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ABSTRACT

When thinking about RNA three-dimensional structures, coming across GNRA and UNCG tetraloops is perceived as a boon since
their folds have been extensively described. Nevertheless, analyzing loop conformations within RNA and RNP structures led us
to uncover several instances of GNRA and UNCG loops that do not fold as expected. We noticed that when a GNRA does not
assume its “natural” fold, it adopts the one we typically associate with a UNCG sequence. The same folding interconversion
may occur for loops with UNCG sequences, for instance within tRNA anticodon loops. Hence, we show that some structured
tetranucleotide sequences starting with G or U can adopt either of these folds. The underlying structural basis that defines
these two fold types is the mutually exclusive stacking of a backbone oxygen on either the first (in GNRA) or the last
nucleobase (in UNCG), generating an oxygen–π contact. We thereby propose to refrain from using sequences to distinguish
between loop conformations. Instead, we suggest using descriptors such as U-turn (for “GNRA-type” folds) and a newly
described Z-turn (for “UNCG-type” folds). Because tetraloops adopt for the largest part only two (inter)convertible turns, we
are better able to interpret from a structural perspective loop interchangeability occurring in ribosomes and viral RNA. In this
respect, we propose a general view on the inclination for a given sequence to adopt (or not) a specific fold. We also suggest
how long-noncoding RNAs may adopt discrete but transient structures, which are therefore hard to predict.
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INTRODUCTION

RNA architecture is modular and hierarchical, which implies
that secondary structural elements such as double stranded
helices, hairpins, and single-stranded loops are linked by ter-
tiary interactions that guide the assembly process (Hendrix
et al. 2005; Cruz and Westhof 2009; Butcher and Pyle
2011). The majority of hairpin stems are capped by GNRA
or UNCG tetranucleotide sequences—where N is any base
and R is a purine (Cheong et al. 2015; Hall 2015). These
tetranucleotide loops adopt distinctive folds that involve ex-
tensive and well-described networks of hydrogen bonds and
stacking interactions (Cheong et al. 1990; Heus and Pardi
1991; Allain and Varani 1995; Jucker and Pardi 1995a;
Jucker et al. 1996; Ennifar et al. 2000; Correll and Swinger
2003; Nozinovic et al. 2010). For GNRA and UNCG loops,
it is generally assumed that the sequence commands a unique
fold. Hence, upon considering sequence alignments and sec-
ondary structures of RNA families for which no 3D structures
are available, we presume that we understand how these tet-
raloops fold.

Here, we present structural evidence that challenges these
expectations by identifying GNRA sequences that adopt a
UNCG fold and vice versa, both in tetraloops closed by a
Watson–Crick base pair and in tetraloop-like motifs embed-
ded in larger ribosomal and tRNA loops (Auffinger and
Westhof 2001). Although this loop dimorphism remains
rare within the pool of RNAs for which we currently possess
3D data, it led us to question some basic assumptions we
make about RNA folding and structure prediction.
To better characterize these interconversions, we propose a

more general structure-based tetraloop and tetraloop-like
identification scheme that involves on one side the classical
and well-described U-turn (Gutell et al. 2000) and, on the
other, a newly defined “Z-turn,” which is based on the
UNCG tetraloop fold and the Z-RNA CpG step it encom-
passes (D’Ascenzo et al. 2016). We establish that these two
turns and variants thereof are key to the tetraloop and tetra-
loop-like folding landscape, but also to most turns in RNAs.
A typical and infrequent tetranucleotide fold that does not
conform to these rules will be described in more detail else-
where. Here, before pursuing, we need first to (re)define
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U-turns and Z-turns as they appear in structured tetranucleo-
tide folds within hairpins (see also Materials and Methods).

U-turn and USH-turn signatures

A U-turn is a tetranucleotide motif that was first identified in
tRNA anticodon and T-loops (Quigley and Rich 1976; Gutell
et al. 2000; Auffinger and Westhof 2001; Klosterman et al.
2004) and has since been characterized in a large variety of
structural motifs starting with a uridine or a pseudouridine.
In that respect, U-turns were sometimes called uridine-turns
or π-turns (Kim and Sussman 1976; Jucker and Pardi 1995a).
U-turns were also associated with “G-starting”motifs such as
GNRA tetraloops (Fig. 1A), or more recently in tetranucleo-
tide motifs involving a protonated cytosine like a uC+UAAu
loop (Gottstein-Schmidtke et al. 2014). In short, a U-turn
involves a hydrogen bond between the first nucleobase—
with a U/G/C+ imino or amino nitrogen atom—and an OP
atom of the fourth nucleotide. This base–phosphate hydro-
gen bond is of the “5/4/3BPh” type according to a recent
classification (Zirbel et al. 2009). It ensues that the 1–4 G•A
trans-Sugar/Watson–Crick pair (t–SW) occurring in GNRA
loops should not be considered as a U-turn determinant al-
though it is essential for interactions with GNRA receptors
(Fiore and Nesbitt 2013).

As an important outcome, the characteristic 1–4 nucleo-
base–phosphate (or nucleobase–OP) hydrogen bond impos-
es the formation of an oxygen–π or phosphate–π stacking
contact between the first nucleobase and an OP atom of
the third nucleotide. A PDB survey led to an average OP–π
stacking distance of 3.0 ± 0.2 Å, with a maximum distance
of 3.5 Å. This oxygen–π contact, which is a further character-
istic of U-turns, has rarely been described (Egli and Sarkhel
2007).

It emerges that these two features, namely the 1–4 nucleo-
base–OP hydrogen bond and the OP–π stacking contacts, are
sufficient to unambiguously characterize a U-turn. The latter
criterion allows us also to distinguish between regular and par-
tially degenerated or unfolded U-turns, which correspond to
loops with no oxygen–π stacking contact and are most often
found at RNA–protein interfaces. However, such occurrences
are rare (see the following section).

A U-turn variant has been identified for UNAC sequences
(Fig. 1B). These loops were found to mimic GNRA tetraloops
since their backbone conformations are similar (Zhao et al.
2012). The 1–4 interaction involves a U•C trans-Sugar/
Hoogsteen (t-SH) pair instead of a hydrogen bond involving
the OP atom of the fourth nucleotide as in more typical U-
turns. Yet, in the examples we collected, the OP–π contact
between the first nucleobase and an OP atom of the third nu-
cleotide is conserved. In the following, we call this U-turn
variant a “USH-turn” because of the consistent presence of
a 1–4 t–SH pair.

Note that the cGANCg tetraloop in group IIC introns has
a backbone that is similar to that of a U-turn and a 1–4 G•A

t–SW pair (Keating et al. 2008). Although rare, these GANC
loops are examples of structured tetraloops with no oxygen–π
contact. For all U-turns, it is important to note that the last
three nucleobases are stacked in a manner that their exposed
Watson–Crick edges can establish specific tertiary contacts
such as, for example, within anticodon–codon associations
or with cognate receptors (Fiore and Nesbitt 2013; Tanaka
et al. 2013).

Z-turn and Zanti-turn signatures

UNCG tetraloops are not based on a U-turn but on a newly
defined “Z-turn”: they embed a trans-Sugar/Watson–Crick
(t–SW) interaction between the first and fourth nucleobase,
associated with a C2′-endo pucker of the third residue, and
a syn conformation of the fourth residue. In addition, the
third and fourth ribose rings adopt an uncommon head-
to-tail orientation (Fig. 1C). This particular combination of
rare structural features is characteristic of Z–DNA/RNA mo-
tifs and implies an O4′–π stacking contact (Egli and Sarkhel
2007; D’Ascenzo et al. 2016). The 3–4 O4′–π stacking contact
in Z-turns is comparable with the 1–3 OP–π stacking contact
in U-turns. Furthermore, the average stacking distance (3.1 ±
0.2 Å) and the maximum distance (3.5 Å) are similar in both
turns. Thus, we can assume that to define a Z-turn as found
in UNCG loops, we can rely on both the 1–4 base pair essen-
tially of the t–SW type as described below, and the O4′–π
stacking contact.
Such a definition is not based on the syn conformation of

the fourth nucleotide and therefore allows us to consider rare
motifs where the O4′ stacking involves bases in anti, such as
found in some CUUG folds (Fig. 1D; Jucker and Pardi
1995b). Hence, as for U-turns, we can define two Z-turn
subcategories: the main Z-turn or Zsyn-turn—with the fourth
nucleobase in syn—and the less frequent “Zanti-turn” variant
—with the fourth nucleobase in anti. Most Zanti-turns are not
associated with a t–SW 1–4 pair but with a cis-Watson–Crick/
Watson–Crick (c-WW) pair. As such, these Zanti-turns are
also known as di-loops. Interestingly, the characteristic C2′-
endo sugar pucker of UNCG tetraloops seems to be conserved
in all Z-turn types.

U-turns and Z-turns dominate the tetranucleotide
folding landscape in RNA hairpins

In our unified definition of U-turns and Z-turns in RNA
hairpins, each turn is distinguished by the presence of
either a 1–3 or 3–4 oxygen–π contact (Egli and Sarkhel
2007). With the above-defined criteria, we searched the
PDB for occurrences of these two turns and their variants
in crystal and NMR structures, among tetranucleotide se-
quences embedded in RNA hairpin loops (Table 1). As
expected, U-turns in tetranucleotide sequences starting
with G, U, or C+ are the most frequent, followed by Z-turns
in UNCG tetraloops. USH-turns are less frequent and are
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associated with UNAC sequences. Zanti-turns are slightly
more frequent and diverse and comprise essentially CNNG
sequences. The “Uncategorized”motifs aremostly of the par-
tially unfolded U-turn type—where the 1–4 interaction is
present, but not the OP–π stacking contact. They correspond
also to folds that are too rare and/or disordered to allow for

their assignment to any clearly defined category, or to partial-
ly unfolded conformations induced by proteins. The rare
GANC tetranucleotide loop has only been identified in group
IIC introns based on structural and phylogenetic evidence
and has only been reported when bound to its cognate recep-
tor (Keating et al. 2008). Thus, our early assumption that the

FIGURE 1. Examples of a GNRA “U-turn” and a UNCG “Z-turn” along with their USH-turn and Zanti-turn variants (1–4 bp and relevant nucleo-
base–phosphate hydrogen bonds are shown in the insets). In all panels, the cyan dashed lines mark contact distances between the OP/O4′ atoms—
emphasized as yellow spheres—and the stacked nucleobase that are associated with oxygen-π contacts≤3.5 Å (seeMaterials andMethods and insets of
panels A and C). For clarity, all nonrelevant OP atoms were hidden. The C = G closing base pairs are shown in white. For all secondary structures,
symbols according to the Leontis and Westhof nomenclature were used (Leontis and Westhof 2001; Nasalean et al. 2009). (A) G2659AAA tetraloop
(chain A) adopting a classical U-turn (symbolized by a circled “U”). The first G and the phosphate of the third nucleotide involved in an OP–π contact
are marked in red as well as the oxygen atoms of the phosphate involved in the 1–4 base–phosphate hydrogen bond. The three stacked A nucleotides
are colored in wheat. (B) U253CAC tetraloop (chain 0) adopting the rare USH-turn variant (symbolized by a circled “U”). The first U and the phosphate
of the third nucleotide aremarked in red. The three stacked CAC nucleobases and part of their backbone are colored in wheat. (C) U2144CCG tetraloop
(chain B) adopting a Z-turn (symbolized by a circled “Z”). The CpG step forming a Z-RNA motif is shown in red. The two ribose O4′ atoms of the
CpG step are shown in yellow to mark the characteristic head-to-tail orientation of the sugars. The fourth nucleotide adopts a syn conformation. The
UpC step is colored in wheat. (D) C3194UUGu pentaloop (chain 1) adopting a rare Zanti-turn variant (symbolized by a circled “Z”). The UpG step
forming a Z-RNA motif, with the G adopting an anti instead of a syn conformation, is shown in red. The two ribose O4′ atoms of the CpG step
are shown in yellow to mark the characteristic head-to-tail orientation of the sugars. The CpU step is colored in wheat and the bulged “u” in blue.
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largest part of tetranucleotide folds in hairpins is based on a
U-turn or a Z-turn comprising an oxygen–π stacking contact
is supported by this survey. Consequently, we can assume
that most GNRA and UNCG tetranucleotide fold predictions
based on sequence alignments are correct (Table 1).

However, these data also indicate that some sequences ex-
pected to form a U-turn are associated with a Z-turn and vice
versa. Thus, the sequence of a tetraloop does not systemati-
cally dictate its fold. For instance, we identified a GCAAu se-
quence that adopts a Zanti-turn (Fig. 2). Further, one GUGA
sequence of the GNRA type adopting a Z-turn was observed
in an RNA–protein complex (Fig. 3A). NMR structures of
anticodon loops containing the U33NCG sequence were

found to adopt a Z-turn under specific conditions, in agree-
ment with their sequence but not with the expected antico-
don–codon binding scheme (see below). These examples
are more thoroughly described in the following sections. A
detailed report describing the structural features of tetranu-
cleotide folds will be provided elsewhere, the main purpose
of this account being to establish the interchangeability be-
tween U-turns and Z-turns.

GNRA and GNYA dimorphism

Loop dimorphism came upon us serendipitously. We found
that it deserved special attention, as we realized that it

TABLE 1. Number of U-turns, Z-turns and their variants (as defined in the text and in Fig. 1) associated with tetranucleotide sequences
involving a 1–4 nucleobase-nucleotide contact and occurring in RNA hairpin loops not longer than eight residues

Sequence U-turn USH-turn Z-turn Zanti-turn Uncategorized

GNRA
In tetraloops 1353 [416] — 2 [2] — 38 [21] a

In larger hairpins 515 [151] — 93 [20] 68 [29] 45 [29] a

GNRG
In tetraloops 47 [17] — — — —

In larger hairpins 106 [29] — — — 5 [4] a

GNNY
In tetraloops 1 [1] — — 1 [1] 4 [3] b

In larger hairpins 18 [11] — — 3 [3] 75 [29] c

GNYA
In tetraloops — — NMR (1Z30) — —

In larger hairpins 1 [1] — NMR (2EVY) — 1 [1] c

GNYG
In tetraloops — — — — —

In larger hairpins 12 [7] — — — 1 [1] c

UNCG
In tetraloops — — 147 [43] — 5 [4] a

In larger hairpins 6 [4] — NMR (1TXS) — —

UNNN (not UNCG)
In tetraloops — 46 [13] NMR (2MQT/V) — —

In larger hairpins 706 [252] — — 2 [1] 55 [24] d

C(+)AAC
In tetraloops — — — — —

In larger hairpins 57 [2] — — — —

CNNG
In tetraloops — — 6 [4] NMR (1RNG) —

In larger hairpins — — NMR (1ROQ/2L6I) 74 [52] —

CNN(notG)
In tetraloops — — — — 3 [2] a

In larger hairpins — — — — 24 [9] d

ANNN
In tetraloops — — — — 12 [6] d

In larger hairpins — — — — 111 [51] d

Total 2822 [891] 46 [13] 248 [69] 148 [86] 379 [184]

aMostly U/Z-turn-like, but with nonstandard geometry (oxygen–π stacking or hydrogen bond distances above 3.5 Å).
bGANC loops in group IIC introns.
cMostly tetraloop folds in hairpins that are not inducing turns (will be discussed elsewhere).
dMostly unstructured.
These data were derived from a survey of X-ray structures from the PDB (October 2016; resolution ≤3.0 Å). The estimated number of nonre-
dundant occurrences is given in brackets. Tetranucleotide sequences having at least one atom with a B-factor > 79 Å2 were excluded. “NMR”
in the table refers to folds for which only NMR structures are available; the corresponding PDB codes are given in parenthesis. These struc-
tures are not included in the total.
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impacted our ability to derive three-dimensional structures
from secondary structures. Upon looking at GNRA and
GNYA loops, we noted that the phylogenetically conserved
cGUGAg loop that caps helix 93 in domain V of all large
ribosomal subunits adopts the expected U-turn. However,
the same cGUGAg loop located within a 21-nt-long ribosom-
al fragment in a complex with a pseudouridine synthase
adopts an unexpected Z-turn, which is made possible
through the formation of a 1–4 G•A t–SW pair (Fig. 3A;
Czudnochowski et al. 2014). Whether the Z-turn is induced
by the pseudouridine synthase or by crystal constraints is un-
clear. However, it is tempting to speculate that some RNA
binding proteins and modification enzymes could recognize
and/or induce Z-turns in GNRA sequences.
Loop dimorphism was also observed in larger motifs

containing GNRA sequences, such as the phylogenetically
conserved 7-nt uGAAAgg loop that caps helix 35a in domain
II of large ribosomal subunits (Hsiao et al. 2006; Nasalean
et al. 2009; D’Ascenzo et al. 2016). In every X-ray and
cryo-EM structure of a ribosome available to date (including
mitochondrial ribosomes), this uGAAAgg—or uGACAgg in
Homo sapiens mitochondrial ribosomes (PDB code: 4WT8;
resolution: 3.4 Å) (Amunts et al. 2015)—adopts a Z-turn
(Fig. 3B). Although it is imaginable that this GAAA sequence
would not be folding like a regular GAAA tetraloop due to the
larger size of the loop, we would probably have had difficul-
ties in anticipating its Z-turn fold. However, to us, the most
surprising example of a GNRA Z-turn—more precisely a
Zanti-turn—is a GCAAu pentaloop observed in X-ray struc-
tures of Haloarcula marismortui large subunits where it
caps helix 12 within domain I. This GCAA Zanti-turn shares
a 1–4 t-SH G•A pair with a GNRA U-turn (see Figs. 1A, 2).
Further evidence of an exchange between U-turns and Z-

turns originates from a combination of crystallographic and

NMR data, which revealed that GNYA tetraloops—where Y
is any pyrimidine—could fold like GNRA and adopt a U-
turn since they can potentially form a 1–4 G•A t-SH pair
(Melchers et al. 2006). However, such loops are rare in
X-ray structures. Up to now, besides the uGACAg located
in the above-mentioned 4WT8 cryo-EMHomo sapiensmito-
chondrial ribosome, only one X-ray occurrence of a uGACAc
in Deinoccocus radiodurans (Fig. 3C) has been reported,
where the tetranucleotide sequence adopts a U-turn (Table
1). Yet, NMR experiments illustrated that a cGUUAg loop
(Ihle et al. 2005) and a uGCUAg loop (Melchers et al.
2006) can adopt a Z-turn rather than the anticipated U-
turn (PDB codes: 1Z30 and 2EVY).
Overall, although such dimorphism is not frequent among

structured RNAs (Table 1), it might be relevant when deriv-
ing the structures of noncoding RNA that may adopt several
transient folds in order to achieve their functions within a
large diversity of environments (Cech and Steitz 2014). It
would therefore be interesting to explore how such confor-
mational changes occur in vivo, especially since an anti to
syn conversion could not easily be fathomed without stem
unwinding.

UNCG dimorphism: U-turns or Z-turns in tRNA
anticodon loops?

It is generally well appreciated that longer loops—from
pentaloops to larger motifs—can embed tetranucleotide se-
quences that adopt U-turns (Hsiao et al. 2006). One of the
most biologically relevant systems to incorporate this fold is
the 7-nt-long tRNA anticodon loop. In the context of protein
synthesis, any U33NNN sequence will adopt a U-turn
(Auffinger and Westhof 2001) so that the three anticodon
bases are able to associate with the three complementary

FIGURE 2. G196CAAu sequence (chain 0) adopting a rare Zanti-turn variant. (A) The ApA step forming a Z-RNA motif, with the A adopting an anti
instead of a syn conformation, is shown in red. The two ribose O4′ atoms of the CpG step are shown in yellow to mark the characteristic head-to-tail
orientation of the sugars. The GpC step is colored in wheat, the bulged U in blue, and the closing base pair in white. (B) Comparison of the secondary
structures and of the associated 1–4 G•A t-SH pairs for the Zanti- and the U-turns, to emphasize their differences. See also Figure 1A for the GAAA
U-turn.
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FIGURE 3. (Legend on next page)
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bases of the codon on the messenger RNA (mRNA).
However, would a U33NCG anticodon sequence naturally
adopt that classical U-turn conformation required for trans-
lation instead of the more cogent Z-turn? Do such anticodon
loops manage to switch from U-turns to Z-turns and, if yes,
which environmental context would direct such a structural
transition or impose one over the other fold?
In that respect, it could be envisaged that nucleotide mod-

ifications play a role in facilitating or preventing U33NCG an-
ticodon loops from adopting a Z-turn. NMR experiments
were performed on four variants of tRNAArg1,2 stem–loops
possessing a U33ACG sequence and containing diverse com-
binations of RNA modifications such as A34/I and C32/S

2C—
PDB codes: 2KRP/Q/V/W (Cantara et al. 2012). This study
revealed that all modified and nonmodified anticodon loops
adopt a Z-turn, although the absence of a natural m2A37 post-
transcriptional modification could have biased the outcome.
In any case, it seems fair to state that the extent of nucleotide
modifications modulates the conformational plasticity of the
tRNAArg1,2 anticodon loop in order to secure the essential U-
turn conformation (Sundaram et al. 2000). However, in its
unmodified state, the loop could also adopt a Z-turn and
be recognized by specific proteins, as in the above-mentioned
4LGT pseudouridine synthase complex (Fig. 3A).
To summarize, these U33ACG anticodon sequences can

successively adopt at least three distinct folds. They journey
from a Z-turn in their free state, through a “degenerated”
fold when bound to their cognate tRNA synthetases—see
for example, tRNAArg with a U33ICG anticodon; PDB code:
1F7U (Delagoutte et al. 2000)—to end with a classical U-
turn when interacting with mRNA codons. RNA modifica-
tions—or their absence—may determine how anticodon
loops fold, thereby altering or suppressing the tRNA co-
don-reading capacity.
Could Z-turns of U33NCG anticodon loop sequences be

associated with a specific biological function? Would a Z-
turn be necessary for the recognition of modification sites
by tRNA synthases? In that case, could Z-turns within antico-
don loops also occur when other NpG steps replace CpG
within the U33NCG sequence? After all, it has been estab-
lished that almost all dinucleotide sequences can adopt Z–

RNA conformations (see Fig. 3A,B for GpA and ApA Z-steps)
and therefore be part of Z-turns (D’Ascenzo et al. 2016).
Indeed, a NMR structure of a UCAGu pentaloop with an
ApG Z-step has been reported—PDB code: 1Q75 (Theimer
et al. 2003). If that hypothesis holds true, 16 out of the 64 an-
ticodon sequences ending with a G—thereby comprising the
four U33NCG sequences—could potentially adopt a Z-turn.
Our understanding of translation regulation, of decoding
rules and of the role of modified bases in tRNAs could be ex-
panded by these findings (Grosjean and Westhof 2016).
Are other folds possible for U33NNN sequences? A differ-

ent UGAA fold has been reported in the NMR structure of
an RNA hairpin—PDB code: 1AFX (Butcher et al. 1997).
However, we did not consider this fold since no 1–4 interac-
tion was present and since this loop has not been reported
elsewhere. We already described UNAC sequences (Zhao
et al. 2012) that can adopt the alternative USH-turn variant,
where the fold is made possible by the presence of a C36
nucleotide forming a 1–4 U•C t–SH pair (Fig. 1B). We also
identified a UUUAa pentanucleotide sequence in a ribosome
structure that adopts the Zanti-turn variant and that is closed
by a 1–4 U–A c-WW pair (Fig. 3D). Thus, U33NNN antico-
don loops can theoretically adopt any of the four folds we
described, depending on the nature of nucleotide 36 and
the associated structural context. Although most of these
folds are rarely found in experimental structures, they can
transiently appear in the folding pathways of these loops
depending on sequence and modification levels.

Which turns for CNNN and ANNN sequences?

Similarly, we wondered whether CNNN sequences adopt a
unique fold specific to their sequence or multiple conforma-
tions. When the C nucleotide is protonated, typical U-turns
can be formed as shown by NMR and in ribosomes—
see C1469AACu in Haloarcula marismortui (Gottstein-
Schmidtke et al. 2014). It was inferred from NMR and ther-
modynamic measurements (Proctor et al. 2002) as well as
X-ray crystallography (Fig. 3E) that CNNG sequences can
form either Z-turns—PDB code: 1ROQ—(Du et al. 2003;
Oberstrass et al. 2006; Schwalbe et al. 2008), or Zanti-turns.

FIGURE 3. Examples of tetranucleotide sequences adopting unanticipated folds (1–4 bp are shown in the insets). In all panels, the cyan dashed lines
mark contact distances between the OP/O4′ atoms—in yellow—and the stacked nucleobase that are associated with oxygen–π contacts ≤3.5 Å (see
Materials and Methods). For clarity, all nonessential OP atoms were hidden. All closing base pairs are shown in white. All turns are symbolized by a
circled “U” or “Z” as in Figure 1. (A) G2595UGA sequence (chain E) adopting a Z-turn. The Z-RNAGpA step is shown in red. The O4′ atoms of the two
GpA riboses are shown in yellow to mark the characteristic head-to-tail orientation of the sugars. The GpU step is colored in wheat. (B) G873AAAg
sequence (chain 0) embedded in a 7-nt loop and adopting a Z-turn. The ApA step that forms a Z-RNAmotif is shown in red. The O4′ atoms of the two
ApA riboses are shown in yellow to mark the characteristic head-to-tail orientation of the sugars. The GpA step is colored in wheat; the bulged “g”
nucleotide is shown in blue. (C) G2796ACA sequence (chain X) adopting a classical U-turn. The first G and the phosphate of the third nucleotide
involved in an OP–π contact are marked in red as well as the oxygen atoms of the phosphate involved in the 1–4 base–phosphate contact. The stacked
ACA nucleotides are colored in wheat. (D) U2595UUAa sequence (chain DA) adopting a Zanti-turn. The UpA step that forms a Z-RNAmotif is shown
in red. The O4′ atoms of the two UpA riboses are shown in yellow to mark the characteristic head-to-tail orientation of the sugars. The UpU step is
colored in wheat; the bulged “a” nucleotide is shown in blue. (E) C415AAG sequence (chain 2) adopting a Z-turn. The ApG step that forms a Z-RNA
motif is shown in red. The O4′ atoms of the two ApG riboses are shown in yellow to mark the characteristic head-to-tail orientation of the sugars. The
CpA step is colored in wheat. (F) Model structure of a CCAC sequence adopting a USH-turn. The first C and the phosphate of the third nucleotide
involved in an OP–π contact are marked in red. The three stacked CAC nucleotides are colored in wheat.
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For the latter, the 1–4 C = G c-WW pair was significantly
buckled, probably due to constraints imposed by the “di-
loop” fold—PDB code: 1RNG (Jucker and Pardi 1995b).
Interestingly, the cCAAGg loop that caps helix 14 of the small
subunits of eukaryotic ribosomes (Fig. 3E) takes the place of a
UACG loop in bacterial ribosomes, both forming a Z-turn.
Besides UNNC, CNNC sequences could potentially form
USH-turns, although the latter have not yet been observed
(Fig. 3F). Again, these loops starting with a C residue display
an unanticipated plasticity, suggesting that the fold they
adopt is largely context dependent.

Tetranucleotide sequences starting with an adenine are
almost nonexistent, at least in crystallographic structures
(Table 1). If they exist, they do not seem to display a signifi-
cant and/or stable 1–4 contact as reported for the other loops
described here. Hence, especially when the loop interacts
with a protein, it is difficult to refer to these tetranucleotides

as being “structured.” However, we do not exclude the pos-
sibility that additional motifs might emerge in newly depos-
ited crystal or NMR structures. For instance, since a UUUAa
pentaloop with a Zanti-turn implying a 1–4 U–A c-WW pair
was observed, an ANNUn pentaloop with a similar turn and a
1–4 A–U pair cannot be dismissed. Such possibilities have
been reported by NMR for uGUUC and CUUGu pentaloops
adopting Zanti-turns with a 1–4 G = C or C = G c-WW pair—
PDB code: 2L6I (Lee et al. 2011).

Phylogenetic considerations on tetranucleotide
loops in RNA

Phylogenetic data on 16S rRNA suggested early on that helix
6 (positions 83–86 in Escherichia coli 16S rRNA) is capped ei-
ther by a CUUG (45%), a UUCG (36%), or a GCAA (13%)
tetraloop (Woese et al. 1990; Konings and Gutell 1995).

FIGURE 4. Graphical representation of the sequence–structure relationships for the four—two main and two minor—tetranucleotide turns that we
characterized in RNA hairpins. The nucleobase in red is associated with a 1–3 or 3–4 oxygen–π stacking contact. The folds associated with sequences
marked by an asterisk are theoretically possible but have not yet been observed in experimental structures. Here, we consider only the first and fourth
nucleotides. Sequence–structure relationships associated with the second and third nucleotides will be discussed elsewhere.
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Thus, it could be concluded that this stem can be capped
either by a Z–turn or by a U-turn. According to our present
study, these three sequences can also adopt a Z-turn. Such
loop polymorphism might complicate the interpretation of
biochemical data, for example, when highly conserved
GAAA tetraloops in 16S rRNA are substituted by a UACG
sequence (Sahu et al. 2012). In addition, the fact that this
loop is unstructured in the 4YBB Escherichia coli crystal
structure (resolution: 2.1 Å) might interrogate classical phy-
logenetic data interpretations. Indeed, in the seven UNCG
tetranucleotide sequences deduced from the 16S Escherichia
coli 2D structure, only three adopt a canonical Z-turn and
the other sequences appear in disordered regions with,
however, a G nucleotide in syn for four of them. The reasons
as to why these loops appear as disordered are not yet
understood.
Thus, sequence interchangeability might be hiding struc-

tural similarity. As noted above, the Z-turn GAAA loop
capping helix 35a in the 50S ofHaloarcula marismortui could
exchange with YNMG sequences. Further, convincing evi-
dence of sequence exchange that leads to similar folds has
been reported in studies of viral RNA hairpins (Melchers
et al. 2006; Liu et al. 2009; Zoll et al. 2011; Clabbers et al.
2014; Prostova et al. 2015).

Sequence–structure relationships

It is our hope that the data we gathered (summarized in Fig.
4) will help to interpret tetranucleotide sequence variations
from a structural perspective, as they inform on the preva-
lence of a sequence to adopt (or not) a given fold. For exam-
ple, GNNA sequences with a 1–4 G•A base pair can adopt a
classical GNRA U-turn fold but also a Z-turn and even a
Zanti-turn, but not a USH-turn. Similarly, UNNG sequences
can adopt U-turns and Z-turns, but not the two other less fre-
quent variants. Finally, the GNNG and GNNU sequences are
only found in the U-turn category. This classification reflects
our current understanding of tetranucleotide turns and
might be completed or refined with the advent of new non-
coding RNA structures.

Final thoughts about folds and structure prediction

We report that tetraloop and tetranucleotide folds are not
systematically determined by their sequence, possibly
because of subtle changes in their environment and in the
sequence of connected residues. A logical implication of
this observation is that, for any given RNA sequence for
which the 3D structure is not available, we are unable to as-
certain with 100% confidence how the hairpins it contains
will fold. With prior knowledge acquired on ribozymes
(Schultes and Bartel 2000; Woodson 2015) and riboswitches
(Garst et al. 2011; Batey 2015), we became aware that the
same RNA sequence can adopt distinct folds in order to carry
out specific functions. The structural analysis we present here

reveals that only two folds dominate the tetranucleotide land-
scape. Consequently, predicting whether GNRA, UNCG, or
related sequences within any noncoding RNA will adopt a
U-turn involving a phosphate–π stacking contact or a Z-
turn with a O4′–π stacking ceases to be a straightforward ex-
ercise. Without additional stereochemical rules, the structure
adopted by such tetranucleotide sequences might remain
complex to predict and more structural information on these
essential folds needs to be accumulated. It could therefore be
informative to see how current 3D structure prediction meth-
ods would performwhen confronted with such noncompliant
pieces of the RNA puzzle (Miao et al. 2015).
Efforts to fold these tetranucleotide sequences by molecu-

lar dynamics simulations are currently only partially success-
ful, although significant progress has been made in that
direction (Kührova et al. 2013; Haldar et al. 2015; Miner
et al. 2016). Such modeling attempts have now to face new
challenges: finding not only one, but two or more folds, while
grasping their relationship with the environment. Recently,
some simple procedures based on diffusion maps and
Markov models found the alternative Z-turn fold of a
GAAA loop (Bottaro et al. 2016). Such methods are however
currently limited to small fragments—4 nt and no closing
base pair in that instance. Although this represents an essen-
tial first step in assessing folding pathways, it will certainly be
much more challenging to predict the occurrence of such
folds or turns embedded in the core of complex RNP parti-
cles like ribosomes.
Tetraloop fold variability probably only makes for the tip

of the iceberg in the folding adaptability that characterizes
regulatory RNAs. Regardless of how daunting they may
seem, scenarios of folding plasticity at the local level are
both attractive and relevant for molecules that comprise
several thousands of nucleotides and that are thought to be
mostly devoid of well-defined 3D structures (Gardini and
Shiekhattar 2015; Rivas et al. 2017). We could envision
how this plasticity of the most basic RNA folds would be
well suited to regulatory RNAs that are obligatory opportun-
ists, by nature. The race is on toward “overturning more
rules” about RNA structure and folding (Cech and Steitz
2014).

MATERIALS AND METHODS

We searched the PDB (October 2016; X-ray data; resolution≤3.0 Å)
for tetranucleotide sequences in RNA hairpins that involve a 1–4
nucleobase–nucleotide interaction and an oxygen-π contact as
defined below. For that purpose, we used the DSSR program (Lu
et al. 2015). DSSR was also used to isolate tetranucleotide sequences
embedded in loops comprising not more than eight residues. For
characterizing 1–3 and 3–4 oxygen–π contacts, we specified in
DSSR a 3.5 Å cutoff between the OP/O4′ oxygen atom and the
nucleobase plane. In addition, the projection of the OP/O4′ oxygen
on the base plane had to lie within the surface of the nucleobase
aromatic cycles. A polygon-offset of 0.5 Å was used to take into
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account crystallographic inaccuracies. We also specified an interbase
angle ≤45° to discard severely distorted 1–4 bp. Finally, we specified
that no atom belonging to the tetranucleotide sequence should
have a B-factor above 79 Å2. We visualized most of the structures,
with a focus on those that appeared as borderline. In the insets of
Figure 1A,C, the d(OP/O4′…π) histograms were calculated based
on all oxygen–π contacts identified in RNA structures from the
PDB and, therefore, not only on those found in tetraloop folds.
To check for tetranucleotides with 1–4 interactions in NMR struc-
tures, we used the RNA FRABASE 2.0 database (Popenda et al.
2010).

For Table 1, we specified a redundancy criteria based on sequence
and structural parameters (D’Ascenzo et al. 2016). If residues from
two different tetranucleotide sequences (including the residues
before and after the sequence) shared the same residue numbers,
chain codes, ribose puckers, backbone dihedral angle sequences
(we used the g+, g−, t categorization) and syn/anti conformations,
they were considered as similar and the one with the best resolu-
tion was labeled as nonredundant. In cases of matching resolu-
tions, the nucleotide sequence with the lowest average B-factor
was selected. Alike, if in a same structure two sequences shared
the same residue numbers (with different chain codes) as well as
ribose puckers, backbone dihedral angle sequences, and syn/anti
conformations, they were considered as similar and the one corre-
sponding to the first biological unit was marked as nonredundant.
To further limit redundancy in the largest ribosomal structures,
we restricted our analysis to a single biological assembly. For
more details, see Leonarski et al. (2016). Note that it is impossible
to eliminate redundancy from such a complex structural ensemble
without eliminating at the same time significant data. Here, we
provide an upper limit for a truly “nonredundant” tetranucleotide
fold set.
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