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The kink turn is a widespread structure motif that introduces a tight bend into the axis of duplex RNA. This gen-
erally functions to mediate tertiary interactions, and to serve as a specific protein binding site. K-turns or closely
related structures are found in at least seven different riboswitch structures, where they function as key architec-
tural elements that help generate the ligand binding pocket. This article is part of a Special Issue entitled:
Riboswitches.

© 2014 Elsevier B.V. Open access under CC BY license.
1. Introduction

The kink turn (abbreviated to K-turn or k-turn, depending on the
whim of reviewers) is a widespread structural motif in RNA, including
many of the riboswitches. It is found in double-helical RNA, frequently
consisting of a three-nucleotide bulge flanked on the 3′ side by a G·A
pair, an A·G pair and often one or two further non-Watson–Crick
pairs before regular basepairing resumes (Fig. 1). This helix is called
the NC (non-canonical); the helix on the 5′ side of the bulge is called
the C (canonical) helix. The K-turn generates a kink between the C
and NC helical axes (Fig. 2), with an included angle of ~50°. K-turns
had been described as a repeated sequence [1] or a kinked structure [2]
in earlier studies, but the structure was first identified as a new motif
when Steitz and colleagues found six examples in the 23S rRNA of the
Haloarcula marismortui ribosome, and noted two cases in the 16S
rRNA of Thermus thermophilus [3].

2. The occurrence of K-turns

K-turns are extremely common in functional RNA molecules. They
have been found in a number of riboswitches (Fig. 1); SAM-I [4],
cyclic-diGMP [5,6], cobalamine [7] and T-box [8] riboswitches have
known K-turn structures, while in some species lysine [9] and glycine
[10] riboswitches have putative K-turn sequences, and some TPP
riboswitches have an elaborated form we call a k-junction [11–13].
They are clearly a useful structural motif for building RNA structures
tches.

Y license.
that can bind small molecules with great specificity. However, K-turns
are used much more widely, and are found in almost all kinds of func-
tional folded RNA species including very large RNA-protein assemblies.
In addition to the ribosomal examples [3], K-turns occur in the nucleolar
RNAs that direct RNAmodification [14–17], the spliceosomal U4 snRNA
[2,18] and in untranslated mRNA regions [19,20], including the
riboswitches as noted above. Other functional RNA species contain
known or predicted K-turn-forming sequences, including the human
signal recognition particle [21] and ribonuclease P [22]. K-turns are
thus implicated in almost every aspect of RNA function, including the
modification and translation of RNA, the control of gene expression
and the assembly of spliceosomes. We provide an interactive database
of K-turn sequences and structures that is on-line at http://www.
dundee.ac.uk/biocentre/nasg/kturn/ [23].
3. Classification of K-turns

The K-turns can be classified into different groups based on se-
quence and structure (Fig. 3). The simple K-turn is a double-stranded
RNA with a bulge that is followed by the A·G pairs of the NC helix.
The nucleotides are named according to a universal scheme [24].
This is used throughout this review, and explained in Fig. 1. The simple
K-turnsmay be subdivided into standard and non-standard classes. The
standard simple K-turn has G·A and A·G pairs at the 1b·1n and 2b·2n
positions respectively, exemplified by H. marismortui Kt-7 or the
human U4 snRNAK-turn. Non-standard simple K-turns have a substitu-
tion in one of the G·A pairs. In Kt-23 of the ribosomal small subunit, the
2n position has a frequency of U N C N G N A over different species; yet
where it was studied it has been found that they form normal K-turn
structures despite the variation from the standard sequence [25,26].
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mailto:d.m.j.lilley@dundee.ac.uk
http://dx.doi.org/10.1016/j.bbagrm.2014.04.020
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Fig. 1. The sequence of standard K-turns. The sequence of H. marismortui Kt-7 is shown at
the top, with the standard nomenclature for nucleotide positions [24]. The C and NC heli-
ces are indicated, the latter having the G·A pairs. The loop nucleotides are designated Ln
with n increasing 5′ to 3′. The remaining nucleotide positions are indicated by the suffix
b for the bulge-containing strand, and n for the other strand, and positions 3′ to the
bulge (i.e. the NC helix) are positive and 5′ to the bulge (C helix) are negative. The
sequences of the SAM-I, cyclic-diGMP and cobalamine riboswitch K-turns are shown.
Each is a standard, simple K-turn.
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In some K-turns the nucleotides contributing to the G·A pairs do not
map linearly onto the sequence of the RNA, although the structure
formed is recognizably a normal K-turn. We term these complex K-
turns. Applying our K-turn nomenclature [24], we assign nucleotides by
their location in the 3D structure, as opposed to the primary sequence.
In T. thermophilus Kt-11 the non-bulged strand of the NC helix doubles
back on itself to form an S-turn, so that in the primary sequence the 1n
and 2n nucleotides are separated by two nucleotides including the cyto-
sine at the 3n position (Fig. 3). Nevertheless, the A2b is placed normally
within the structure so that it accepts a hydrogen bond from −1n O2′
to form an N1 class K-turn. In Kt-15 of H. marismortui the adenine that
can be regarded as the 2b position (though its function is really some-
what different in this case) is actually contributed by the non-bulged
strand, and a triple G2n·U·A2b interaction is formed. Yet the structure
is still basically a K-turn, with a normal G1b·A1n basepair. We have
recently identified a more extreme form of complex K-turn, where the
non-bulged strand is interrupted by a third helix to form a three-way
helical junction [13]. We therefore term this class of structures the
k-junction.

It is interesting to note that a K-turn in a particular RNA within one
organism may be functionally replaced by an alternative structure in a
related species. For example, ribonuclease P RNA uses a tight kink in
an RNA helix to make a loop–receptor interaction that creates the sub-
strate binding site [27]. The ribozyme of some species uses a K-turn,
while others have a structurally-unrelated element called the pk-turn.
The pk-turn in Thermotoga maritima RNase P is globally a very similar
structure to a K-turn, but lacks all the standard K-turn elements. Yet
we have found that the pk-turn and K-turn can substitute functionally
for one another i.e. a SAM-I riboswitch where the K-turn is substituted
by the pk turn can bind SAM ligand, and T. maritima RNase P containing
a K-turn in place the pk turn exhibits ribozyme activity [28]. Another
example of such behavior is found in the lysine riboswitch. Lafontaine
and coworkers [9] identified a putative K-turn-forming sequence in
the aptamer domain of 32 lysine riboswitches, that once again facilitates
tertiary interaction. They showed that the probable K-turn of Bacillus
subtilus formed a bent structure as an isolated RNA duplex, and could
be bound by the L7Ae protein. However, a K-turn is not present in the
structure of the lysine riboswitch of T. maritima [29,30]. Instead its
structural role was fulfilled by an alternative kinked structure that
lacks G·A pairs, lacking stabilization of the turn by long-range hydrogen
bonds.

4. The structure of the simple K-turn

The two G·A pairs at the 1b·1n and 2n·2b positions really form the
core of the folded K-turn. Both are trans G(sugar edge)·A(Hoogsteen
edge) pairs that are connected by hydrogen bonds from GN2 to AN7,
and AN6 to GN3 (Fig. 4). However, it should be noted that the latter
bond is not present in the 2n·2b pair in the N1 class of K-turns (see
below). In general the 1b·1n is strongly buckled, with G1b turned
~25° out of the plane parallel to the other basepairs of the NC helix. By
contrast the 2n·2b pair is approximately planar. Functional group
substitution has shown that the hydrogen bonds of the G·A pairs are
important to the stability of the folded K-turn. For example, guanine
to inosine substitutions (obviating the formation of the GN2 to AN7
bond) at either position [31] prevents ion-induced folding.

In the folded K-turn, the 5′nucleotide of the loop (L1) is stacked onto
the endof the C helix, L2 is stacked onto the endof theNC helix,while L3
is directed away from the K-turn into the solvent (Fig. 3A). L2 adopts a
syn conformation to maximize stacking on A1n.

The folded structure is stabilized by a number of H-bonding interac-
tions within the core [24,31–33]. The minor-groove edges of the adenine
nucleobases of the two A·G pairs are pointed towards the minor groove
of the C helix to facilitate the formation of critical A-minor interactions
[34], allowing the formation of two critical cross-strand hydrogen
bonds (Fig. 5). One is donated from O2′ of L1 ribose to N1 of A1n in the
G·A pair closest to the bulge. Removal of the O2′ atom (i.e. substitution
by 2′-deoxyribose at that position) from the H. marismortui Kt-7
completely preventedMg2+ ion-induced folding [24]. The other is donat-
ed by the O2′ of the ribose in the−1n position to a ring nitrogen atom of
adenine at the 2b position. The acceptor for the hydrogen bond can be
either N3 or N1, and this difference divides the known K-turns into two
structural classes. This is discussed further in the following section.

In many K-turns another hydrogen bond is observed, that closes the
neck of the loop. The L3 O2′ donates its proton to the proS non-bridging
O of the phosphate linking L1 and L2 (Fig. 6). Removal of L3 O2′ in
H. marismortui Kt-7 resulted in an impairment of ion-induced folding
[24]. Further hydrogen bonds can be found in various different K-
turns. These appear to form adventitiously as the sequence permits.

5. The N3 and N1 class K-turns

The known K-turn structures are collected together in Table 1. It can
be seen that these divide approximately equally between the N3 andN1
classes, in which the proton donated by the−1nO2′ is accepted by A2b
N3 or N1 respectively (Fig. 7A, B). The N3 class includes the K-turns of
the SAM-I [4] and cyclic-diGMP [5] riboswitches, box C/D snoRNA
[14], U4 snRNA [2] and H. marismortui Kt-46 [35]. In two members of
this class (box C/D and U4) −1n O2′ is also hydrogen bonded to A2b
O2′. The N1 class K-turns include the cobalamine riboswitch [7] and
H. marismortui Kt-7 and Kt-38 [35]. In three members of the N1 class
(H. marismortui Kt-7, T. thermophilus Kt-23 [36] and L30e-mRNA [37])
the O2′ atoms of the −2n and 3b ribose rings are hydrogen bonded,
but this interaction is not universal in all the N1 class K-turns.

In order to accept a proton at N3 or N1 the rotational setting of the
A2b nucleobase must change between alternative positions, and this
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has a consequence for the pairing with G2n. While the GN2 to AN7
hydrogen bond is preserved in both structural classes, the AN6 to GN3
distance in the N1 class structures is generally N4 Å, so it cannot be
regarded as a stable hydrogen bond.

The N3/N1 classification can be extended to the known structures of
non-standard simple K-turns. T. thermophilusKt-23of the 30S ribosomal
subunit [36] has a uridine at the 2n position forming a Hoogsteen
basepair with A2b, but despite the difference from the standard K-
turn sequence it folds normally in Mg2+ ions [25]. The nucleobase of
A2b was oriented so that its N1 accepts a hydrogen bond from O2′ of
G−1n, so it can be classed as an N1 K-turn (Fig. 7C). K-turns in which
the 2n position is adenine are of interest because the potential A·A
pair that is formed can be isosteric with the G·A pair [32]. We solved
the crystal structure of a SAM-I riboswitch containing a G2nA substitu-
tion [38]. In this structure the adenine at the 2b position accepts a hy-
drogen bond at N3 from the O2′ of G−1n, and it donates a single
hydrogen bond from N6 to A2n N3 (Fig. 7D). This places the K-turn in
the N3 class. Thelohania solenopsae has an extremely rare Kt-23
sequence with an adenine at the 2n position. We solved the structure
of this K-turn engineered into the SAM-I riboswitch [26]. Inmarked con-
trast to the modified SAM-I K-turn sequence above, in the T. solenopsae
K-turn A2b accepts a hydrogen bond at N1 fromG−1n O2′, and there is
no hydrogen bondmadewith A2n (the A2b N6–A2n N3 distance is 5 Å)
(Fig. 7E). This identifies T. solenopsae Kt-23 as a member of the N1 class.
Thus K-turns with an A·A pair at the 2b·2n position have been identi-
fied in both structural classes.

So what determines whether an N3 or N1 class structure is adopted
by a given K-turn? Local sequence must be important, and we have
A

B

L1

-1b       -1n

-2b       -2n

-3b       -3n

C helix                 
5’ 3’

Fig. 2. The global structure of a K-turn. A. Schematic to show the structure of a foldedK-turn. The
towards the C helix. The L1 and L2 bases stack onto the ends of the C andNChelices respectively
helix—gray, C helix—yellow and loop—magenta. The broken arrows (cyan) indicate two key cr
further below. B. Parallel-eye stereographic image of a folded K-turn structure, showing the str
some indications that is the case. However, environment is also a factor,
because the exact same sequence can adopt N3 or N1 class K-turns in
different positions. The standard, simple K-turn Kt-7 of H. marismortui
forms an N1 class K-turn structure in the large ribosomal subunit [35].
Yet the very same sequence engineered into the SAM-I riboswitch
[33], or as a simple duplex RNA bound to L7Ae or free of protein [39]
adopts an N3 class structure in each case. This behavior is not unique;
we have found equivalent behavior for a K-turn with an A·A pair at
the 2b·2n position. We have recently solved a crystal structure of the
T. solenopsae Kt-23 as a duplex bound by L7Ae protein, where it adopts
an N3 structure [40]. This clearly contrasts with the N1 class structure
for the exact same sequence located in the SAM-I riboswitch [26].

This raises the question of whether or not a K-turn might exist in a
dynamic equilibrium in free solution, with interconversion between
the N3 and N1 class conformations. While there are no experimental
data that point to such behavior at present, molecular dynamic trajecto-
ries suggest that such transient changes in hydrogen bonding pattern
might be possible [41]. It is conceivable that NMR experiments might
reveal this.

Comparison of N1 andN3-class Kt-7 structures reveals a coordinated
change in hydrogen bonding. In addition to the absence of the A2bN6 to
G2nN3 hydrogen bond in the N1 structure, the distance between the
O2′ atoms at the−2n and 3bpositions varies bymore than 4 Å between
Kt-7 in the two conformations, being hydrogen bonded in the N1 struc-
ture [24]. This indicates that the relative disposition of the C and NC he-
lices is affected by the change in conformation, and thus the trajectory
of the helices of the K-turn. The N3–N1 conformational change was an-
alyzed in terms of three rotation angles, describing the relative
L2

L3

G1b
A1n

G2nA2b

3b         3n

4b         4n

         NC helix
5’3’

axis strongly kinks about the loop,with the adenine nucleobases of the G·A pairs directed
. The same color coding is used in all themolecular graphic images i.e. G·A pairs—green, NC
oss-strand hydrogen bonds donated by the O2′ of the L1 and −1n nucleotides, discussed
ong axial kink. The kink angles for K-turns tightly cluster around 50°.
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Fig. 3. A classification of K-turn structures. K-turns can be divided into simple and com-
plex. Examples are shown for each class. Simple K-turns are further divided into standard
and non-standard, with the critical G·A pairs preserved or substituted respectively. The
complex K-turns exhibit a greater departure from the standard K-turn, where the primary
sequence does not map onto the 3D RNA structure. k-junctions can be considered as
another branch of the complex K-turns. This scheme is taken from reference [13].
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trajectory of the C-helix with respect to the NC-helix [33]. These
corresponded to the axial bend angle (α), the direction of the bend
(β), and the rotation around the axis of the C helix (γ). Analyzing the
Fig. 4. The G·A pairs of the K-turn. A. Parallel-eye stereographic image of the two G·A pairs of t
pairs are trans G(sugar edge)·A(Hoogsteen edge) pairs bonded by hydrogen bonds from GN2
known K-turn structures in this way revealed a systematic difference
in the angle γ between the two classes of structure. For the N3 struc-
tures the angle was b50°, while it was N50° for the N1 class structures.
Clearly this could have a significant effect on any tertiary interactions in
which the K-turn might participate. Or conversely, such interactions
might influence the conformation adopted by the K-turn. We note
that the natural K-turn of the SAM-I riboswitch [4] adopts the N3
conformation, while that of the cobalamine riboswitch [7] adopts the
N1 structure. Each must be adapted to the local environment of its
riboswitch context.

It seems that H. marismortui Kt-7 is probably naturally an N3 class
structure, but forced to adopt the N1 structure in the ribosomal context.
The terminal loop of the helix containing Kt-7 participates in a tertiary
interaction with a receptor, and the K-turn is bound to the L24 protein.
Either or both of these factors could be responsible for the switch to the
N1 conformation.

6. The folding of K-turns

Fluorescence lifetime measurements have shown that in free solu-
tion without added metal ions or binding proteins, an RNA duplex
containing a potential K-turn exists in a conformational equilibrium be-
tween the folded K-turn and an extended structure resembling a
normal three-nucleotide bulge [42]. In the absence of added metal
ions or binding proteins the equilibrium is biased towards the extended
structure [42,43]. There are three ways in which the population of
folded K-turn species can be increased.

First, some (but by no means all) K-turn-forming sequences can be
folded by addition of metal ions. This may be studied by the increase
in the efficiency of fluorescence resonance energy transfer (FRET) be-
tween fluorophores attached to the 5′-termini of the C and NC helices
he box C/D K-turn [14], chosen as an example of an N3-type standard K-turn. B. Both G·A
to AN7 and AN6 to GN3.

image of Fig.�3


Fig. 5. The cross-strand hydrogen bonds of a standard K-turn. Two parallel-eye stereographic views are presented for H. marismortui Kt-7 as a protein-free duplex species, which forms a
standardN3-type K-turn structure [39]. Hydrogen bonds are indicated by broken lines. The two key cross-strandhydrogen bonds are donated by theO2′ of L1 and−1n to A1nN1 and A2b
N3 respectively. These, together with the bond from the L3 O2′ to the L1/L2 phosphate proS O are highlighted in red. A. View looking down onto the G·A pairs. B. View from the side of the
non-bulged strand.
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with shortening of the end-to-end distance. For H. marismortui Kt-7,
folding occurs as an all-or-none two-state process, with [Mg2+]1/2 =
80 μM, and [Na+]1/2 = 30 mM and a Hill coefficient typically ~1 [24].

The great majority of K-turns are involved in tertiary interactions,
and this provides a second process that can stabilize the folded
Fig. 6. The loop H. marismortui Kt-7 as a protein-free duplex species [39], viewed from the side
proS O hydrogen bond is shown by the broken line highlighted in red.
conformation. The change in axial trajectory at the K-turn is often
used to facilitate long-range structure in large RNA molecules. Most of
the ribosomal K-turns helpmediate such interactions. A rather clear ex-
ample can be observed in the SAM-I riboswitch, where a long helix (P2)
is kinked by a standard, simple K-turn to facilitate the docking of the
of the bulged strand as a parallel-eye stereographic image. The L3 O2′ to L1/L2 phosphate

image of Fig.�6


Table 1
Simple K-turns classified by the A2b receptor for the hydrogen bond donated by −1n O2′;
this can be N3 or N1. Inter-atomic distances (Å) for this cross-strand interaction and
for the 2b·2n basepairing. Abbreviations: rsw = riboswitch, 50S = large ribosomal sub-
unit, strain names H. m. = H. marismortui, E. c. = E. coli, T. t. = T. thermophilus and
T. s. = T. solenopsae.

K-turn PDB −1n: 2b/Å 2b·2n pair/Å

O–N3 O–N1 N2–N7 N3–N6 2b·2n

N3 class
Kt-7 H. m. (free RNA) 4C4O 2.5 2.7 3.0 A·G
Box C/D 1RLG 2.8 2.9 3.1 A·G
U4 snRNA 1E7K 3.2 2.7 3.1 A·G
Cyclic-diGMP rsw 3Q3Z 2.8 2.7 3.0 A·G
SAM rsw 3GX5 2.6 2.5 3.4 A·G
SAM + YbxF 3V7E 3.1 3.0 3.3 A·G
T-box 4LCK 2.7 2.9 3.2 A·G
SAM rsw G2nA 2YGH 2.8 3.3 A·A

N1 class
Kt-38 H. m. 1FFK 2.8 2.9 4.7 A·G
Kt-7 H. m. (50S) 1FFK 2.7 3.0 4.3 A·G
L30e 1T0K 2.7 2.7 4.6 A·G
Cobalamine rsw 4GXY 2.5 3.1 5.3 A·G
Kt-7 E. c. 2AWB 2.8 3.8 A·G
Kt-23 T. t. 2WH1 2.6 A·U
Kt-23 T. s. 4AEB 2.5 5.0 A·A

Fig. 7.Hydrogen bonding between the 2b·2n pair and the O2′ of−1n in N3 and N1-class K-tu
considered hydrogen bonded are coloredmagenta. A. The SAM-I riboswitch K-turn [4], a standa
the reorientation of the A2b nucleobase results in a A2b N6–G2nN3N–N distance that is too lon
has a uridine at the 2n position, making a standard Hoogsteen basepair with A2b. The latter ac
SAM-I riboswitch k-turn with a G2nA substitution, making an A·A pair at the 2b·2n position.
structure has been determined [38]. A2b accepts a proton from G−1n O2′ at the N3 position, a
E. The T. solenopsae Kt-23 K-turn, engineered into the SAM-I riboswitch. This rare K-turn sequen
K-turn adopts the N1 structure [26]. A2b accepts a proton from G−1n O2′ at the N1 posit
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terminal loop into a receptor in helix P4 [4,44] (Fig. 8). This stabilizes the
global fold of the riboswitch to create a pocket in which the ligand S-
adenosyl methionine (SAM) binds.

The SAM-I riboswitch systemwas used to demonstrate K-turn struc-
tural stabilization by the formation of tertiary interactions. In initial
studies, folding was studied indirectly via the ligand binding studied
by isothermal calorimetry (ITC) [38]. For example, disruption of the K-
turn by an A1nC substitution led to failure to bind SAM, implying that
a disruption of the 1b·1n pair prevents folding of the K-turn and conse-
quent folding by the complete riboswitch, so that it cannot bind its
ligand. But revealingly, a G2nA substitution (thus potentially creating
a A·A pair at the 2b·2n position) resulted in normal binding of SAM
to the riboswitch, even though the identical change in the isolated K-
turn prevented ion-induced folding. We then solved the structure at
2.6 Å resolution of the modified riboswitch containing the G2nA K-
turn using X-ray crystallography. This revealed that the k-turn was
folded normally, and was superimposable with the unmodified K-turn
with an RMSD of 0.53 Å. Thus a K-turn that cannot be folded by addition
of metal ions as a simple duplex becomes folded in the context of the
riboswitch, and we conclude that the overall free energy of folding of
the riboswitch is coupled to that of the impaired K-turn via the tertiary
interaction.
rn structures. Hydrogen bonds are indicated by gray broken lines. Distances too long to be
rd N3-class K-turn. B. The cobalamine riboswitch K-turn [7], an N1-class K-turn. Note that
g for stable hydrogen bond formation. C. The T. thermophilus Kt-23 K-turn [36]. This K-turn
cepts a proton from G−1n O2′ at the N1 position, making this an N1-class K-turn. D. The
This forms a stable K-turn structure in the context of the riboswitch, for which the crystal
nd there is a hydrogen bond between A2b N6 and A2n N3. This is a standard N3 structure.
ce naturally has an adenine at the 2n position. But in the context of the riboswitch, this
ion, and there is no hydrogen bond between A2b N6 and A2n N3.
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Fig. 8. The role of the K-turn in the architecture of the SAM-I riboswitch.Molecular graphic
images as parallel-eye stereoscopic views. A. Cartoon showing the structure of the com-
plete riboswitch [4]. The K-turn (K) kinks the long helix so that its terminal loop (L) can
interact with the receptor (R). This contributes to the fold of the riboswitch so that it
can bind the S-adenosylmethione ligand (highlighted in magenta). B and C show two
more detailed views of the K-turn and the loop–receptor interaction, with the K-turn at
the top. The terminal loop of the C helix of the K-turn (colored green) is basepaired with
a remote section of the riboswitch (blue).
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Most K-turns are binding sites for proteins, discussed in greater
detail in the following section. A diverse group of proteins bind
to K-turns, with varying structure and manner of interaction. The
archetypal K-turn-binding proteins are the ribosomal L7Ae and re-
lated proteins. Binding of proteins provides a third process that
leads to the stabilization of the folded K-turn structure.

Binding of L7Ae to H. marismortui Kt-7 results in folding into the
kinked conformation in the absence ofmetal ions [45]. This can be read-
ily demonstrated using the shortening of the end-to-end vector in a
FRET experiment. But it was clear that the binding affinity is extremely
high so that it was not possible to measure it in that manner. Instead it
was determined indirectly as the ratio of the rates of association and
dissociation measured by means of the associated conformational
change. From this the apparent dissociation constant was calculated as
Kd = 10 pM [31].

We have shown that other ribosomal proteins, L24 and S11, result in
the folding of their cognate K-turns (L. Huang & DMJL, unpublished
data). So the stabilization of K-turn structure by protein binding is
quite general.

7. The binding of L7Ae-family proteins to K-turns

L7Ae and related proteins are a group of RNA-binding proteins that
include the eukaryotic and archaeal proteins L7Ae, L30e and S12e [46],
the human 15.5 kDa protein [47], and the yeast Nhp2 and Snu13p
proteins, as well as bacterial homologues such as YbxF [48]. Each
binds K-turn-containing RNA, and some functional substitutions are
possible [49]. The formation of box C/D and H/ACA nucleoproteins
that direct site-specific methylation and pseudouridylation respectively
are initiated when L7Ae-type proteins bind to a K-turn located in the
guide RNA [50,51], followed by other proteins in an ordered process.
A box H/ACA motif is also contained within human telomerase RNA
[52]. L7Ae is a component of the U3 snoRNP [53]. The K-turn of the
U4 stem-loop in the U4–U6·U5 tri-snRNP [2,47] binds the 15.5 kDa
protein. L7Ae has further been shown to be a subunit of archaeal
RNaseP [54] required for tRNA maturation. The L7Ae-family proteins
are rather general K-turn-binding proteins, that are important in ribo-
some structure, the site-specific modification of RNA, and spliceosome
assembly.

The structure of L7Ae bound to H. marismortui Kt-15 in the large
ribosomal subunit has been available since the 50S subunit was solved
[35]. In addition, crystal structures of the complexes of L7Ae with a box
C/D K-turn [14], and the human 15.5 kDa protein with the U4 snRNA K-
turn [2] have been determined. We recently solved the structure of
Archaeoglobus fulgidus L7Ae bound to the well-studied H. marismortui
Kt-7[39] (Fig. 9). The structure was solved at a resolution of 2.3 Å, the
highest available for a standardK-turn complex, and comparing the struc-
ture with the other complexes allows us to establish the general princi-
ples for the recognition of K-turn structure by the L7Ae proteins.

These proteins bind in the major groove of the K-turn that runs
around the outside of the structure. Themajor groove of normal duplex
RNA is deep and narrow and so inaccessible to protein. However the
structure of the K-turn splays open the groove, making it very accessi-
ble. The binding interface of L7Ae-related proteins comprises two ele-
ments. The first is a highly basic β-strand: turn: α-helix element, and
the second a short loop of hydrophobic residues (plus a glutamate at
one end) that makes a 180° turn.

The three-turn α-helix enters the major groove of the NC helix,
directing its N-terminal end towards the major groove edges of the
G1b and G2n nucleobases of the G·A pairs (Fig. 9B). This resembles
the entry of the recognition helices of helix-turn-helix elements
interacting with DNA. The C-terminus of the α-helix lies close to the
non-bulge-containing strand of the NC RNA helix, and contributes
non-specific interactions to the binding. The arginine in the third turn
(R41-residue numbering here refers to A. fulgidus L7Ae) hydrogen
bonds to the 3n/4n phosphate. This interaction is near-universal,
proposed in the complexes of the same species L7Ae with box C/D
and the human 15.5 kDa protein with U4 snRNA. The lysine at the sec-
ond turn (K37) is more variable in its interactions, but is bonded to
the 4n/5n phosphate in the Kt-7 complex. Two of the basic side chains
at the N-terminal end of the β-sheet section are also directed towards
the NC helix non-bulged strand. These are not close enough for hydro-
gen bonding, but should contribute to overall electrostatic stabilization.
The N-terminal end of the α-helix is involved in specific recognition of
the core of the K-turn. The glutamate side chain from the first turn
(E34) is hydrogen bonded to N1 of G1b. This interaction is also observed
in the interactions of L7Ae with box C/D and the 15.5 kDa protein with
U4 snRNA, and is likely to be universal. The adjacent asparagine residue
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(N33) is hydrogen bonded to O6 of G2n, also observed in the box C/D
interaction. In the L7Ae–Kt-7 complex, as well as the other structures
considered here, the O6 atom of G1b is located almost on the axis of
the α-helix at the N-terminal end. Guanine O6 has a significant partial
negative charge, and this will be electrostatically stabilized by the posi-
tive pole of the helix dipole. This appears to be another universal inter-
action in the L7Ae–K-turn complexes.

The hydrophobic loop covers the nucleobases in the L2 and L1 posi-
tions (Fig. 9C), making good Van der Waals contact and burying a sur-
face area of 732 Å2. The syn conformation of L2 places it maximally in
Fig. 9. The structure of a complex between H. marismortui Kt-7 and A. fulgidus L7Ae complex, d
showing theprotein (depicted in cartoon form) bound in themajor groove on the outer face of t
these are the α-helix (H) and the hydrophobic loop (L). B. Theα-helix interacting with the ma
while E34 andN33make specific hydrogen bonds to the conserved guanine nucleobases G1b an
helix dipole of theα-helix. C. The hydrophobic loop capping the loop region of the K-turn. The lo
large hydrophobic contact area. The carboxylate sidechain of E89 is hydrogen bonded to GL1 N
contact with the loop. Isoleucine I88 in particular is located directly
over GL2 in the Kt-7 complex. A very similar interaction is observed in
the box C/D and 15.5-U4 snRNA complexes. The glutamate of the loop
(E89) is hydrogen bonded toN1 of the L1 guanine, thusmaking a specif-
ic contact.

Taken together, these elements generate a very specific molecular
recognition of the structure of the K-turn in double-stranded RNA. By
placing the α-helix in the major groove of the NC arm and capping the
L2 nucleobase it effectively ‘measures’ the angle between these two ele-
ments in the major groove. This then juxtaposes the N-terminus of the
etermined crystallographically at 2.3 Å resolution [39]. A. An overall view of the complex,
he K-turn. The two key regions of L7Ae involved in binding the RNAare highlighted in blue;
jor groove of the NC helix. R41 and K37 make non-specific interactions with the backbone,
d G2n respectively. The electronegative O6 atomof G1b is placed at the positive pole of the
op sits over the L2 and L1 nucleobases, with I88 andV90 on the lower face contributing to a
1.
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α-helix with the major groove side of the guanine bases of the two con-
served G·A, where side chains make specific hydrogen bonds, and G1b
O6 is placed to maximize the interaction with the positive pole of the
helix dipole.

The folding of Kt-7 that occurs on the binding of L7Aemight in prin-
ciple occur by a passive conformational selection process [55], or by a
more active induced fit process [56]. Parenthetically it should be said
that we tend to use the term ‘induced fit’ somewhat loosely referring
to K-turn formation on protein binding, but now we are giving it a
more specific meaning. We have studied the binding of Kt-7 to L7Ae
in single molecule experiments. In studying the binding of single Kt-7
RNAmolecules to L7Ae in real time we could not detect any intermedi-
ate folded state down to a timescale of 8ms [57]. This is consistent with
a conformational selection process, although we cannot exclude that a
protein-induced conformational change occurs in the RNA on a faster
timescale. There are two requirements for a conformational selection
process to be possible. First, the folded form must be in equilibrium
with the unfolded form prior to binding, and we have shown that this
is the case in time-resolved FRET experiments [42]. Second, the struc-
ture of the unbound but folded RNA structure must be closely similar
to that of the protein-bound RNA. Comparison of our two crystal struc-
tures of Kt-7 free and bound by L7Ae shows that the structures are
indeed closely similar [39], with an all-atom RMSD of 0.83 Å. So no
conformational adjustment of the RNA structure should be required
on binding to L7Ae. Thus all the prerequisites for the conformational
selection process to occur exist, and this is by far themost likely process
by which the folding of the population occurs.

8. The roles of K-turns in the folding and architecture of RNA

The K-turn motif generates an abrupt change in the trajectory of the
axis of duplex RNA. In many cases either the C or NC helix has a terminal
loop that is involved in a tertiary interaction, and this is clearly important
in facilitating the long-range architecture of RNA molecules. This is true
both in relatively small RNA species such as many of the riboswitches
and also in large structures like the ribosome. We have seen that in the
SAM-I riboswitch the C-helix of the K-turn is involved in a loop–receptor
interaction that stabilizes the fold of the functional riboswitch [4]. A very
similar interaction is likely to occur in the B. subtilis lysine riboswitch
where the terminal loop of the C-helix probablymakes a loop–loop inter-
action [9]. In the cyclic-diGMP riboswitch the strands of the C-helix of the
K-turn splays apart to create a part of the ligand binding site; the other
part comprises an extensive loop–loop interaction that is mediated by
the NC helix of the K-turn [5,58]. A rather long helix of the cobalamine
riboswitch is kinked by its K-turn [7], while the K-turn of the glycine
riboswitch connects the two aptamer domains mediating their associa-
tion that leads to cooperative ligand binding [10].

Many of the K-turns also function as the binding sites for specific
proteins. The folded, tightly-kinked structure of the K-turn can be stabi-
lized by addition of metal ions for some, but not all sequences, by the
binding of specific proteins including the L7Ae family, and by tertiary in-
teractions within a larger RNA structure. There are numerous cases in
which the biogenesis of ribonuclear species use one or more of these
processes. The first event in the formation of the box C/D snoRNA occurs
when an L7Ae-family protein binds to a K-turn [50,51]. This then pro-
vides a platform on which to recruit further proteins, culminating
with the methyl transferase enzyme that carries out the site-specific
modification of the RNA.

The majority of ribosomal K-turns mediate short- or longer-range
tertiary interactions, and bind specific proteins, so we would expect
that interplay between tertiary interactions and protein binding
would be very important to the folding path. It could be envisaged
that the K-turns are initially relatively flexible in an exchange between
folded and unfolded conformations, allowing the local RNA to explore
tertiary contacts. Flipping between N3 and N1 conformations might
also be important during this process. As the contacts are found
the structure could then become fixed by the binding of proteins. An
example of this is provided by the 5′-terminal region of the 23S rRNA
of H. marismortui [35]. Kt-7 is located in one arm of a three-way junc-
tion. The terminal loop of the C helix interacts with a receptor in the ad-
jacent helical arm. The kink generated by the K-turn is an essential
structural requirement for this. Kt-7 is bound by L24, which binds
early in the 50S subunit assembly according to Nierhaus [59,60], and
we have shown that L24 binding induces Kt-7 to adopt the kinked
conformation (L. Huang and DMJL, unpublished data). Thus this section
of the ribosome is likely to fold in response to both tertiary contacts (the
three-way helical junction and the loop–receptor interaction) and pro-
tein binding (L24). Perhaps this provides a simple model for the folding
of the complete ribosomal subunit.
Acknowledgements

The author thanks present and past coworkers Jia Liu, Terry Goody,
Ben Turner, Kersten T. Schroeder, Peter Daldrop, Jia Wang, Lin Huang
and Scott A. McPhee for their many contributions in the study of K-
turns. Cancer Research UK (C28/A5459), the Wellcome Trust (092057)
and the Human Frontier Science Program (RGP0002/2009) are ac-
knowledged for their financial support of K-turn studies in Dundee.
References

[1] W.C. Winkler, F.J. Grundy, B.A. Murphy, T.M. Henkin, The GA motif: an RNA element
common to bacterial antitermination systems, rRNA, and eukaryotic RNAs, RNA 7
(2001) 1165–1172.

[2] I. Vidovic, S. Nottrott, K. Hartmuth, R. Luhrmann, R. Ficner, Crystal structure of the
spliceosomal 15.5 kD protein bound to a U4 snRNA fragment, Mol. Cell 6 (2000)
1331–1342.

[3] D.J. Klein, T.M. Schmeing, P.B. Moore, T.A. Steitz, The kink-turn: a newRNA secondary
structure motif, EMBO J. 20 (2001) 4214–4221.

[4] R.K.Montange, R.T. Batey, Structure of the S-adenosylmethionine riboswitch regulatory
mRNA element, Nature 441 (2006) 1172–1175.

[5] K.D. Smith, S.V. Lipchock, T.D. Ames, J. Wang, R.R. Breaker, S.A. Strobel, Structural
basis of ligand binding by a c-di-GMP riboswitch, Nat. Struct. Mol. Biol. 16 (2009)
1218–1223.

[6] K.D. Smith, C.A. Shanahan, E.L. Moore, A.C. Simon, S.A. Strobel, Structural basis of
differential ligand recognition by two classes of bis-(3′-5′)-cyclic dimeric guanosine
monophosphate-binding riboswitches, Proc. Natl. Acad. Sci. U. S. A. 108 (2011)
7757–7762.

[7] A. Peselis, A. Serganov, Structural insights into ligand binding and gene expression
control by an adenosylcobalamin riboswitch, Nat. Struct. Mol. Biol. 19 (2012)
1182–1184.

[8] J. Zhang, A.R. Ferre-D'Amare, Co-crystal structure of a T-box riboswitch stem I
domain in complex with its cognate tRNA, Nature 500 (2013) 363–366.

[9] S. Blouin, D.A. Lafontaine, A loop–loop interaction and a K-turn motif located in the
lysine aptamer domain are important for the riboswitch gene regulation control,
RNA 13 (2007) 1256–12567.

[10] N.J. Baird, A.R. Ferre-D'Amare,Modulation of quaternary structure and enhancement
of ligand binding by the K-turn of tandem glycine riboswitches, RNA 19 (2013)
167–176.

[11] S. Thore, M. Leibundgut, N. Ban, Structure of the eukaryotic thiamine pyrophosphate
riboswitch with its regulatory ligand, Science 312 (2006) 1208–1211.

[12] A. Serganov, A. Polonskaia, A.T. Phan, R.R. Breaker, D.J. Patel, Structural basis for gene
regulation by a thiamine pyrophosphate-sensing riboswitch, Nature 441 (2006)
1167–1171.

[13] J. Wang, L. Huang, D.M.J. Lilley, The k-junction motif in RNA structure, Nucleic Acids
Res. 42 (2014) 5322–5331.

[14] T. Moore, Y. Zhang, M.O. Fenley, H. Li, Molecular basis of box C/D RNA-protein inter-
actions; cocrystal structure of archaeal L7Ae and a box C/D RNA, Structure 12 (2004)
807–818.

[15] T. Hamma, A.R. Ferré-D'Amaré, Structure of protein L7Ae bound to a K-turn derived
from an archaeal box H/ACA sRNA at 1.8 Å resolution, Structure 12 (2004) 893–903.

[16] L.B. Szewczak, J.S. Gabrielsen, S.J. Degregorio, S.A. Strobel, J.A. Steitz, Molecular basis
for RNA kink-turn recognition by the h15.5 K small RNP protein, RNA 11 (2005)
1407–1419.

[17] O.A. Youssef, R.M. Terns, M.P. Terns, Dynamic interactions within sub-complexes of
the H/ACA pseudouridylation guide RNP, Nucleic Acids Res. 35 (2007) 6196–6206.

[18] A.K. Wozniak, S. Nottrott, E. Kuhn-Holsken, G.F. Schroder, H. Grubmuller, R.
Luhrmann, C.A. Seidel, F. Oesterhelt, Detecting protein-induced folding of the U4
snRNA kink-turn by single-molecule multiparameter FRET measurements, RNA 11
(2005) 1545–1554.

[19] H. Mao, S.A.White, J.R. Williamson, A novel loop–loop recognition motif in the yeast
ribosomal protein L30 autoregulatory RNA complex, Nat. Struct. Biol. 6 (1999)
1139–1147.

http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0005
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0005
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0005
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0010
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0010
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0010
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0015
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0015
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0020
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0020
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0025
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0025
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0025
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0030
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0030
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0030
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0030
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0035
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0035
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0035
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0285
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0285
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0045
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0045
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0045
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0290
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0290
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0290
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0055
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0055
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0060
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0060
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0060
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0295
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0295
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0065
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0065
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0065
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0300
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0300
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0075
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0075
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0075
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0080
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0080
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0085
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0085
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0085
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0085
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0090
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0090
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0090


1004 D.M.J. Lilley / Biochimica et Biophysica Acta 1839 (2014) 995–1004
[20] S.A. White, M. Hoeger, J.J. Schweppe, A. Shillingford, V. Shipilov, J. Zarutskie,
Internal loop mutations in the ribosomal protein L30 binding site of the yeast L30
RNA transcript, RNA 10 (2004) 369–377.

[21] E.S. Andersen, M.A. Rosenblad, N. Larsen, J.C. Westergaard, J. Burks, I.K. Wower, J.
Wower, J. Gorodkin, T. Samuelsson, C. Zwieb, The tmRDB and SRPDB resources,
Nucleic Acids Res. 34 (2006) D163–D168.

[22] N.J. Reiter, A. Osterman, A. Torres-Larios, K.K. Swinger, T. Pan, A. Mondragon, Structure
of a bacterial ribonuclease P holoenzyme in complex with tRNA, Nature 468 (2010)
784–789.

[23] K.T. Schroeder, S.A. McPhee, J. Ouellet, D.M.J. Lilley, A structural database for k-turn
motifs in RNA, RNA 16 (2010) 1463–1468.

[24] J. Liu, D.M.J. Lilley, The role of specific 2′-hydroxyl groups in the stabilization of the
folded conformation of kink-turn RNA, RNA 13 (2007) 200–210.

[25] K.T. Schroeder, D.M.J. Lilley, Ion-induced folding of a kink turn that departs from the
conventional sequence, Nucleic Acids Res. 37 (2009) 7281–7289.

[26] K.T. Schroeder, P. Daldrop, S.A. McPhee, D.M.J. Lilley, Structure and folding of a rare,
natural kink turn in RNA with an A*A pair at the 2b*2n position, RNA 18 (2012)
1257–1266.

[27] M. Meyer, E. Westhof, B. Masquida, A structural module in RNase P expands the
variety of RNA kinks, RNA Biol. 9 (2012) 254–260.

[28] P. Daldrop, B. Masquida, D.M.J. Lilley, The functional exchangeability of pk- and k-turns
in RNA structure, RNA Biol. 10 (2013) 445–452.

[29] A.D. Garst, A. Heroux, R.P. Rambo, R.T. Batey, Crystal structure of the lysine
riboswitch regulatory mRNA element, J. Biol. Chem. 283 (2008) 22347–22351.

[30] A. Serganov, L. Huang, D.J. Patel, Structural insights into amino acid binding and
gene control by a lysine riboswitch, Nature 455 (2008) 1263–1267.

[31] B. Turner, D.M.J. Lilley, The importance of G·A hydrogen bonding in themetal ion- and
protein-induced folding of a kink turn RNA, J. Mol. Biol. 381 (2008) 431–442.

[32] A. Lescoute, N.B. Leontis, C. Massire, E. Westhof, Recurrent structural RNA motifs,
isostericity matrices and sequence alignments, Nucleic Acids Res. 33 (2005)
2395–2409.

[33] P. Daldrop, D.M.J. Lilley, The plasticity of a structural motif in RNA: structural poly-
morphism of a kink turn as a function of its environment, RNA 19 (2013) 357–364.

[34] P. Nissen, J.A. Ippolito, N. Ban, P.B. Moore, T.A. Steitz, RNA tertiary interactions in the
large ribosomal subunit: the A-minor motif, Proc. Natl. Acad. Sci. U. S. A. 98 (2001)
4899–4903.

[35] N. Ban, P. Nissen, J. Hansen, P.B. Moore, T.A. Steitz, The complete atomic structure of
the large ribosomal subunit at 2.4 Å resolution, Science 289 (2000) 905–920.

[36] B.T. Wimberly, D.E. Brodersen, W.M. Clemons Jr., R.J. Morgan-Warren, A.P. Carter, C.
Vonrhein, T. Hartsch, V. Ramakrishnan, Structure of the 30S ribosomal subunit,
Nature 407 (2000) 327–339.

[37] J.A. Chao, J.R. Williamson, Joint X-ray and NMR refinement of the yeast L30e-mRNA
complex, Structure 12 (2004) 1165–1176.

[38] K.T. Schroeder, P. Daldrop, D.M.J. Lilley, RNA tertiary interactions in a riboswitch
stabilize the structure of a kink turn, Structure 19 (2011) 1233–1240.

[39] L. Huang, D.M.J. Lilley, The molecular recognition of kink turn structure by the L7Ae
class of proteins, RNA 19 (2013) 1703–1710.

[40] L. Huang, D.M.J. Lilley, Structure of a rare, non-standard sequence k-turn bound by
L7Ae protein, Nucleic Acids Res. 42 (2014) 4734–4740.

[41] K. Reblova, J.E. Sponer, N. Spackova, I. Besseova, J. Sponer, A-minor tertiary interac-
tions in RNA kink-turns. Molecular dynamics and quantum chemical analysis, J.
Phys. Chem. B 115 (2011) 13897–13910.
[42] T.A. Goody, S.E. Melcher, D.G. Norman, D.M.J. Lilley, The kink-turn motif in RNA is
dimorphic, and metal ion dependent, RNA 10 (2004) 254–264.

[43] S. Matsumura, Y. Ikawa, T. Inoue, Biochemical characterization of the kink-turn RNA
motif, Nucleic Acids Res. 31 (2003) 5544–5551.

[44] B. Heppell, D.A. Lafontaine, Folding of the SAM aptamer is determined by the forma-
tion of a K-turn-dependent pseudoknot, Biochemistry 47 (2008) 1490–1499.

[45] B. Turner, S.E. Melcher, T.J. Wilson, D.G. Norman, D.M.J. Lilley, Induced fit of RNA on
binding the L7Ae protein to the kink-turn motif, RNA 11 (2005) 1192–1200.

[46] E.V. Koonin, P. Bork, C. Sander, A novel RNA-binding motif in omnipotent suppres-
sors of translation termination, ribosomal proteins and a ribosome modification
enzyme? Nucleic Acids Res. 22 (1994) 2166–2167.

[47] S. Nottrott, K. Hartmuth, P. Fabrizio, H. Urlaub, I. Vidovic, R. Ficner, R. Luhrmann,
Functional interaction of a novel 15.5kD [U4/U6.U5] tri-snRNP protein with the 5′
stem-loop of U4 snRNA, EMBO J. 18 (1999) 6119–6133.

[48] N.J. Baird, J. Zhang, T. Hamma, A.R. Ferré-D'Amaré, YbxF and YlxQ are bacterial
homologs of L7Ae, and bind K-turns but not K-loops, RNA 18 (2012) 759–770.

[49] T.S. Rozhdestvensky, T.H. Tang, I.V. Tchirkova, J. Brosius, J.-P. Bachellerie, A.
Hüttenhofer, Binding of L7Ae protein to the K-turn of archaeal snoRNAs: a shared
RNA binding motif for C/D and H/ACA box snoRNAs in Archaea, Nucleic Acids Res.
31 (2003) 869–877.

[50] Z. Kiss-Laszlo, Y. Henry, J.P. Bachellerie, M. Caizergues-Ferrer, T. Kiss, Site-specific
ribose methylation of preribosomal RNA: a novel function for small nucleolar
RNAs, Cell 85 (1996) 1077–1088.

[51] P. Ganot,M.L. Bortolin, T. Kiss, Site-specific pseudouridine formation in preribosomal
RNA is guided by small nucleolar RNAs, Cell 89 (1997) 799–809.

[52] C. Trahan, F. Dragon, Dyskeratosis congenita mutations in the H/ACA domain of
human telomerase RNA affect its assembly into a pre-RNP, RNA 15 (2009)
235–243.

[53] N. Marmier-Gourrier, A. Clery, V. Senty-Segault, B. Charpentier, F. Schlotter, F.
Leclerc, R. Fournier, C. Branlant, A structural, phylogenetic, and functional study of
15.5-kD/Snu13 protein binding on U3 small nucleolar RNA, RNA 9 (2003) 821–838.

[54] I.M. Cho, L.B. Lai, D. Susanti, B. Mukhopadhyay, V. Gopalan, Ribosomal protein L7Ae
is a subunit of archaeal RNase P, Proc. Natl. Acad. Sci. U. S. A. 107 (2010)
14573–14578.

[55] C.J. Tsai, B. Ma, Y.Y. Sham, S. Kumar, R. Nussinov, Structured disorder and conforma-
tional selection, Proteins 44 (2001) 418–427.

[56] D.E. Koshland, Application of a theory of enzyme specificity to protein synthesis,
Proc. Natl. Acad. Sci. U. S. A. 44 (1958) 98–104.

[57] J. Wang, T. Fessl, K.T. Schroeder, J. Ouellet, Y. Liu, A.D. Freeman, D.M.J. Lilley, Single-
molecule observation of the induction of k-turn RNA structure on binding L7Ae
protein, Biophys. J. 103 (2012) 2541–2548.

[58] N. Kulshina, N.J. Baird, A.R. Ferre-D'Amare, Recognition of the bacterial second mes-
senger cyclic diguanylate by its cognate riboswitch, Nat. Struct. Mol. Biol. 16 (2009)
1212–1217.

[59] R. Rohl, K.H. Nierhaus, Assembly map of the large subunit (50S) of Escherichia coli
ribosomes, Proc. Natl. Acad. Sci. U. S. A. 79 (1982) 729–733.

[60] M. Herold, K.H. Nierhaus, Incorporation of six additional proteins to complete the
assembly map of the 50S subunit from Escherichia coli ribosomes, J. Biol. Chem.
262 (1987) 8826–8833.

http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0095
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0095
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0095
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0100
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0100
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0100
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0105
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0105
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0105
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0110
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0110
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0115
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0115
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0120
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0120
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0125
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0125
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0125
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0130
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0130
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0135
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0135
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0140
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0140
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0145
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0145
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0305
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0305
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0150
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0150
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0150
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0155
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0155
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0160
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0160
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0160
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0310
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0310
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0165
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0165
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0165
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0170
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0170
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0175
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0175
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0180
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0180
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0315
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0315
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0185
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0185
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0185
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0190
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0190
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0195
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0195
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0200
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0200
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0205
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0205
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0210
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0210
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0210
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0215
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0215
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0215
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0320
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0320
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0225
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0225
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0225
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0225
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0230
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0230
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0230
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0235
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0235
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0240
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0240
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0240
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0245
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0245
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0245
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0250
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0250
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0250
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0255
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0255
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0260
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0260
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0265
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0265
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0265
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0325
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0325
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0325
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0275
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0275
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0280
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0280
http://refhub.elsevier.com/S1874-9399(14)00103-5/rf0280

	The K-�turn motif in riboswitches and other RNA species
	1. Introduction
	2. The occurrence of K-turns
	3. Classification of K-turns
	4. The structure of the simple K-turn
	5. The N3 and N1 class K-turns
	6. The folding of K-turns
	7. The binding of L7Ae-family proteins to K-turns
	8. The roles of K-turns in the folding and architecture of RNA
	Acknowledgements
	References


