) asso-
ciated with a ho5C base modification assigned as a C nucle-
obase in E. coli PDB structures (71).

Unexplained ‘metal’ binding patterns

While most well-ordered 8b0Ox ion-binding sites could be as-
signed as Mg?*/K* ions, two density peaks were not associ-
ated with these ions (Figure 13). In the SSU, an unidentified ion
links the two N7 atoms of a ‘metal-mediated” A...G pair (Fig-
ure 13A). This position with a density peak distant by ~2.1 A
from the two N7 atoms can only be occupied by a tetrahe-
dral ion such as Zn**. However, there is no clear-cut evidence
for a Zn?>* assignment. Therefore, we placed a UNX ion with
a 2N},.20y, coordination in our model, UNX being the PDB
code for an unknown atom/ion.

In the LSU, another ‘metal-mediated” A...G pair is ob-
served. A density peak is seen between the (A)N1 and the
(G)N7 atoms with both nucleobases being strictly coplanar
(Figure 13B). This pattern looks like that of documented Ag,
Hg or Au metal-mediated base pairs (41,72-74). Such base
pairs have not been observed in the 7k00 E. coli ribosome used
to build the 8b0x model. In the later structures, the adenine
is shifted to establish a (A)N6...N7(G) hydrogen bond. Since
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Figure 13. Unexplained ion-binding patterns. (A) A UNX atom was placed in a density spot linking the two N7 atoms of an ‘A...G’ pair that was left empty
in 8b0x. UNX corresponds to the PDB code for unknown atom/ion. (B) A UNX ion was placed in the density linking the (A)N1 and the (G)N7 atoms that
was left empty in 8bOx. It is possible that these UNX ions are Zn?* ions that are compatible with tetrahedral coordination. Green lines mark

distances <2.3 A.

Mg?*/K* and water molecules cannot occupy such locations,
these unusual base pairs suggest the presence of metal contam-
inants that are not present in other ribosomal structures or of
excess Zn>* ions that are difficult to identify through conven-
tional techniques (75). We mentioned above and elsewhere the
possible association of Zn>* ions with the 2N;.40,, motifs
(16). This hypothesis has neither been confirmed nor invali-
dated. The inclusion of molecules not added to the buffer are
sometimes observed in cryo-EM structures as is the case for
two polyamines mentioned in a recent 1.9 A resolution Hu-
man 808 structure (76).

Mg?*...Mg?* ion pair occurrences and classification
The occurrence Mg?*...Mg?*, Mg?*...K* and K*...K* ion
pairs is an intriguing feature of the ribosomal ionic shell. Al-
though similar ion pairs have been observed in nucleic acids
and in protein systems (60,77-79), their characteristics are
rarely discussed unless they are located in catalytic sites. In
this study, an ion pair is defined by two metals sharing at least
one and up to three phosphate groups, oxygen atoms or wa-
ter molecules. For all pairs, Mg?* ions are hexacoordinated.
None of these pairs are associated with r-proteins.

Here, we propose a preliminary classification of
Mg?*...Mg** pairs. We divided the observed Mg?*...Mg**
pairs into four categories called micro-clusters or Mg?*-uc’s
(2,6,43,80). The MgA,, involves two Mg?* ions that are
separated by >4.2 A and bridged by at least one phos-
phate group. The MgB,./MgC,./MgD,. clusters display
shorter inter-metal distances in the 4.2-2.4 A range. In the
later groups, the metals share from one to three oxygen atoms
and/or phosphate groups. To differentiate them, we added to
their designation a 1-3 suffix. Thus, the cluster shown Figure
14A is named MgA,,» since the Mg?* ions share two POy
groups.

o Type I ‘magnesium micro-clusters’ (MgA,.c): Mg>*...OP-
P-OP...Mg?* with d(Mg?*...Mg?*) ~4.5-5.3 A (17 ‘well-
defined’ occurrences). In MgA ., the ions can share one (as
in MgA,,¢1) or two (as in MgA,») phosphate group(s) (Fig-
ure 14A and Supplementary Figure S6A). These arrangements,
previously called Mg?*-uc (2,6,43,80), resemble the bridges
formed by carboxylate groups between two metal ions in en-
zymatic systems (60). In rRNA, such MgA,,. were considered
to be part of the peptidyl transferase centre (PTC) of ribo-

somes from all kingdoms and were also found in the P4-P6
domain of the tetrahymena group I intron ribozyme (81) and
the self-spliced group Il intron from Oceanobacillus ibeyensis
(82) among other RNA structures.

e Type I (MgB,): Mg*..0y...Mg>* with
d(Mg?*...Mg*) ~3.8 A (two ‘well-defined’ occurrences).
In the firstpair (MgB,.1), the ions share a single water
molecule (Figure 14B). The ions of the second pair share also
one water molecule. The presence of an alternate hydration
pattern is suggested by two water molecules separated by
2.07 A. This ion pair must be interpreted with caution
(Supplementary Figure S6B).

o Type III (MgC,): Mg*...0y...Mg?* with
d(Mg?*...Mg*) ~2.8 A (two ‘well-defined’ occurrences).
Both ions of a first pair (MgC,3) share an OP1 atom
and two water molecules (Figure 14C). The ions of
a second pair (MgC,c) share three water molecules
(Supplementary Figure S6C). These pairs are reminiscent
of a documented Mg?*...Mg?* ion pair where the ions
are separated by 2.7 A (Supplementary Figure S6D). The
later pair appears in a structure of a 5S rRNA Loop E
fragment at 1.5 A resolution (79). Previously, we pro-
posed that such an arrangement resulted from alternate
conformations of two close Mg?*-binding patterns (83).
However, given the two identified MgC,; pairs in 8b0x,
we re-evaluated this hypothesis. Our data suggest that in
specific environments, pairs with d(Mg?*...Mg?*) ~2.8 A
can be stabilized by their environment. This is supported
by (i) a recent CSD structure showing a similar Mg?* pair
(84), by (ii) descriptions of inorganic compounds with stable
Mg(I)...Mg(I) covalent bonds with d(Mg*...Mg*) ~2.8 A
and by (iii) implications of Mg pairs in enzymatic systems
(85,86).

e TDype IV (MgD,): Mg*..0y...Mg* with
d(Mg*... Mg**) = 2.38 A (one ‘well-defined’ occurrence).
Here, the two Mg?* ion proximity is astonishing (Fig-
ure 14D). This ion pair (MgD,.3) involves three bridging
water molecules associated with surprisingly well-defined
density patterns and resembles the ones described in
Supplementary Figure S6E and F. The first Mgt is of
the ¢is-20,,40, type; the second involves a deformed 60,
coordination octahedron. Additionally, a Mg pair with
d(Mg?*...Mg**) ~2.42 A has been described in a 1.52 A
resolution nuclease structure where one of the ions is not
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Figure 14. Four types of Mg?*...Mg?* pairs. (A) The two bottom phosphate groups of this MgA,,., pair belong to adjacent SSU domain '3'C’
nucleotides. The first ion is fac-30,,.30y, the second is cis-20,.40,. (B) This MgB,.¢1 ion pair is located in the central domain ‘O". This ion pair is
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connected to the same guanine OP2 and N7 atoms and involves a bridging water molecule. The first ion is trans-20y,.40,,, the second is Ny,.50,,. (C)

This MgC,.c3 ion pair connects LSU domains ‘I/II". It involves two bridging waters and an Oy, atom associated with a short 2.7 A intermetal distance
(see also Supplementary Figure S6C and D). The first ion is ¢is-20p,.40,,, the second is Op,.50,,. (D) In the absence of corroborating examples, this
domain ‘IV* MgD .¢3 ion pair with a short 2.4 A inter-metal distance must be considered with caution. The first ¢is-20pp.40,, ion forms a bidentate

phosphate clamp, the second is 60,,. For densities, see Supplementary Figure S6E and F). Green/cyan lines mark distances <2.3 A and intermetal

distances. Experimental densities and some waters were hidden.
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Figure 15. Mg?*...K* pairs with two and three bridging water molecules. (A) This MgK ¢ pair involves a Mg?* of the 60,, type and a heptacoordinated
K* that binds to the deep groove of a domain ‘Il GeU pair (carbon atoms in cyan). Two water molecules are bridging the ions. (B) This domain ‘Il
MgK,.cs pair displays a shorter intermetal distance. It involves a Mg?* of the mer30,,.30,, type and a heptacoordinated K* (for density
representations, see Supplementary Figure S7). Three water molecules are bridging the ions. Green/cyan lines mark distances <2.3 A and in the
2.6-3.2 A range; orange lines mark intermetal distances. Experimental densities and some waters were hidden.

hexacoordinated (87). Independent observations need to
confirm the existence of ion pairs with d(Mg?*...Mg**)
<2.50 A.

Mg?*...K* ion pairs (28 ‘well-defined’ occurrences
among 42)

Given the exceptional 8b0x resolution, over 200 binding
occurrences of K* ions to rRNA atoms were character-
ized. Among those, 28 ‘well-defined> Mg?*...K* pairs with
d(Mg?*.. K*) ~3.5-4.4 A were identified. In many instances,
the K* ions share two water molecules (MgK,,.») with Mg
(Figure 15A). A subcategory of these pairs involves 10 occur-
rences of a K* ion bound to the deep groove of GeU pairs.
Seven of these pairs are associated with a Mg?* of the 60,,
type. A less frequent pattern where Mg?* and K* share three
oxygen atoms (MgK,,.3) involves shorter inter-metal distances
(Figure 15B). In all instances, the K* density peak is signifi-
cantly higher than that of the Mg?* ion and of their surround-
ing water molecules (Supplementary Figure S7).

Mg?* ions are rarely present at the SSU/LSU
interface

Among the 408 Mg?* ions in 8b0x, only a single O,,.50y
Mg?* ion contacts both subunits (Supplementary Figure S4A).
Hence, Mg?* ions are rarely present at the SSU/LSU interface
and are therefore not of importance for the subunit assemblies.
The presence of a single Mg?* ion at the SSU/LSU interface
might result from the high Mg?* buffer condition. Overall,
this suggests that destabilization of the 70S particles observed
at low Mg?* concentrations is the result of the destabilization
of each of the subunits leading to a fuzzy structural interface
(7,88). On the other hand, the association of ribosome parti-

cles forced by Mg?* concentrations >15 mM may result from
subunit stabilization rather than from the presence of interfa-
cial Mg?* ions (3).

Mg?* bound to r-proteins are uncommon

Only one poorly defined ¢is-30¢00.204.Ny;s binding site
buried in uS2 was observed (Supplementary Figure S4B). This
binding site is also present in the parent 8fto structure. No
other r-protein binding site was characterized suggesting that
r-proteins might have evolved to avoid competition for Mg?*
resources with rRNA. Overall, the need for Mg?* to support
proper r-protein functions is significantly smaller than that re-
quired by RNA. We note that this motif involves a ‘carboxyl
clamp’ similar to the phosphate clamps shown Figure 7.

Mg?* ions at rRNA/r-protein interfaces

Mg?* ions are also observed at rRNA/r-protein interfaces
(Supplementary Table S1 and SI). Five of these ions make di-
rect contacts to rRNA and r-proteins while others form at least
one direct contact with the rRNA and form water-mediated
contacts with the r-proteins.

Eight ions are located at the LSU/ul2 interface of the
PTC, which contains the largest number of observed contacts
(10,43,80). Williams and co-workers noted the conservation
of a Mg?*-yc at this interface involving an 18 amino acid-long
N-terminal loop and discussed the importance of the Ala-Met-
Asn sequence in the ribosomal assembly process (Figure 16).
This interface is conserved across Archaea, Bacteria and Eu-
karya (80). There, the involved Mg?* ions establish direct con-
tacts through MgA ,.’s binding to RNA phosphate groups but
only form water-mediated contacts to uL2. This suggests that
Mg?* first stabilizes the local RNA folds allowing subsequent
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Figure 16. Partial view of the LSU/ulL2 interface centred on two
MgA,.¢'s. This view illustrates the intricacy of the ion-binding patterns at
the LSU/uL2 interface that involves the MgA .. named D2 by Williams
and co-workers (6,43,80). These ions link the LSU domains ‘Il/V" with a
N-terminal uL2 segment (yellow backbone). It can be hypothesized that
the Mg?* ions first link the two distant domains ‘Il and 'V'. When this
connection is established, uL2 can bind. K* ions (purple) are present at
the interface. Green/cyan lines mark distances <2.3 A and in the
2.6-3.2 A range. Experimental densities and some waters were hidden.

binding of ulL2. A more detailed discussion of the rRNA /r-
protein interfaces is beyond the scope of this paper.

Mg?* linking LSU domains

A total of 20 out of the 21 ‘well-defined’ Mg?* ions coordi-
nate with LSU domains through a combination of direct and
water-mediated contacts (Supplementary Table S2 and Figures
7,9-11, 14 and 16). As previously described, a few of these in-
volve Mg?*-uc’s motifs (6,43,80). Interestingly, Mg?* contacts
linking SSU domains were not observed suggesting a less com-
plex folding process for this subunit. Among the characterized
intra-LSU links, seven of them involve domain ‘II/V’, none in-
volve domain VI’ and only two are associated with domain
IIl’. As a result, the largest number of LSU contacts link do-
main ‘I[/V’ as well as domain ‘V’ and r-protein uS2 (Figure
16). The later contacts were discussed by Williams and col-
leagues (6,43,80).

Description of a universal set of rules to identify
Mg?*-binding sites

From the examination of the amended 8bOx structure, we
inferred straightforward binding rules. We will discuss these
rules step by step starting from those related to Mg?* biden-
tate motifs.

e Locating Mg** bidentate clamps (O,,...O,;,): A unique
feature of Mg?*-binding clamps is associated with a con-
served Oyy,...0,py distance close to ~2.9 £ 0.2 A. This dis-
tance matches that separating Mg?* water molecules in cis-
(see Figures 3,7, 9-11 and 14 ). Hence, we hypothesized that
a simple method to locate Mg?* bidentate clamps is to screen
all Opy, pairs with d(Opp...0p,) <3.4 A. By discarding the
poorly modelled Oy, pairs comprising at least one O, atom
with B-factors >60 A2, we located a total of 94 pairs (87
‘well-defined’ ones) involving 36 OP1...0P1, 23 OP2....0P2

15

and 35 OP1...0OP2 combinations. All 94 pairs were associated
with Mg?* and 92 of them form Mg?* bidentate clamps. Two
remaining motifs display a distinctive Mg?* water-mediated
contact stabilizing the short d(Opp...O0p,) %2.9 A distance
(Supplementary Figure S2). We suggest that the latter motifs
correspond to intermediates in the formation of Mg?* biden-
tate clamps.

We concluded that all cis-bidentate motifs involving a Mg?*
ion can be detected in rRNA fragments of appropriate reso-
lution by screening Oyy,...O,, distances <3.4 A. All “higher-
order’ patterns of the fac-/mer-/Cis-/Trans- type can also be
localized by tracing these distances since most of them in-
volve at least one Mg?*cis-bidentate motif. The only excep-
tions are the less frequent motifs in trans- that cannot be de-
tected through this technique (Figure 7C). As a result, the 94
uncovered cis-binding modes involve a limited number of 68
‘well-defined” Mg?* ions that are all associated with critical
rRNA-folding patterns.

To further emphasise the effectiveness of this stereochemi-
cal rule, we checked the O, pairs with d(Oy,...0p) <3.4 A
and could identify seven new Mg?* bidentate motifs not as-
signed in the initial 8b0x structure. This illustrates the abil-
ity of this criterion to characterize Mg?*-binding sites that
escaped from the experimentalist’s attention. It also suggests
that this criterion is universal and can be applied to the search
of major Mg?*-binding sites in all RNA systems as well as in
proteins where the main Mg?* ligands are carboxylate groups
(see Supplementary Figure S4B).

o Locating trans-20,,.40,, motifs and their variations:
This is probably the most difficult exercise given the ~4.1 A
distances separating the Oy, atoms in trans- that overlap with
inter-phosphate distances from other motifs (Figures 3 and
7C). However, the use of this distance criterion may accelerate
the identification of these patterns.

e Locating 20,.40,, and O,,.0,/N;,.40,, motifs: We
found only one ‘poorly-defined’ occurrence of the 20,.40,,
motif. Therefore, Mg?* is not an ideal ion for bridging Oy,
atoms from consecutive stacked nucleotides in opposition to
Na*/K* monovalent ions (15). No O,,.N;,.40,, and only
two ‘well-defined’ O,,.40y.Nyi, motifs were characterized.
The slightly more frequent O,}.04.40,, motifs of the ‘intra-
nucleotide’ type can be located by monitoring d(Oy,...Op)
<3.4 A distances.

o Locating 2N,.40,, motifs: Although the stacking dis-
tance between two consecutive nucleotides is around ~3.4 A,
the distance between two stacked purine N7 atoms is of-
ten >3.8 A. Therefore, bidentate binding to a Mg?* ion in-
volving consecutive purines is not observed. In 8b0x, the only
nucleobase arrangement where N7 atoms are separated by
<3.4 A are like those shown in Figure 8 and Supplementary
Figure S3. Indeed, only three ‘head-to-tail purine stacks’ were
detected. These stacks bind Mg?* or Zn?* ions as suggested
elsewhere (16,51). Hence, searches for cis-2N,,.40,,-binding
patterns involving consecutive purines can be avoided.

e Locating Mg** of the O,),/O,/N,.50,, type: Locating
these binding motifs is more difficult but the coordination ge-
ometry of the Mg?* ions shown in 6B may provide some hints
(15,16). For O,,.50y, the Mg?* ion is roughly in the OP-P-OP
plane and the P-OP...Mg?* angle is in the 120-160° range. For
the Oy,/Ny;,.50,, variants, the Mg?* ion is in the nucleobase
plane. Yet the angle constrains are slightly different with an
average (C=0...Mg?>*) angle of ~144°. In this binding mode,
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the ion is approximately aligned with one of the Oy, lone pairs
as confirmed by recent simulation data (63). For N},.50,, types
on the other hand, Mg?* ions are aligned along the N7 lone
pair.

e Locating Mg** of the 60, type: Defining binding rules
for the less tightly bound 60, ions is challenging. Like for
Opn/Op/Ny,.50y, the Mg?* ions of the 60y, type that establish
a high number of water-mediated contacts do bind strongly to
rRNA. Some of these ions are involved in important structural
folding ‘wedges’ (Figure SA). The fact that these Mg?* ions use
their first shell water molecules to bind to appropriate rRNA-
binding sites such as the guanine O6/N7 and the OP1/0P2
atoms suggests to scan the rRNA hydration shell to locate po-
tential 60y-binding sites. Indeed, a precise knowledge of the
rRNA hydration shell will be helpful to locate the most impor-
tant water-mediated Mg?*-binding spots. These can be derived
from experimental structures and molecular dynamics (MD)
simulations for protein and DNA systems (89-93).

Discussion

Stereochemistry is an essential tool for assigning
Mg?* ions

We revised the 8bOx structure and completed its solvation
shell to obtain insights that could not be derived with the same
level of accuracy from lower-resolution structures. We con-
firmed previously described Mg?*-binding patterns to Oy /Ny,
atoms (10,15,16,30) and added a comprehensive description
of Mg?*-binding patterns to O, atoms. Our findings, which
establish a precise classification of all the Mg?*-binding sites,
are summarized in Figure 4.

A key outcome of this study is surprisingly simple and states
that Mg?* binding induces unique folding patterns in which
rRNA oxygens are separated by ~2.9 A (Figure 4). When
we applied this criterion, we observed that in every instance
where d(Opy...0p) <3.4 A, the two O, atoms are linked
by a Mg?* ion, either through inner-shell contacts or, in two
occurrences through a combination of inner- and outer-shell
contacts (Supplementary Figure S2). Therefore, we concluded
that Mg?* is necessary to stabilize configurations with short
inter-O,, distances that correspond to strong electronegative
spots in RNA structures. Stabilization of such configurations
by Na*/K* ions with smaller charge densities has not been
observed (67).

Although these results need to be confirmed by addi-
tional RNA structure scans, we estimate that by using this
2.9 A distance criterion, we achieved ~100% accuracy in
the identification of cis-bidentate Mg?*-binding sites. We
also uncovered two novel cis-O,,.O, motifs involving 02’
atoms that were, to the best of our knowledge, not docu-
mented elsewhere. These Mg?* stabilized motifs involve a
specific backbone conformation that places an 02’ atom
at ~3.0 A from an O, atom of a consecutive nucleotide (Fig-
ure 11). Interestingly, this RNA-binding principle also applies
to proteins where d(COO~...~O0C) <3.4 A points to cis-
2000.40,, Mg?* ions, as observed in uS2 (Supplementary
Figure S4B). Likewise, a rare 30p,.0w.20 ctracycline Mg?*-
binding mode is seen in antibiotic bound ribosomes (94).
However, the application of this criterion might be less
effective for lower-resolution structures with less well de-
fined phosphate group positions, resulting in bidentate Mg?*-
binding sites with d(Opy...Opp) >3.4 A. Besides locating these
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clamps, we showed that stereochemical criteria are also effec-
tive for characterizing O,;,.50, and 60y, sites that involve a
strong correspondence between Mg?* and nucleotide hydra-
tion shells (Figures 4 and 5).

During the solvent identification process, the density peaks
of solvent particles can also provide valuable information.
Typically, K* ions exhibit higher densities than Mg?* ions and
bound water molecules. However this can be misleading since
some water molecules involved in strong water-mediated con-
tacts may display higher densities than those associated with
the more distant Mg?* ion. In such instances, stereochemistry
is of great help for interpreting the binding site structure. In
short, the interpretation of experimental data must comply
with stereochemical rules and any discrepancies should be re-
solved through additional experiments or adjustments to cur-
rent paradigms.

Structural ion pairs in ribosomes

The characterisation of ion pairs in 8bOx provides insights
into the features of these motifs in both ribosomal and non-
ribosomal RNA systems. Since the Steitz proposal of a two-
metal-ion catalytic mechanism for RNA splicing and RNase
P hydrolysis (95), interest in nucleic acid catalytic sites has
grown and has been extended to various RNA systems such
as spliceosomes and group I/II introns (77,96-101). K* ions
involved in ion pairs were also thought to play a role in cat-
alytic systems (102,103).

Besides catalytic mechanisms, the structural role of
Mg?*...Mg?* ion pairs has been less thoroughly explored, ex-
cept for some MgA . pairs observed in several ribosomes
(2,6,43,80). In the 8bOx structure, we identified and classi-
fied different types of Mg?*...Mg?*/K* pairs and illustrated
how they ‘assemble’ to form extensive ion chains (Figure 16).
This suggests that ion pairs, including those with monovalent
ions (15), occur frequently in RNA systems, although the rela-
tionship between their formation and the ionic strength of the
experimental buffers is not currently appreciated. In that re-
spect, we note that the +2 net charge on each ion of Mg?* ion
pairs may significantly decrease as a result of a redistribution
of the ions electronic charge towards the bound phosphates
(60) amplifying polarization and charge transfer effects. This
phenomenon has also been discussed for Mg?* ions not in-
volved in ion pairs (2,104).

Hierarchical Mg?* dehydration during ribosome
biogenesis

The most intricate ion binding pockets described herein cor-
respond to motifs embedded in the ribosome core during bio-
genesis. The formation of such motifs requires a level of struc-
tural complexity not accessible to smaller RNAs. For instance,
Mg?* does not form direct contacts with phosphate oxy-
gens in Watson—Crick helical structures unless non-canonical
base pairs are present as in the ribosomal 5S loop E mo-
tif (48,79,83). Similarly, few direct Mg>* contacts are ob-
served within transfer RNA (tRNA) structures with resolu-
tions <2.0 A. An exception is a cis-20,;,.40,, motif observed
in the D-loop of a tRNAP structure [PDBid: 1EHZ; res.
1.93 A (105)]. More complex motifs emerge in the ~400
nucleotide-long group I introns (106,107). Based on these ob-
servations, we suggest that structural complexity, only acces-
sible to longer RNA sequences, is a prerequisite for the for-
mation of higher-order Mg?*-binding motifs. The apparently
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Figure 17. Sketch describing a possible hierarchical dehydration pathway for hexahydrated Mg?* ions.

simple Mg?* binding classification we propose highlights a
great diversity of motifs when considering the combinatorial
possibilities associated with the relative positions of the co-
ordinating atoms. It also allows to propose a hierarchical de-
hydration pathway (Figure 17). We infer that the principles
described in this study will be useful for groups involved in
RNA-folding competitions, such as RNA-puzzle (108,109), as
current strategies rarely use information related to water or
ion coordination.

Considerations related to buffer and in vivo Mg?*
concentrations

Biochemical investigations suggested that optimal buffer con-
ditions for ribosomes include 2-5 mM of Mg?* and 60-150
mM of K* with 2 mM of spermidine (3,7). Although the 17-20
mM Mg?* concentration in cells is close to the 25 mM of the
8b0x buffer, the estimated concentration of non-chelated hex-
ahydrated Mg?* ions in a crowded intracellular environment
is 1-2 mM (110). The hypothesis of an optimal Mg?* con-
centration has been examined by several research groups.
Adding weakly chelating agents to buffers has been found to
enhance RNA function, chemical stability and catalytic effi-
ciency likely by sequestering divalent ion excess (110-112).
Similarly, low Mg?* concentration affect the RNA properties
of certain systems by preventing suitable folding while high
Mg?* concentrations reduce activity (113). This aligns with
findings showing that excess Mg?* reduces ribosomal transla-
tional activity and accuracy (7,114). In line with these results,
we previously speculated that excess Mg?* may over-stabilize
rRNA structures and grip the translation machinery by bind-
ing to messenger RNAs and tRNAs, while a less organizing
ion such as K* may act as a lubricant facilitating a smoother
translation process and thereby preserving an optimal turn-
over rate (17).

We conjecture that the optimal number of chelated Mg**
ions includes ~100 cis- and trans- ions coordinating with at
least two non-water oxygen/nitrogen atoms that are for most
of them incorporated during ribosome biogenesis. A yet un-
known proportion of the remaining 2290 ‘O,;,.50,,/60,,’
ions which have limited or no access to the bulk solvent
may also be captured during biogenesis (Figures SA and 6A).
However, it remains unclear whether all the characterized
Opn-504 /60, ions are essential for ribosome activity or re-

sult from an excess of Mg?* ions in cryo-EM buffers. This
raises the question of whether the number of Mg?* ions ob-
served in 8b0x exceeds the amount of site-bound ions neces-
sary for a ribosome to perform its in vivo tasks (17,88,113).

In summary, reinterpreting the 8b0x structure allowed us to
characterize the currently largest number of chelated Mg?* /K*
ions identified in a ribosome. Yet, the identified ions that carry
a total of ~1 040 positive charges are insufficient to neutral-
ize the ~5 000 rRNA negatively charged nucleotides. This re-
mains true even when considering the ~525 excess positive
charges from all bound r-proteins or the ~1 160 charges from
all positively charged Lys/Arg residues. For finding the ‘miss-
ing’ ~3 000 positive charges, theoretical approaches based
on MD simulations need to be developed (46-48,63,83,115-
118).

Amending existing structures

This study also highlights the necessity of revising existing
PDB structures, a practice that should be more widely adopted
within the structural biology community (19,119). The re-
finement of the 8bOx structure was clearly not fully com-
pleted particularly in terms of its solvation shell interpreta-
tion. This is understandable given the considerable amount
of time required to conduct such a task. PDB structures are a
timely interpretation of the experimental data that can be cor-
rected for flaws/omissions as new knowledge becomes avail-
able (23,120,121). A good illustration of this process is pro-
vided by the multiple corrections made to the H. marismortui
50S structure which was first deposited to the PDB in 2000
and last refined in 2013 (9,14). In this study, we improved the
8b0x bacterial ribosomal structure and suggest that a signifi-
cant number of PDB structures could benefit from similar re-
visions, particularly regarding their solvation shell and other
structurally critical features.

Conclusions

Through a careful analysis of the amended 8b0x bacterial ri-
bosome structure, we examined Mg?*-binding modes and de-
rived a set of ion-binding principles that are based on simple
stereochemical rules. These rules will help to develop more ac-
curate solvation shell models for both, small and large RNA
structures and led to a comprehensive description of all the
major Mg?* chelation sites that involve 2—4 non-water coordi-
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nating atoms. These findings will enhance our understanding
of RNA folding, structure and catalysis (122). Besides, they
will help to improve RNA 3D structure predictions and lead
to better designs of structures used to initiate MD simulations
(31,89,94,118,123-129).
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