Anionic GeU pairs in bacterial ribosomal rRNAs
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ABSTRACT

Wobble GU pairs (or GeU) occur frequently within double-stranded RNA helices interspersed between standard G=C and
A-U Watson-Crick pairs. Another type of GeU pair interacting via their Watson-Crick edges has been observed in the A site
of ribosome structures between a modified U34 in the tRNA anticodon triplet and G + 3 in the mRNA. In such pairs, the
electronic structure of the U is changed with a negative charge on N3(U), resulting in two H-bonds between N1(G)...04
(V) and N2(G)...N3(U). Here, we report that such pairs occur in other highly conserved positions in ribosomal RNAs of bac-
teria in the absence of U modification. An anionic cis Watson—Crick GeG pair is also observed and well conserved in the
small subunit. These pairs are observed in tightly folded regions.
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INTRODUCTION

The diversity of interactions between Gs and Us has been
previously analyzed and reviewed (see for example
Masquida and Westhof 2000; Varani and McClain 2000),
and predominantly consist of standard GeU wobble pairs.
In a standard wobble GeU pair, the U moves into the
deep major groove leaving a cavity on the shallow minor
groove side frequently occupied by a water molecule that
links the O2'(U), O2(V), and the N2(G) (Fig. 1A; Westhof
1988; Auffinger and Westhof 1998; Trikha et al. 1999).
The displacement of the U also creates a binding site fre-
quently occupied by a hydrated potassium ion with direct
binding to O4(U) and O6(G), and via one hydration water
molecule to N7(G) in the major groove (Fig. 1A; Klein
et al. 2004; Leonarski et al. 2019). Furthermore, because
of the movement of the U, a GeU pair is not isosteric (or
superimposable) to a UG pair, unlike the usual Watson—
Crick G=C and A-U pairs (Crick 1966; Westhof 2014). A
thorough analysis of GeU pairs in ribosomal structures is
presented in Mokdad et al. (2006). Interestingly, two alter-
native GeU pairs (Ogle et al. 2002; Ogle and Ramakrishnan
2005; Weixlbaumer et al. 2007; Demeshkina et al. 2012,
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2013; Rozov et al. 2015, 2016a,b,c, 2018) occur in co-
don-anticodon interactions within functional ribosomes,
the tautomeric and the anionic forms, as reviewed in
Westhof etal. (2019). With a modified U34 in the anticodon
loop, the U34*¢G3 pairs can adopt either a tautomeric
Watson—Crick-like form with three H-bonds or an anionic
pair with the U34* moved into the shallow groove (instead
of the deep major groove seen with a standard UeG pair)
(Fig. 1B,C). In both cases, the formed U34*eG3 pairs are
isosteric either to a G34eU3 or a G34=C3 pair depending
on the type of modification (Weixlbaumer et al. 2007;
Kurata et al. 2008; Cantara et al. 2013; Rozov et al.
2016a; Westhof et al. 2019). It should be noted that in the
anionic U34*eG3 pair, depending on the type of modifica-
tions, U34* is in a zwitterionic form with the positive charge
on the C5 modification and the negative charge on the N3
of U (Fig. 1C; Sochacka et al. 2015, 2017).These observa-
tions show how the U34 modifications restrict the move-
ments of U34*¢G3 to be accommodated within the
ribosomal grip during efficient mRNA decoding (see the lo-
cal environment in Supplemental Fig. S1).

Tautomeric and anionic pairs have been observed in sol-
ution using NMR spectroscopy (Kimsey et al. 2015). We
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G+3 (MRNA)

U34* (anticodon

5-methylaminomethyl-2-thiouridine (mnmss2U)

FIGURE 1. (A) A standard wobble GeU pair (from PDB 1HQ1, Batey et al. 2001) with a water molecule in the minor groove (red sphere) and a
hydrated potassium ion (purple sphere) in the major groove. All distances are in A and between the heavy atoms. The distance between the
two C1’ carbon atoms is 10.7 A (values between 10.4 Aand 10.7 A are commonly observed). (B) The observed GeU pair between G3 and modified
U34* in the ternary complex between the ribosomal Asite, the anticodon loop of the A-tRNA and the mRNA (from PDB 5E81, Rozov et al. 2016a).
The tRNA U34* is modified in 5-methylaminomethyl-2-thioUridine. The distance between the two C1’ carbon atoms is 11.4 A. (C) Possible elec-
tronic structure of the modified U34* where X at position 2 is S and R at position 5 is methylaminomethyl, probably charged and thus forming a
zwitterion. The negative charge may be delocalized between the N3 and S2. For chemical data and a discussion, see Sochacka et al. (2015, 2017).

wondered whether such alternative GeU pairs, without U
modifications, are observed in other RNA structures, espe-
cially ribosome structures. Thanks to the progress in cryo-
electron microscopy of biological macromolecules, struc-
tures of bacterial ribosomes are now available with suffi-
ciently high resolution to be confident of the hydrogen
bond distances and the relative positions of the nucleo-
tides in GeU pairs. For E. coli ribosomes, high-resolution
structures are now available at 2.0 A (Watson et al. 2020)
and 1.55 A (Fromm et al. 2023).

RESULTS

The anionic pairs in the ribosome

Table 1 gathers the three main anionic GeU pairs found in
bacterial ribosomes (two in the 16S and one in the 23S
rRNA) together with an anionic GeG pair in high or good res-
olution structures of four bacterial species. The identifica-
tions are based on the relative positions of the two
interacting bases (toward the minor or the major groove) to-
gether with distances between the interacting heavy atoms
(N or Q). The identifications follow the calculations previous-
ly performed (Sochacka et al. 2015, 2017). Both the Gs and
the Us are highly conserved based on structural alignments
of 544 bacterial 16S rRNAs (Hosseini etal. 2018). Although a
comparable structural alignment of 23S rRNAs is not avail-
able, we were able to retrieve the conservation in Bacteria
for all four pairs from the legacy Comparative RNA Web
site (Cannone et al. 2002). None of the residues in the 16S
rRNA, discussed in the present paper, are universally con-
served (i.e., throughout the three kingdoms of life) according
to a recent survey (Noller et al. 2022).

The anionic U677¢G713 pair

The U is highly conserved (>90%) and, in some sequences,
one can observe a switch from a UeG to a CeA opposition.
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The U677G713 pair (Fig. 2A), in helix 23, interacts with
the O2' of A777, which is conserved at more than 99% and
located in the bulge of helix h24 (Fig. 2B). Interestingly, the
apical loops of h23 and h24 are involved, respectively, in
the formation of the E-site and the P-site. Identical contacts
are present in the other structures of bacterial rilbosomes an-
alyzed. In the high-resolution structure of an archaeal 30S
subunit (PDB: 7ZHG, Kazan et al. 2022), the UeG pair is sub-
stituted with a C=G Watson—Crick pair C644=G680, howev-
er with the G680 2'-O-methylated. In Archaea, that pair is
87.5% C=G, 9.9% C/U, 2.2% UeG (Cannone et al. 2002).
Despite the local differences in nucleotides, nts 701 to 741
of 7K00 and nts 668 to 708 of 7ZHG (Kazan et al. 2022) super-
impose extremely well (RMSD less than 0.5 A).

The anionic G664¢G741 pair

This pair is not a GeU pair but it also involves a loss of a pro-
ton, in this case of one of the Gs (G741) and not of an U. Such
a GG pair is cis Watson-Crick/Watson—Crick and the only
instance missing in that pair family Table (Leontis et al.
2002). In another possibility, less probable but that cannot
be excluded (especially in the absence of other examples
of such a pair in crystal structures), G664 would adopt a tau-
tomeric form with O6H and G741 would remain neutral. The
G664¢G741 is conserved at 92% in Bacteria (Table 1). In a
few sequences, one of the Gs is replaced by an A in which
case the pair most probably adopts a wide and neutral cis
Watson-Crick/Watson—Crick GeA pair (with a distance be-
tween C1’ atoms of 12.7 A, Li et al. 2007).

The G664eG741 pair (Fig. 3A) is not far away in space from
the preceding anionic GeU pair. It presents a cross-strand
stacking with G666 (Fig. 3B), which forms a usual wobble
pair with U740 forcing A665 (Fig. 3B) to bulge out for pairing
with G724 (conserved at 96.7%). G724 stacks with G722 (con-
served at 90%), which forms acommon trans WC/WC GC pair
with G733 (also conserved at 90%) (Fig. 3B). Figure 4A shows
elements of the secondary structure with key nucleotides



Anionic GeU pairs

TABLE 1. Summary of the anionic base pairs observed in structures of bacterial ribosomes

U677+G713 (11.7 A) U677+G713

02(U) & N2(G)...02'(A777)

h23 .. h24

U1086¢G1099 (11.6 A) U1086+G1099

06(G) & 04(U)...Mg?*...0-P<

G664¢G741 (13.1 A) G664+G741

06(G) & 04(U)...K*

23S 23S

7K00: G2304+U2312 5E81:

(11.1 A) G2304.U2312

8BOX: G2308+U2316 4Y40:

(11.1 A) G2316+U2324

N2,02’(G) ... Asp153 (uL5) N2,02(G) ...

02,02’(U) ... Asn37 (uL5) Asp156 (ulL5)
02,02'(U) ...
Asn40 (ul5)

U686¢G722 U685¢G721 72% UG
20% UA
6% CA
U10960G1109 U1097.G1110 94% UG
3% CA
2% UA
G673+G750 G672+G749 92% GG
6% GA
1% AG

23S 23S 23S
G2333.U2341 G2331.U2339 93% GU
N2,02'(G) ... N2,02'(G) ... 3% GC
Asp153 (ulL5) Asp153 (ulL5) 2% AU
1% AC

The references for the PDB codes are the following: 7K00 (Watson et al. 2020); 8BOX (Fromm et al. 2023), 5E81 (Rozov et al. 2015), 4Y40
(Polikanov et al. 2015), 5NJT (Beckert et al. 2017), 5SNGM (Matzov et al. 2017), 6S0Z (Halfon et al. 2019). The distances between the carbon C1’ of
the paired nucleotides are given in parentheses. Nucleotide numberings are those relevant to the bacterial species. The UG conservation per-
centages for the pairs in bacteria are from the base pairs data, and data for GeG are retrieved from the T. thermophilus Crystal Structure
Information page, taken from the Comparative RNA Web legacy site (https:/crw2-comparative-rma-web.org/crw1_legacy/SAE/2A/index.htm;

Cannone et al. 2002).

marked and Figure 4B illustrates the burying of the anionic
G664¢G741 within the hairpin h23_1. The complex interac-
tions between G725 and C726 of h23.1 with G664 are shown
in Supplemental Figure S2B. The G664¢G741 pair is present
in the complex of S15 with its rRNA fragment (PDB: 1G1X,
Agalarov et al. 2000; see Supplemental Figure S2B).
Interestingly, this GeG pair is conserved in the archaeal 30S
ribosome structure (PDB: 7ZHG, G631¢G708, Kazan et al.
2022). However, in Archaea, that pair is 61% GeU and
19.5% G=C or UeG (Cannone et al. 2002).

The anionic U1086¢G1099 pair

This unusual UeG pair is within a three-way junction and im-
portant for positioning the hairpin h37 so that G1108 can in-

teract directly with the 5 phosphate of U1095 forcing
G1094 to bulge out (Fig. 5A,B). The U1086¢G1099 pair is
conserved at 94% in bacterial ribosomes. In the major
groove, O6(G) and O4(U) directly bind a hydrated Mg ion
that contacts also an anionic phosphate oxygen of U1085
(Fig. 5C) which is 100% conserved in bacteria. It is also
near the carboxyl terminus of ribosomal protein bS21,
which packs against h37 containing the UeG pair and forms
a stacking interaction with A1167 in the closing loop of helix
h40 (See Fig. 3A,B in Watson et al. 2020).

The anionic G2304¢U2312 of the 23S rRNA

This is the only anionic GeU pair that we identified sys-
tematically within the large ribosomal subunit. This pair
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A777

FIGURE 2. (A) The internal loop of helix h24 in 16S rRNA in contact with the anionic
U677G713 pair is shown in cyan. Please note the stacking of the two G776 and G775 and
the usual wobble pair at G778eU804. (B) The anionic U677G713 pair with the contact to
the O2" of A777 in the 16S rRNA of E. coli (from 8B0X, Fromm et al. 2023). For comparison,
the distances in PDB 7K00 (Watson et al. 2020) corresponding to N1(G)...04(U), N2(G)...N3
(U) are 2.7 A and 3.0 A and those for N2(G)...02/(A777), O2(U)...02'(A777) are 3.1 A and

Occurrence of anionic GeU pairs in
other RNA structures

An anionic GeU pair is also detected
in a Mg®*-sensing riboswitch (Dann
et al. 2007), although the resolution
of the structure is 2.6 A. The anionic
G760U65 pair binds in the major
groove a hydration water from a hy-
drated Mg ion and is stacked between
a G=C pair and a one H-bond CeA
pair (PDB 2QBZ, (Dann et al. 2007;
see the local environment in Sup-
plemental  Fig.  S4).  Mapping
G76eUb5 of 2QBZ to Rfam family
RFO0380 gives the following se-
quence variability: C=G 389, UeG
130, A-U 84, U-A 62. So, there is
some support for that pair to stay
UeG, but more support for it becom-

2.4 A. The red spheres represent water molecules in close proximity.

occurs in the central protuberance of the 50S ribosomal
subunit and interacts with the side chains of two amino
acids in ribosomal protein uL5 (Asn37 and Asp153 in
E. coli) (Fig. 6A). It is the last pair of a hairpin and the cap-
ping loop is buried within uL5 (Fig. 6B). This interaction is
conserved in all structures analyzed. Depending on
the resolution, the contact with Asn37 (or equivalent) is
not observed and the pair appears bent. Although
uL5 is a universal ribosomal protein,

the rRNA pair changes to a G=C

Watson—Crick pair in the rabbit 60S ri-

bosomal subunit (PDB 707Y, Bhatt

et al. 2021). In Eukaryotes, that

pair is GeU only in 4% of the sequenc-

es and otherwise Watson—-Crick

(Cannone et al. 2002). However, the

superimposition of nts 2301 to 2310

from 7K00 with nts 3993 to 4002

from 707Y gives a RMSD of less

than 0.5 A. Further, the rabbit uL5 res- A

idues Asp129 and Asn23 form similar

contacts with G3996=C4004. Similar-

ly, in the structure of the complex

between tRNA_Ala and its cognate G664
aaRS (Naganuma et al. 2014; Chong
et al. 2018), an Asp residue interacts
with  N2(G3) (and O2 of U70)

ing C=G.

DISCUSSION

Compared with the standard wobble pair, the anionic GeU
pairs display the U displaced into the shallow minor groove
with a distance between the sugar carbon C1’ larger by
about 1 A (see Table 1). The high quality of the recent
structures (Watson et al. 2020; Fromm et al. 2023), togeth-
er with the residue conservations in sequence alignments
and their systematic occurrences in previous ribosomal
structures, exclude a systematic error in molecular fitting

FIGURE 3. (A) The anionic G664#G741 pair with some water molecules and a hydrated K* ion

while an Asn residues interacts in
the major groove (instead of the
minor groove) with O4(U70) (see Sup-
plemental Fig. S3).
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in the deep major groove. (B) The highly conserved organization around the anionic
G664¢G741 in E. coli (PDB 8B0X, Fromm et al. 2023). The residues G666eU740 form a usual
wobble GeU pair. A665/G724 form a cis Hoogsteen/Watson-Crick pair and G722¢G733 a
trans Watson—Crick/Watson—Crick pair with G722 in the unusual syn conformation. For addi-
tional contacts to G664, see Supplemental Figure S2A.
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FIGURE 4. (A) Part of the secondary structure of the 16S rRNA showing helices h22, h23,
h23_1. The blue triangles indicate that those two residues bulge out so that A665 and G724
can form a cis Hoogsteen/Watson—Crick pair. The right-angle arrows indicate the coaxial stack-
ing between the helices in the three-way junction. (B) The figure shows how the shallow minor
groove side of the anionic G664¢G741 binds tightly to the hairpin h23_1. Drawing based on
E. coli (PDB 8B0OX, Fromm et al. 2023).

in the observed anionic GeU pairs. The quality of the fits is
illustrated by the cryo-EM maps of two anionic GeU pairs
(Fig. 7A,B) and the anionic G664¢G741 pair (Fig. 7C) are
displayed. Besides, functionally, they are not scattered
throughout the ribosome but gather near the platform

the tautomeric form of GeU pairs
(Demeshkina et al. 2012) and the an-
ionic GeU pair (Sochacka et al. 2015,
2017; Rozov et al. 2016a) involve a
change in electronic structure (respec-
tively, of either the G or the U, or only
the U) that leads to a pairing diversity
between the two Watson—Crick edges.
Interestingly, among the four neutral
bases, G is the most electropositive at
its N1 and N2 edge and that edge is of-
ten observed interacting with anions
like chloride or sulfate (Auffinger et al.
2004), anionic phosphate oxygens
(Zirbel et al. 2009), or the negatively
charged side chains of Asp or Glu
(Treger and Westhof 2001). In the an-
ionic GeU and GG pairs described
here, one neutral G interacts with an
anionic base (U or another G). One
may thus consider that the tautomeric
and anionic pairs involving G or U con-

tribute to molecular accommodation and stabilization dur-
ing the evolution of RNA sequences.

MATERIALS AND METHODS

and the neck of the 30S ribosomal subunit (Fig. 8A,B). In
the large ribosomal subunit, protein uL5 has a major role
in the assembly of the central protuberance (Korepanov

First, a manual inspection and analysis of PDB entry 7K0O (Watson
et al. 2020) was performed together with map fitting. Unless oth-
erwise indicated, nucleotide numbers refer to 7K00. This analysis

et al. 2012) and is involved in the for-
mation of the intersubunit bridge 1b
(Yusupov et al. 2001). Ribosomal pro-
tein uL5 also binds the 5S rRNA.
These observations show that anion-
ic GeU pairs do occur with unmodified
nucleotides, as dynamically observed
by NMR (Kimsey et al. 2015). Here
they were observed in crowded and
tight molecular environments in specif-
ic regions of the bacterial ribosomes.
The anionic GeU pairs have been ob-
served in tight contacts with Asp and
Asn side chains (G2304eU2312) or
with the sugar-phosphate backbone
of a nucleotide (U677¢G713) in the mi-
nor groove. In other instances, the an-
ionic pairs interact with partially
hydrated potassium or magnesium
ions, like the standard wobble pair, in
the major groove. The diversity in pair-
ing geometries in nucleic acids origi-
nates from the various combinations
of contacts between the nucleotide
base edges (Leontis et al. 2002). Both
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FIGURE 5. (A) The fold of the three-way junction with the anionic G1099¢U1086 pair with, in
purple, the contacts between G1108 and the 5'-phosphate of U1095 forcing G1094 to bulge
out. (B) Elements of the secondary structure of the three-way junction. The right-angle arrows
indicate the coaxial stacking between the helices in the three-way junction. (C) The anionic
G10992U1086 pair with a hydrated Mg?®* ion (green sphere) with its hydration sphere (red
spheres) and a direct contact with an anionic phosphate oxygen of U1085. The distances to
the Mg2+ jon are between 1.9 Aand 2.1 A, except the one to the 06(G1099). Drawings based
on E. coli (PDB 8B0X, Fromm et al. 2023).
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FIGURE 6. (A) The anionic G2304eU2312 pair in the 23S rRNA and its contacts with two con-
served residues of protein uL5. (B) The drawing illustrates how the capping loop following the
anionic pair (in purple) is buried within uL5. Drawings based on E. coli (PDB 8B0X, Fromm et al.
2023). Please note that in 8BOX that pair is numbered G23080U2316 (see Table 1).

FIGURE 7. Views of the cryo-EM maps around some anionic pairs based on the E. coli ribo-
some structure (7KOO, Watson et al. 2020). (A) Map around the anionic G2304eU2312 pair in
the 23S rRNA and its contacts with two conserved residues of protein uL5, N37, and D153.
The nature of the amino acid side chain atoms in contact with G2304 and U2312 cannot be
ascertained at this stage. The distance between the nitrogen atom of N37 and one of the ox-
ygen atoms of D153 is 3.4 A. Note also that the density for the carboxylate group is weak,
which could be due to radiation damage (Marques et al. 2019). (B) Map around the anionic
U677¢G713 pair and A777 in the 16S rRNA. (C) Map around the anionic G664¢G741 in
E. coli. The water molecules bound to O4(G741) are above and below the plane of the base.

was extended to other ribosome struc-
tures manually and then after a search us-
ing FR3D (Petrov et al. 2011). The P-tRNA
diagrams for the secondary structures are
from Cannone et al. (2002). The drawings
were made using PyMOL (The PyMOL
Molecular ~ Graphics  System, version
1.2r3pre, Schrédinger, LLC.). For the con-
servation of nucleotides in the 16S rRNA,
we used the alignment present in the sup-
plemental material of Hosseini et al.

MRNA 5’ §2

u1osso(51099f

we use the description of base pairs by
Leontis and Westhof (2001) with the ge-
neric =" for G=C pairs, "-" for A-U pairs,
and “e" for wobble GeU pairs or other bas-
es interacting through their Watson-Crick
edges. We use in the text the numbering
of 7K00 (Watson et al. 2020); in Table 1
the nucleotide correspondences for the
other PDB files are indicated.

won

SUPPLEMENTAL MATERIAL

Supplemental material is available for this
article.
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FIGURE 8. Two views of the molecular environment around the anionic pairs and their prox-
imity within the ribosome structure. The guanines are colored red and shown as van der Waals
spheres with the uracils colored in cyan. (A) The A-tRNA and P-tRNA bound to the mRNA (with
van der Waals spheres at the right) are shown. The protein uL5 in the 23S rRNA is colored
green. (B) The backbone of the whole 16S rRNA is superimposed (with the same color
code). The drawings are from 7K00 (Watson et al. 2020).
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