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ABSTRACT

Along with nucleobase pairing, base-base stack-
ing interactions are one of the two main types
of strong non-covalent interactions that define the
unique secondary and tertiary structure of RNA. In
this paper we studied two subfamilies of nucleobase-
inserted stacking structures: (i) with any base in-
tercalated between neighboring nucleotide residues
(base-intercalated element, BIE, i + 1); (ii) with any
base wedged into a hydrophobic cavity formed by
heterocyclic bases of two nucleotides which are one
nucleotide apart in sequence (base-wedged element,
BWE, i + 2). We have exploited the growing database
of natively folded RNA structures in Protein Data
Bank to analyze the distribution and structural role of
these motifs in RNA. We found that these structural
elements initially found in yeast tRNAPhe are quite
widespread among the tertiary structures of various
RNAs. These motifs perform diverse roles in RNA
3D structure formation and its maintenance. They
contribute to the folding of RNA bulges and loops
and participate in long-range interactions of single-
stranded stretches within RNA macromolecules. Fur-
thermore, both base-intercalated and base-wedged
motifs participate directly or indirectly in the forma-
tion of RNA functional centers, which interact with
various ligands, antibiotics and proteins.

INTRODUCTION

The unique macromolecular structure of RNA is deter-
mined by several types of contacts that include: (a) stack-
ing interactions between the bases of nucleotide residues
along with nucleobase hydrogen bonding, (b) ‘magnesium
bridges’ between phosphate groups and (c) RNA–protein
interactions (1,2). Stacking interactions are usually estab-
lished between the consecutive bases. However, as deter-

mined by Holbrook et al. (3,4) about forty years ago, a
base of a single-stranded RNA can intercalate or wedge
between the two adjacent residues of another element of
the same chain. The object of their study was yeast pheny-
lalanyl tRNA (tRNAPhe), the only RNA with the crystal
structure established at that time. The authors described
the geometry of these RNA elements in detail, emphasized
their important role in folding the loop segments of the sec-
ondary structure of tRNAPhe and suggested that such base-
intercalated structures may occur in other RNAs. We be-
lieve that the results presented in our work fully support
this hypothesis. However, despite the fact that the unusual
elements in the structure of tRNA were discussed in the
well-known monograph of Saenger (5), they were neglected
for many years. Only recently the observation of an abil-
ity of a base of one RNA segment to intercalate between
the bases of adjacent nucleotide residues of the same or an-
other RNA was made in the studies of ribosomal function
(6,7). For example, at a certain stage of the translocation
process, the movement of mRNA along a small subunit of
the ribosome (SSU) may be inhibited by the insertion of
one or two nucleobases of rRNA of that small subunit be-
tween the neighboring nucleotides at certain positions of the
mRNA chain (6). Another well-documented example is the
intercalation of a 3′- terminal nucleotide residue of the E-
site tRNA between the two universally conserved bases of a
large ribosomal subunit (LSU) rRNA which assists the dea-
cylated tRNA in performing a role of translational frame
maintenance (7). Inter- and, more commonly, intramolec-
ular contacts of this type were also observed within the
3D-structures of other natural and synthetic RNAs (8–17).
Therefore, these base-intercalated or base-wedged RNA el-
ements could be considered as motifs, i.e. commonly oc-
curring ’well-defined geometric arrangements of interact-
ing nucleotides within the 3D-structure of RNA’ (15). How-
ever, the analysis of current literature available to us sug-
gested that the occurrence of these motifs have not been
thoroughly studied. Moreover, the patterns specific for these
motifs have not been systematically searched for among the
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currently available tertiary RNA structures and their classi-
fication has not been carried out.

In this paper, we demonstrate that base-intercalated and
base-wedged motifs are quite widespread as could be de-
duced from the analysis of high-resolution sets of non-
redundant RNA crystal structures. These motifs are postu-
lated to play an important role in the formation of compact
and functionally significant RNA tertiary structures.

MATERIALS AND METHODS

Terminology

Base-Intercalated or Base-Wedged Elements (BIE or BWE)
are sets of three nucleotides Ni, Nj, Nk such that

1. Ni and Nk belong to the same RNA chain;
2. k = i + 1 (BIE) or k = i + 2 and j �= i + 1(BWE);
3. There are base stacking (Ni, Nj) and (Nj, Nk).

BIE or BWE are called intramolecular if Ni and Nj belong
to the same RNA chain and intermolecular otherwise.

Description of RNA secondary structure elements, i.e.
stems and loops of different types, follows the generaliza-
tion of the Nearest Neighbor Model (NNM, (18)) described
in (19). Here, we declare and below we use the following in-
formal definitions:

A stem is a sequence of at least two consecutive Watson–
Crick or Wobble base-pairs. A loop is a set of non-paired
regions confined by a stem. Each loop is assigned to one of
the following types: hairpin (H), bulge (B), internal loop (I),
or multiple junction (J). In addition, each loop is classified
in relation to pseudoknots. A loop is called pseudoknotted
(P) if it is involved in a pseudoknot, isolated (I) if it is adja-
cent to a pseudoknot and classical (C) otherwise. In total,
we identified 12 different kinds of loops.

For formal definitions please see (19) or http://urs.lpm.
org.ru/struct.py?where=3#def.

Each pair of nucleotides in a BIE or BWE is classified by
its relative location in terms of RNA secondary structure
(unpublished work) for three classes:

1. Same (SM) – the nucleotides belong to the same stem or
loop;

2. Local (LC) – the nucleotides belong to a stem and its
adjacent loop;

3. Long-range (LR) – the nucleotides belong to two distant
secondary structure elements.

Data

We used the URSDB database (19) as a source of experi-
mentally determined RNA structures from the Protein Data
Bank (PDB) (20), with RNA secondary structure annota-
tions. A search for BIEs and BWEs was conducted among
4551 PDB-entries (the whole URSDB set as of October
2019). Base-stacking interactions were annotated with the
DSSR program from the X3DNA toolkit (21). The search
resulted in about 55 000 BIEs and BWEs. The representa-
tive set of RNA structures (22) (version 3.96 with resolu-
tion cutoff 3.5 Å) has been used for the analysis. Full repeats
(e.g. among different models of an NMR entry) and repeats

among identical copies of an RNA molecule within a PDB-
entry have been removed. Within the process of full repeats
removal, the motifs of the better resolution were chosen.

Each BIE and BWE in the datasets was described by the
following features (see also column descriptions in readme
tab of Supplementary Table S1):

1. PDB-entry (e.g. 6hcj);
2. k (i + 1 or i + 2);
3. intramolecular/intermolecular;
4. Ni, Nj, Nk identifiers in DSSR format (‘C.B.N’ where C

= chain, B = base, N = index within the RNA chain);
5. Ni, Nj, Nk bases (e.g. A–U–A);
6. Ni, Nj, Nk secondary structure elements (e.g. ‘S-IC-

IC’ for ‘stem’-’classical internal loop’-’classical internal
loop’);

7. Ni, Nj, Nk pairwise relative locations ij, jk, ik (e.g. ‘LC-
SM-LC’ for ‘local-same-local’);

8. Ni RNA molecule type and organism source;
9. (Ni, Nj) and (Nj, Nk) base-stacking interactions param-

eters (21):
a) base-stacking area (in squared angstroms) of the

overlapped polygon defined by the two bases (both
including and excluding exocyclic atoms);

b) the relative direction of the corresponding bases
(each base is assigned with the plus (p) and minus
(m) faces so there can be four possible categories -
pm, mp, pp, mm, see (21));

c) the minimum distance between atoms of the corre-
sponding bases;

d) the angle between the planes of the corresponding
bases.

10. Types of base-phosphate interactions that involve Nj
(23) (if any).

11. Type of O4′-base stacking interaction that involves Nj
(24) (if any).

The final dataset (nrRNA 3.5 dataset, see Supplemen-
tary Table S1) included only elements with minimum dis-
tances ≤4.0 Å and angles ≤30◦ between stacked bases and
consisted of 1466 base-intercalated and base-wedged ele-
ments from 241 PDB-entries. For some analyses, we also
used the dataset with the resolution cutoff 3.0 Å containing
822 base-intercalated and base-wedged elements (nrRNA
3.0 dataset).

RESULTS AND DISCUSSION

Types and some features of BIEs and BWEs

We studied two subfamilies of nucleobase-inserted struc-
tures: (i) with any base intercalated between neighboring
nucleotide residues (base-intercalated element, BIE, i + 1);
(ii) with any base wedged into a hydrophobic cavity formed
by heterocyclic bases of two nucleotides which are one nu-
cleotide apart in sequence (base-wedged element, BWE, i +
2). Quite frequently these structural elements are combined
and may be attributed to zipper-like structures (BIE-ZIP or
BWE-ZIP) within 3D-structure of RNA. Collectively they
constitute a rather diverse family of motifs, formed as a re-
sult of a common phenomenon: i.e. the insertion of one
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nucleobase between two others which are neighbors in any
RNA polynucleotide chain.

The diversity of the major types of BIE and BWE is
shown schematically in Figure 1B.

The BIE subfamily accounts for 76% of all elements
found in the database. The remaining 24% are represented
by BWEs. About half of all structural elements described in
this work consist only of purine nucleotides, and the interca-
lator most often is adenine (Figure 2). Modified nucleotides
in both subfamilies account for ∼2%.

As stated above, BIEs are located only in various RNA
loops. However, the mechanism of BIE formation is quite
comparable to the mechanism of the intercalation of aro-
matic dyes and side chains of amino acids into double-
helical DNA and RNA (see (5), for review). It is accom-
panied by separation of neighboring base planes to al-
low the intercalation of the incoming base together with
a corresponding change in the conformation of the sugar-
phosphate backbone. In the case of BWEs, the integrating
base expels the central nucleotide residue from an RNA
trinucleotide segment. Such ‘extruded’ nucleotide may fur-
ther engage in interactions with proteins or in tertiary con-
tacts with other RNA regions. Even if a BWE was located
on or close to the RNA molecule surface, the extruded nu-
cleotide was shielded by either proteins or RNA–RNA in-
teractions.

The formation of both BIE and BWE leads to a much
closer contact between the RNA sites distant in sequence
than in the case of other motifs performing the same func-
tion, namely, A-minor interactions, kissing loops and pseu-
doknots.

Also, it is important that the intercalating base retains
the ability to participate in various interactions. In partic-
ular, appropriate donor groups of intercalated or wedged
bases form hydrogen bonds with oxygen atoms of phos-
phate groups (see columns U-Z, AA-AC in Supplementary
Table S1 and Figure 3A). Based on results of the compre-
hensive analysis of base-phosphate interactions in RNA un-
dertaken by Zirbel et al. (23) we suggest that in this case
the substantial contribution to the BIE and BWE stability
is made by interaction of exocyclic amino groups of inter-
calated or wedged nucleobases with phosphate groups of
neighboring nucleotides.

Also, about a tenth of the BIEs and BWEs included in
the nrRNA 3.5 dataset are stabilized by lone pair-� (lp-�)
interactions between O4′ of the ribose of an intercalated
or wedged residue and the nucleobase ring of flanking or
neighboring nucleotides (Supplementary Table S2; Figure
3B; see also Chalwa et al. (24) for a detailed description of
this type of interactions).

In addition to stacking interactions between the interca-
lator and the flanking nucleobases the stability of BIE and
BWE is usually maintained by stacking interactions of the
latter with the adjacent nucleotide residues (see, for exam-
ple, stacked C185 and A184, Figure 3A, right). In some
cases, the flanking bases are paired with short trinucleotide
segments of the same RNA and form so-called ‘helical’ BIE
and BWE. In most but not all considered cases the values of
B-factor of intercalator and flanking nucleotides reflecting
their mobility in the analyzed structures are almost identi-
cal.

Base-intercalated elements formed by bis-(3′–5′)-cyclic
dimeric guanosine monophosphate (c-di-GMP, secondary
messenger controlling multiple cellular processes) forms
with c-di-GMP-specific riboswitches are radically different
from all the BIEs considered in this paper. In this particular
case the flanking nucleotides belong to c-di-GMP, although
in the c-di-GMP binding pocket �G- and �G-bases are also
fixed by stacking interactions with the bases of the target
RNA (25) (Supplementary Figure S1).

Selected examples of research

Short-range and long-range BIE and BWE. BIEs and
BWEs taken altogether may be roughly divided into two
groups: (i) formed by interaction of closely located nu-
cleotide residues (short-range BIE and BWE); (ii) formed
by interaction of residues that are not adjacent in the sec-
ondary structure of RNA (long-range BIE and BWE). The
formation of quite common short-range BIEs with an in-
tercalating base originating from the immediate neighbor
of one of the BIE flanking residues allows this particular
single-stranded stretch to fold into a rather compact struc-
ture or to participate in base-base paring with other RNA
segments (Supplementary Figure S2).

Specifically, Figure 4 shows participation of two BIEs
combined into a BIE-ZIP in compact folding of the three-
way junction in the 3D structure of bacterial 5S ribosomal
RNA. This BIE-ZIP is formed by two nucleotide residues of
the helix II, one of which protrudes from this helix, and by
two other nucleotide residues located within 3–4 nucleotide-
long single-stranded elements of loop A, which connects he-
lices II and V. Loop A of 5S rRNA inside the ribosome is
coiled into a very complex 3D structure and BIE-ZIP takes
part in this folding (26).

A representative example showing the participation of
both short-range and long-range BIEs in the folding of the
3′-major domain of the E. coli 16S rRNA is shown in Figure
5. The BIEs A1318-A978-A1319 and A1362-G976-A1363
(E. coli base numbering) deserve particular attention. They
participate in the folding of three remote parts of the 16S
rRNA, i.e. two hairpin loops and one inner loop. At the
same time, since the intercalating nucleotides in these mo-
tifs are separated by only one inner loop residue, all three
loops are combined in one single ensemble. Ribosomal pro-
tein S14 is located in the immediate vicinity of this ensem-
ble and together with several other SSU proteins and 16S
rRNA segments forms a functionally important part of the
head of the 30S subunit (28,29). These contacts, as well as
many other 3D interactions in ribosomes, are conservative
(see, for example, Figure 1 in (30)). Moreover, it was re-
cently found that the tertiary structure of the 16S rRNA
loop 1315–1322 shown in Figure 5 is almost identical to
that of the BIE-containing segment of RNA of sweet clover
necrotic mosaic virus (31).

In search of the ligands that control the function of FMN
riboswitches, Howe et al. (32) devised an RNA aptamer
consisting of two polynucleotide segments. We determined
that these polynucleotides are connected via three BIEs and
one BWE alongside with numerous classic Watson-Crick
pairs (Supplementary Figure S3). In this case, two inter-
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Figure 1. Overview of base-intercalated and base-wedged element structure. (A) The tertiary structure of representatives of BIE (PDB ID: 1Y27) and BWE
(PDB ID: 7MSF) subfamilies. (B) Schematic representation of major types of BIEs and BWEs in RNA 3D structure. Yellow sticks represent intercalated
or wedged bases; black sticks represent flanking and expelled bases; ribose-phosphate backbones are shown with thin red lines.

Figure 2. Percentage of nucleobases that form flanking and intercalated (wedged) residues in BIE and BWE.

calating bases belong to one polynucleotide chain and the
other two originate from another chain.

Formation of BIE and BWE in RNA–protein complexes.
The vast majority of motifs analyzed in this work is rele-
vant to three-dimensional structures of RNA-protein com-
plexes rather than free RNAs. For tRNA, there is a unique
opportunity to trace the influence of proteins on the forma-
tion of BIE and BWE in the 3D RNA structure. Indeed, of
all the available data in the nrRNA 3.5 dataset only in the
case of tRNA the 3D structures of free RNA and its com-
plexes with proteins can be directly compared. Our analy-
sis shows that base-intercalated and base-wedged structural
elements from the canonical set found in the pioneering
work by Holbrook et al. (Supplementary Figure S4) (3,4)

exist in many tRNAs in whole regardless of their specificity
and source (Supplementary Table S1). However, in tertiary
structures of many complexes of tRNAs with aminoacyl-
tRNA synthetases and tRNA modifying enzymes this set
is not fully represented (Supplementary Table S1). This is
caused by changes in the conformation of certain segments
of tRNA molecule, which are induced by these proteins.
A notable exception is the complex of yeast tRNAArg with
specific aminoacyl-tRNA synthetase (33). In this complex,
in addition to the canonical set of BIEs and BWE (cir-
cles A and B in Supplementary Figure S5), the protein-
induced BIE C31-A37-C32 forms in tRNA anticodon loop
(PDB ID: 1F7U) (circle C, Supplementary Figure S5). The
conformation of this protein-induced BIE changes to the
canonical form when the tRNA anticodon loop is involved
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Figure 3. (A) Nucleobase-phosphate interactions that stabilize BIE (left; PDB ID: 3J79) and BWE (middle; PDB ID: 4M4O; right; PDB ID: 1MFQ)
structure. (B) Stabilization of the BIE and BWE structures by lone pair-� ribose-base stacking interactions: (left) The O4′ atom of the ribose of the
flanking nucleotide interacts with the base plane of the wedged nucleotide (PDB ID: 3J79), (right) Stacking interactions between the ribose residue of the
intercalator and the base of neighboring nucleotide (PDB ID: 6AZ1).

Figure 4. Crystal structure of E. coli 5S rRNA (PDB ID: 5MDV) and sec-
ondary structure of its loop A containing segment. Nucleobases and sugar-
phosphate backbones of BIE-ZIP are colored as in Figure 1B.

in codon-anticodon interactions (Figure 6A, right). Collec-
tively, these results point to the plasticity of both BIEs and
BWEs as well as the structural elements of RNA in which
they are embedded.

In the case of tRNAs, we have not found the evidence of
direct contacts between proteins and RNA segments con-
taining BIEs and BWEs. At the same time, we noticed that

base-intercalated and base-wedged elements of many other
RNAs directly interact with proteins. Figure 6B illustrates
an example of such interaction. In addition to stabilization
of the folding of its loops, BWE A5-A18-A7 binds directly
to the surface of thrombin in a short synthetic RNA ap-
tamer. In this case, amino acid residues of the protein in-
teract with both extruded and flanking nucleotides of the
element.

Direct and indirect participation of BIE and BWE in the orga-
nization of RNA functional sites. The nucleotide residues
that form one of the two conservative base-intercalated ele-
ments in tRNA structure participate in the maintenance of
a functionally important tRNA-elbow structural motif. In
yeast tRNAPhe this motif consists of two BIEs (G18-G57-
G19 and G57-G18-m1A58), which are combined into the
BIE-ZIP element (Supplementary Figure S4). The interca-
lation of guanine base 18 between the bases G57 and m1A58
is followed by functionally important hydrogen-bonding of
G18 with �55 (U55 in some other tRNAs). In addition,
this BIE-ZIP stabilizes the G19–C56 base pair (the key ele-
ment of tRNA elbow) located at its tip. Collectively, these el-
bow structural motifs enable the direct interaction of tRNA
with the ribosome, as well as binding with some aminoacyl-
tRNA synthetases and with numerous tRNA-maturating
enzymes (see (11), for review).

There are 15 different ribozymes in the nrRNA 3.5
dataset containing from one to eight BIEs in the 3D struc-
ture, 117 in total. Most of these elements are structure-
forming. However, in few cases, they take part in the or-
ganization of catalytic centers of RNA enzymes. As an ex-
ample, the fragment of the Oceanobacillus iheyensis group
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Figure 5. Location of four BIEs in the secondary structure of the segment of the 3′-major domain of the E. coli 16S rRNA (PDB ID: 5J7L). For simplicity,
a canonical secondary structure (27) was used in this Figure instead of a tertiary rRNA structure. Nucleobases and sugar-phosphate backbones in BIEs
of RNA structures are colored as in Figure 1B.

Figure 6. (A) Secondary (left) and tertiary (middle) structure of the anticodon loop of yeast tRNAArg in the complex with yeast arginyl-tRNA synthetase
(PDB ID:1F7U) and with the P-site of yeast ribosomes (mRNA codon is not shown) (PDB ID: 6T4G; right). (B) BWE interactions with amino acid
residues located on the surface of thrombin in the complex with specific RNA aptamer (PDB ID: 3DD2).
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Figure 7. BIEs and BWEs of Oi5eD1–5 ribozyme and their location in the ribozyme crystal structure (PDB ID: 4FAW). Note that RNA crystals were
obtained in the presence of potassium and magnesium ions. Nucleobases and sugar-phosphate backbones in BIEs and BWE of RNA structures are colored
as in Figure 1B; oligonucleotide fragment hydrolyzed with ribozyme is colored in green.

II intron is a ribozyme with a high-resolution 3D structure
studied in detail in (34–36). We determined that out of five
BIEs identified in this RNA (Figure 7), two are located close
to the ribozyme active center although they do not come
into direct contact with it. The helical-like element BIE-
BWE-ZIP A105-C261-G107-A260 (circle A, Figure 7) is of
particular interest because it is included in the ’Z-anchor’
loop enabling a complex multipoint contact of the I(i) part
of the DI domain of the intron with its 5′-terminal region
(34). In particular, the intercalated base of residue G107
forms a wobble pair with the intron’s residue U4, while
residues A260 and C261 form base pairs with residues G5
and G3, respectively. In addition, the guanine of residue G5
is stacked with A376, i.e. the key nucleotide residue in the
catalytic center of the ribozyme (36).

Just as in the case of ribozymes, the majority of 141
BIEs and BWEs found in riboswitches are involved in the
formation of the structure of single-stranded segments of
RNA, as well as in the long-range interactions between
their chains (37). Nevertheless, we identified several impor-
tant scenarios these elements being involved in the orga-
nization of ligand-binding riboswitch-specific sites. For ex-
ample, guanine-sensing 68-nucleotide long riboswitch from
Bacillus subtillis (38) contains two BIEs (PDB ID: 1Y27).
The BIE C61-A35-G62 plays a purely structural role and
participates directly in hairpin loops kissing, and conse-
quently, in the folding of the RNA macromolecule (Fig-
ure 8A). In this case, the intercalating nucleotide A35 forms
a cis-Hoogsteen/Sugar Edge base pair with A64 (accord-
ing to non-Watson-Crick base pair nomenclature (39)). The
second BIE, G72-A24-A73 participates in the formation
of the guanine-binding pocket of the riboswitch: its 3′-end
flanking residue A73 is stacked with C74, which forms the
base pair with the ligand. Thus, this BIE plays an important
role in the riboswitch function.

Structural study of another purine-sensing riboswitch ap-
tamer domain, i.e. the add adenine riboswitch from Vibrio
vulnificus (40) allowed to trace the dynamic conformational
switching in RNA upon ligand binding. The ligand-free ri-
boswitch exists in two states shown in Figure 8B.

The ligand non-binding apo1 state (PDB ID: 5SWD;
Chain B) is distinguished from the competent adenine-
binding state apo2 (PDB ID: 5SWD; Chain A) by the pres-
ence of the BIE U48-A23-U49. The intercalating nucleotide
A23 is mobile, and this BIE is eliminated during the course
of apo1 → apo2 transition. Further, after binding a lig-
and the structure of the aptamer domain apo2 undergoes
subsequent changes and transforms into the final guanine-
bound state through an intermediate state. Importantly,
BIE G72-A24-A73, which is located in the add adenine ri-
boswitch (and adjacent to the BIE discussed above), does
not change during these transitions. This very conserva-
tive BIE participates indirectly in the formation of guanine
binding pocket of purine-sensing riboswitches (41). Here,
we encounter a remarkable example of the pronounced
conformational mobility of a nucleobase intercalated be-
tween two nucleotide residues which is involved in RNA
function.

Base-wedged elements play key roles in organizing the
binding sites of fluorophores with fluorogenic RNA ap-
tamers. In the case of the homo dimeric Corn aptamer
(42), the BWEs A10-G13-G12 and A21-G23-G22 are in-
cluded in quadruplexes and occupy their opposite ‘an-
gles’ with their flanking nucleotides directly interacting
with the fluorophore (Figure 9, see also Figure 1C in
(42)). In another fluorogenic RNA aptamer, iSpinach (43),
the BIE G14-U47-G15 is also involved in the forma-
tion of the quadruplex structure of the fluorophore bind-
ing site but does not interact with the fluorogenic dye
directly.
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Figure 8. BIEs in purine-sensing riboswitches. (A) Participation of BIE G72-A24-A73 in the organization of the ligand-binding site of guanine - sensing
riboswitch and location of BIEs in the crystal structure of riboswitch fragment (PDB ID: 1Y27). (B) Structure of the segments of add adenine riboswitch
in apo1 and apo2 states. Structures were extracted from the crystal structure of the 71-nucleotide long aptamer domain of this RNA (PDB ID: 5SWD).
Nucleobases and sugar-phosphate backbones in BIEs of RNA structures are colored as in Figure 1B.

Figure 9. BWEs in two identical subunits of fluorogenic RNA (PDB ID:
5BJO). The 3′- end flanking and intercalating nucleotides of BWEs to-
gether with the G-residues with which they are paired are part of G-
quartets. Two other BWEs (not shown) are located in the opposite cor-
ners of the G-quartets (see text for details). Fluorophore (3,5-difluoro-4-
hydroxybenzylidene-imidazolinone-2-oxime, DFHO) is colored green.

Base-intercalated and base-wedged elements and ribosome
functioning. It is known that ribosomal RNA is not only
the most important structural component, but also the key
functional component of the ribosome. The largest number
of BIEs and BWEs which we identified by database mining
are contained within the RNA of small and large ribosomal
subunits. In accordance with the pronounced conservatism
of the primary and secondary structures of rRNA, most of
BIEs and BWEs are also conserved in the rRNA tertiary

Figure 10. Location of functionally important BIE-ZIP and BWE in co-
called ‘peptidyl transferase circle’ (46) of E. coli 23S rRNA (PDB ID:
5AFI). Note that nucleotide residue A2060 expelled from A2059–G2061
segment with m2A2503 is stacked with G2502. The O4′ atom of ribose
of G2061 which is involved in lone pair-� interactions with m2A2503 is
shown as red circle.
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Figure 11. Structure of the ‘pocket’ in 23S rRNA for temporary binding the 3′-end residue of E-site tRNA in tRNA bound (A) and empty state (B), (PDB
IDs: 4V90 and 4Y4O, correspondingly).

structures. Variable presence or absence of certain BIEs or
BWEs in rRNA isolated from various organisms may be
explained with differences in the rRNA size and composi-
tion as well as crystallization conditions. BIEs and BWEs
are irregularly distributed within the secondary structure of
rRNA. Almost half of these motifs are located in the 3′-
terminal major and minor domains of small ribosomal sub-
unit rRNAs. In large ribosomal subunit rRNAs BIEs and
BWEs are converged mainly in Domain I, at the 5′-end of
Domain II, and in Domain V. In the latter case most of them
are located close to the peptidyl transferase center (PTC)
and the nascent peptide exit tunnel (NPET) of the ribosome.

It is important that the formation and conformational re-
tention of a number of BIEs and BWEs in rRNA is directly
related to antibiotic resistance gained by bacteria as a re-
sult of rRNA nucleobase mutations or modifications. For
example, the replacement of the 5′-end flanking C residue in
the C1052-C1200-G1053 BIE by G in the E. coli 16S rRNA
confers resistance to negamycine (44). Mutations of G2447,
i.e. the key component of 23S rRNA BIEs (Figure 10) cause
resistance to anisomycin and several other antibiotics (45–
47). These mutations lead to noticeable alterations in rRNA
conformation both in and out of the PTC (46).

The adenine base of the conservative nucleotide
m2A2503 of 23S-like rRNA intercalates between residues
A2059 and G2061 (Figure 10) and participates in the
formation of NPET walls of the ribosome. Hydrophobic
C2- methyl group is likely to substantially increase the
stability of this BIE. N6-methyl group of m6A2030, which
intercalates between G570 and U572 in 23S rRNA of E.
coli ribosomes, also increases the stability of the corre-
sponding element (48,49). It is worth noting, however, that
residues m2A2503 and G2061 form a stable contact not
only due to nucleobase stacking but also due to previously
described lone pair-� interactions between O4′ of the
ribose of G2061 residue and the aromatic ring of m2A2503.
Interestingly, the nucleotide A2060, which is ‘extruded’
from the combination A2059-m2A2053-G2061 ends up
stacked with nucleotide G2502 and consequently plays an
additional role in the organization of the inner surface of
ribosomal NPET. The structure of this pentanucleotide
ensemble is very conservative (Supplementary Figure S6).

Residue m2A2503 acquires its C2-methyl group through
constitutive methylation during the assembly of bacterial
ribosomes. In addition to C2-methylation, this residue may
undergo selective methylation at the C8-position, which
is catalyzed by Cfr methyltransferase (50). The unique
chemical modification of adenine residue confers bacterial
resistance to a wide range of antibiotics from various
groups that bind to PTC and adjoin in the upper part of
NPET (51). However, the functional role of m2A2503,
which intercalates between A2059 and G2061, is not
limited to direct and indirect interaction with antibiotics:
m2A2503 is a member of the allosteric signal transmission
pathway linking the inner regions of NPET with PTC
(52,53). Therefore, mutations of m2A2503 itself (54) and of
flanking nucleotide residues (55) in this BWE drastically
affect the ribosome functions.

As mentioned above, the LSU rRNA forms a pocket in
the E-site of the ribosome into which an adenine base of the
3′-terminal residue of the deacylated tRNA intercalates (7)
(Figure 11). This pocket is organized by two neighboring
nucleotide residues and stabilized both by hydrogen bonds
with a trinucleotide segment of the same rRNA (i.e. this
base-intercalating element belongs to the BIE-‘helical’ type)
and by stacking interactions with neighboring nucleotides.
Intercalator leaves the pocket when the elongation factor
II modulates a strong conformational change of the LSU
and dissociation of tRNA from the ribosome. On the other
hand, the C2394G mutation in this ensemble prevents inter-
calation of the 3′-terminal tRNA residue to the pocket and
allosterically affects the activity of the elongation factor II
which is located 70–100 angstroms away (56). It is remark-
able that rRNA pocket structure remains unchanged and
can be detected in tRNA-free ribosomes (compare e.g. PDB
IDs 4V90 and 4Y4O). This particular example is unique
among the cases that we analyzed so far. However, it is likely
that other RNAs, which specifically bind ligands containing
nucleotide residues, also carry pre-formed pockets for inter-
calators.

The functional importance of BIE formation can be dis-
cerned even more clearly in the case of 16S rRNA nucle-
obases intercalating into the mRNA polynucleotide chain
(6,57). We found that the Thermus thermophilus 16S rRNA
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Figure 12. Interaction of mRNA with 16S rRNA nucleotide A1503 in
pe*/E state of translating ribosome (PDB ID: 4V9L). The segment of
the secondary structure of 16S rRNA and the connection of two BIEs
are shown. mRNA chain is colored red, nucleobases and sugar-phosphate
backbones in BIEs of RNA structures are colored as in Figure 1B.

nucleotide residue A1503 adopts a conformation optimal
for intercalation between the –1 and –2 residues of a syn-
thetic mRNA in association with C1501-G1504-A1502 BIE
(Figure 12)

In order to allow the movement of mRNA from the inter-
mediate state to the classical E-state, the intercalator must
leave the BIE. Comparing the conformation of A1503 in
the classical and intermediate states, we can conclude that
this occurs due to changes in the conformation of the sugar-
phosphate group that connects A1503 with G1504. This en-
semble is conservative (Supplementary Figure S7), which
indicates the uniqueness of this stage of the mRNA move-
ment mechanism previously described only for Thermus
thermophilus (6).

Thus, the search for BIEs and BWEs in ribosomal RNAs
allows to detect almost all types and functional features of
these elements found in other RNA. Moreover, it shows
that the participation of BIEs and BWEs in the ribosome
functioning is directly related to their mobility. We are con-
fident that the rapid development of high-resolution cryo-
genic electronic microscopy of various RNA-containing
molecules, supramolecular structures and organelles will
greatly expand repertoire as well as structural and func-
tional role of base-intercalated and base-wedged elements.
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