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Abstract

Three-dimensional architectural motifs are increasingly recognized as determinants of RNA
functionality. We submit that such motifs can encode spatial information. RNAs are targeted to
subcellular localities in many eukaryotic cell types, and especially in neuronal and glial cells, RNAs
can be transported over long distances to their final destination sites. Such RNAs contain cis-acting
long-range targeting elements, and recent evidence suggests that kink-turn motifs within such
elements may act as spatial codes to direct transport. Kink-turns are complex RNA motifs that feature
double- and single-stranded components and introduce a signature three-dimensional structure into
helical stems. We propose that the overall architectural design as well as the individual character—
as specified by nucleotide identity and arrangement—of kink-turn motifs can serve as RNA targeting
determinants.
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INTRODUCTION

Kink-turn (K-turn, KT) motifs are recurrent architectural RNA elements that are found in
Archaea, Prokarya, and Eukarya.l'3 K-turn (KT) motifs are functionally diverse and have been
identified in rRNAs, mRNAs, and small untranslated RNAs (utRNAs, also called non-protein-
coding RNAs).4 KT motifs serve as protein recognition sites and are able to engage in multiple
intermolecular interactions simultaneously. We have previously reported the presence of KT
motifs in neuronal RNAs that are targeted to dendrites, and we have groi)osed that KT motifs
carry codes that specify long-range distal RNA targeting in neurons. 62 \We maintain that
RNAs carry various types of codes—of which open reading frames represent only oneb—that
specify RNA functionality. Here we present an analysis of KT spatial coding motifs in selected
neural (neuronal and glial) RNAs. We limit our investigation to such RNAs in which targeting
elements have been sufficiently well characterized. This communication intends to alert RNA
researchers and neuroscientists to the potential relevance of KT matifs in spatial coding, and
to stimulate efforts aimed at dissecting mechanisms of KT-encoded RNA transport.

THE K-TURN (KT) MOTIF

K-turns are three-dimensional (3D) RNA matifs that are characterized by a core of non-
canonical — i.e., non-Watson-Crick (non-WC) — base pairs.1’2'7'9 KT motifs, now
recognized as key architectural elements in diverse RNAs,3:10-12 adopt a signature 3D
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conformgtion inwhich an internal loop forms a sharp kink in the helical axis of the RNA duplex.

149

KT motifs, characterized by double- and single-stranded elements, are organized around two
non-canonical base palrs (Fig. 1). These base pairs are typically of the sheared GeA type
(hence the GA core) and form what is referred to as the non-canonical stem (NC-stem) of the
motif (Fig. 1) [Sheared base pairs are those involving the shaIIow g]roove edge of one base,
using trans-Hoogsteen/Sugar-Edge (trans-H/SE) mteractlons] K-turns have
synonymously also been called GA motifs.9

In the “classic” KT motif, the NC-stem is connected via a purine-rich internal loop to the C-
stem, a canonical stem with at least two standard WC base pairs which are usually of the G-C
type (Fig. 1). The internal loop is short (typically 1-4 nt) and often asymmetric. On the other
side of the NC-stem, the motif reverts to canonical base pairing typical of standard A-form
RNA helices, beginning W|th a G-C pair and often separated from the NC-stem by a transitional
base or base pair (Fig. l) 3 The KT signature 3D structure is specified by various WC and
non-WC interactions between motif nucleotides.1-3 Trans-H/SE interactions, trans-SE/SE
interactions—in one case giving rise to a type | A-minor motif18—and cross-strand stacking
interactions all contribute to KT motif architecture (Fig. 1). Together, these requisite
interactions impose stringent constraints on the types of nucleotides allowed in each motif
position, and their relative orientation with respect to each other. On the basis of this
information, a KT consensus has been established for the classic KT maotif structure (Fig. 1).
12,11 |gentification of this consensus in an RNA is predictive of the presence of the 3D KT
motif structure.2

These intramolecular interactions result in the characteristic 3D structure of the classic KT
motif (Fig. 1). The helix is severely overwound (i.e. twisted by 81° around its axis), and the
helical stem is bent by about 120°, thus causing a sharp axial kink.1:2 At the apex of this kink
resides an unpaired residue (yellow in Fig. 1) that is part of the internal loop but does not
interact with other nucleotides of the motif. This nucleotlde is extruded (i.e., bulges out) and
may engage RNA binding pockets in prOtEInS.l*Z* Other elements of the KT motif, as
described above and in the legend to Fig. 1, may also be exploited as recognition motifs by
proteins. Previously described KT-interacting proteins range from ribosomal proteins to
putative nuclear RNA export factors. 2,10 However, while the presence of the consensus KT
sequence is diagnostic of the physical presence of a KT motif in an RNA, it does not predict
number or types of proteins that it interacts with.2

KT MOTIFS IN RNA TARGETING ELEMENTS
Dendritic mRNAs

We have previously identified targeting elements in dendritic RNAs. 5,19,20,62 The mRNA
encoding protein kinase M¢ (PKMC() contains two dendritic targeting elements (DTES) of which
M({DTEZ2 specifies distal targetlng 19 M{ DTE?2 isa44-nt stem-loop structure with a prominent
GA internal loop motif that conforms to the classic K-turn consensus (100% match with
conserved nucleotides and nucleotide positions, including NC-stem, C-stem, and asymmetric
internal loop; Fig. 2). We submit that in M{ DTEZ2, a KT maotif serves as a code to specify long-
range distal targeting.5

Dendritic RNAs are differentially delivered to proximal or distal destinations along the
dendritic extent.21 Are KT-code DTES thus specific for distally delivered dendritic RNAs, but
absent from proximal or soma-restricted RNAs? This question is more easily raised than
answered because the functional description of DTEs is still in its infancy for most dendritic
RNAs.” Distal dendritic targeting may be encoded by more than one type of architectural RNA
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motif; in some cases, one might envision, long-range transport may be specified by an interplay
of several targeting (or even targeting-repressing) elements. Furthermore, because KT motifs
participate in various cellular functions that are unrelated to RNA targeting, the presence of a
KT motif in an RNA can by itself not be a predictor of distal dendritic targeting competence.

These caveats in mind, we used a search algorithm (see Fig. 2) to interrogate representative
dendritic mRNAs for classic KT motifs. Focusmg on transcripts for which DTEs have been
identified or sufficiently narrowed down,® we identified candidate KT motifs (100% congruent
with classic consensus) in several neuronal MRNAs that are delivered to distal dendritic
domains (Fig. 2). In CaMKlla mRNA, 2122 3 KT motif is predicted ina DTE segment of the
3’ untranslated region (UTR) that has previously been shown to specify targeting. 3,24 In Arc
mRNA, two KT motifs are predicted in a DTE section of the 3' UTR that has recently been
shown to be required for distal targeting. 25

In contrast, no KT motif was detected in a second DTE that is contained in the Arc 3' UTR,
one that mediates proximal dendritic targetlng Similarly, we failed to detect KT motifs in
the DTE of MAP2 transcripts. 26 MAP2 MRNA, although delivered to dendrites, remains
restricted to proximal regions. 21,27 7 Also, no KT motif was found in the 3' UTR of a-tubulin
MRNA, a soma-restricted neuronal transcript. 28,29

Finally, we compared mRNAs encoding glycine receptor o and  subunits (GlyRo and
GlyRp). While DTEs have not yet been localized W|th|n these mMRNAs, GlyRa transcripts
(which are delivered to distal postsynaptic domalns) contain a classic KT motif whereas
GIlyRp transcripts (which remain restricted to somata) do not (Fig. 2). Interestingly, KT
GlyRa is of the same type as KT M( (Fig. 2).

In summary, it appears that KT motifs are associated with long-range distal targeting
competence in dendritic MRNAs. We hypothesize that KT maotifs in these RNAs carry codes
to instruct distal targeting.

Myelin basic protein mRNA

A KT search identified a classic KT motif in the 3" UTR of myelin basic protein (MBP) mRNA
(100% match with consensus). MBP mRNA is transported along oligodendrocyte rocesses
and a relevant targeting element has been identified in the 3' UTR of the mRNA.31-33 This
21-ntelement, initially known as RNA transport signal (RTS) but now recognized as an hnRNP
A2 response element (A2RE), contains an 11-nt targeting-competent subdomain (A2RE11).

33 It turns out that A2RE11 represents the long (3') strand of the predicted MBP KT motif
(Figs. 2 and 3).

Mutational analysis has been used to probe the relevance of each nucleotide in A2RE11 for
hnRNP A2 binding and RNA transport competence.32 33 Binding of hnRNP A2 was severely
compromised by replacement of any of the nucleotides that would occupy strategic positions
in the MBP KT long strand: nominally unpaired A4 and A5, engaging in stacking interactions,
extruded G6, and G7 and A8 which engage in multiple interactions in the GA core (Fig. 3).
G9, part of an intervening base pair that marks the interface between the NC stem and the
resumption of standard A-form helix, was also found indispensable. In contrast, replacement
of C-residues in the C-stem resulted only moderately diminished binding (Fig. 3). Analogous
results were obtained for the targeting competence of these mutants although not all of them
were thus examined.32:33 The combined data suggest that binding- and targeting-relevant
nucleotides in A2RE are precisely those that are determinants of K-turn identity and
functionality.
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K-turns in targeted neural mMRNAs

A comparison of six targeting KT maotifs in neural nRNAs—two in Arc mRNA and one each
in PKM(, CaMKlla, GlyRa, and MBP mRNAs (Fig. 2) —reveals a remarkable degree of
similarity even in those positions where variability is observed in non-targeting KT motifs.
Thus, the NC-stem is always of the classic GeA/A<G type, the 5’ unpaired stacking nucleotide
in the asymmetric internal loop is A, and the intervening nucleotide in the long strand (at the
transitional position between the NC-stem and the resumption of A-form helical structure) is
G. It is of course possible that other, yet to be identified targeting KT motifs may show
variations in these positions, but the combined available data indicate that the identities of these
nucleotides are determinants of the targeting code. These nucleotides are therefore referred to
as character nucleotides as they seem to define the character of targeting KT motifs as such.
Targeting KT character nucleotides are indispensable for the spatial coding functionality of
the motif, thus identifying it as a targeting-encoding subtype of the general classic KT motif.
In contrast, motif-essential nucleotides (e.g. those of the GA core) are invariant in most KT
motifs—regardless whether they belong to targeting or non-targeting subtypes—and can not
be exchanged without destruction of the motif itself.

A second type of character nucleotide in KT motifs is RNA-specific. One example is provided
by the nucleotide that pairs with the intervening G in the transitional position of the KT long
strand. This short-strand nucleotide may be C, i.e., forming a standard WC base pair with
intervening G, it may be another nucleotide that forms a non-canonical pair with intervening
G, or it may be missing, leaving intervening G unpaired (Fig. 2). Similarly, in the internal loop,
the extruded nucleotide and the 3’ unpaired stacking nucleotide are variable in targeting KT
motifs. Such differences may give each of those KT motifs individual character as any of these
nucleotides may specify protein recognition.l'2 In fact, motif-essential and both types of
character nucleotides may engage in protein interactions, and it is therefore not surprising that
exchanges of any of the three types of nucleotides in KT MBP severely impact hnRNP A2
recognition and RNA transport (Fig. 3).32

Untranslated dendritic RNAs

BC1 RNA and BC200 RNA—collectively called BC RNAs (small brain-specific cytoplasmic
RNAs)—are untranslated neuronal RNAs that are delivered to distal dendritic domains.20:
34-36 Both RNAs have been implicated in local translational control mechanisms.37-40
Dendritic targeting of BC1 RNA is specified by the 5' BC1 domain which contains two cis-
acting targeting elements: DTE1 which is required for somatic export and DTE2 which
specifies long-range distal delivery.zol62 The secondary structure of the 5" BC1 domain has
been established by chemical and enzymatic probing,4 and a prominent GA-type KT motif
in the apical region of the 5’ BC1 domain was found indispensable for distal targeting.62 KT
BC1 (in% 4) belongs to the KT-58 subgroup of the classic KT motif, initially identified in 23S
rRNA.4

Inter-species nucleotide substitutions have been observed in different rodent 5’ BC1 domains.
41,42 gch exchanges have been conservative with respect to KT BC1, i.e., the motif structure
has been maintained in all cases. The 5’ domain of BC200 RNA, the primate counterpart
(analog) of rodent BC1 RNA,35 is also predicted to contain a classic KT maotif of the KT-58
type (Fig. 4). DTEs have not yet been established in BC200 RNA, but microinjected BC200
RNA is delivered to distal dendritic segments of sympathetic neurons in culture (Muslimov
IA, Tiedge H, unpublished). The KT BC200 motif structure is maintained in all primate species
investigated.43 The only nucleotide exchanges observed are in Gorilla and the new world
monkey Aotus where C105 has been replaced with a U, resulting in the conversion of a flanking
G-C standard WC pair into a flanking G-U wobble WC pair. Such high degree of phylogenetic
conservation is further indication of motif functionality.

RNA Biol. Author manuscript; available in PMC 2007 April 2.
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KT motifs have previously been detected in other small RNAs. 710,44 1 a subset of such
RNAs, i.e., some small nucleolar (sno) RNAs, these motifs belong to the class of minimal K-
turns.10-12 Minimal K-turns differ from classic K-turns in that they do not contain a C-stem.
The NC-stem is typically positioned at the base of a loop which contains, adjacent to the tandem
GeA pair, the key extruded nucleotide (Fig. 4). While the KT motifs in BC RNAs conform to
the classic type, it is certainly conceivable that targeting elements in other small untranslated
RNAs, whether expressed in neurons or other cell types, may use minimal KT motifs as
transport codes.

BC1 DTE2 and two other targeting elements, the ones contained in PKM{ and MBP mRNAs,
have been narrowed down to fewer than 50 nt. For BC1 RNA, the secondary structure of the
targeting competent 5’ domain has been determined experimentally41 and was found to be in
agreement with the prediction of the Mfold RNA folding algorithm.45 For M{ DTEZ2, the same
algorithm predicts a stem-loop structure of 44 nt with a AG of —27.9 kcal/mol. 19 (Note that
Mfold and similar algorithms consider free energy contributions only from WC pairs, not from
non-canonical interactions which may nevertheless significantly contribute to AG.)
Analogously, KT MBP is predicted to be embedded in a stem-loop structure with a AG of —21.8
kcal/mol (Fig. 5). In this case, the structure features additional internal loops of the C-loop
type, another class of recurrent RNA motifs.3 While the close spatial association of C-loop
motifs with targeting-encoding KT motifs is intriguing, its biological significance remains to
be explored.

We can obviously not claim that KT motifs are physically present in all neural RNAs that we
have presented above. Our algorithm identifies putative KT motifs, and a predicted KT
consensus in an RNA is considered diagnostic of the presence of the 3D KT motif.2
Nonetheless, there can be no certainty that these are the conformations that actually exist in
the intracellular milieu in all cases and at all times. Alternative conformations may exist, at
least temporarily, e.g., when the motif is engaged with certain proteins (see also below). Thus,
with this communication, we solicit efforts to subject the KT model to experimental scrutiny.

KT DECODING

With increasing progress towards an understanding of the functional-molecular architectures
of dendritic targeting elements, we expect that common themes (i.e., RNA motifs) will emerge,
and common concepts will crystallize. Nevertheless, the world of RNA targeting elements is
bound to be complex. While this complexity may reflect a “no-shoe-fits-it-all” biological
necessity in RNA targeting, we believe it is also a consequence of evolutionary principles. In
evolutionary terms, RNA is much older than proteins, and RNA motifs such as K-turns have
been described to subserve diverse functions in the three kingdoms of Archaea, Eubacteria,
and Eukarya. Some K-turns may have acquired spatial coding competence in early eukaryotes.
In yeast, for example, small nucleolar U14 RNA contains a box C/D element that was shown
to be required for intranuclear targeting.46 Subsequently, C/D box elements were identified
as KT motifs.12 During evolution, such motifs have been modified, adapted, and recruited/
exapted into new functions, and they have been redistributed and introduced into other RNAs,
for instance by intragenomic horizontal transfer.47-50

Significantly, KT motifs have “learned” to interact with different and novel proteins. In the
context of RNA transport, such proteins are trans-acting factors (TAFS)5’51 that decode the
information contained in the 3D architecture of the targeting-encoding RNA motif. Decoding
is realized through the assembly of ribonucleoprotein (RNP) complexes: RNA motifs such as
K-turns engage TAFs and thus act as nucleation sites for RNP assembly. The identity of a KT
targeting RNP will be determined by the constellation of specific nucleotides engaged in TAF
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interactions as both motif-essential and character nucleotides may be recognized by such
proteins.

Which TAFs read KT targeting codes? A2RE11 in MBP mRNA interacts with hnRNP A2, a
targeting TAF that operates in neurons and glial cells. 32,33,51,52 poRE11 represents the long
(3" strand of KT MBP (Figs. 2 and 3). We reasoned that hnRNP A2 may therefore also interact
with some of the other transported RNAs that use KT spatial codes. Recent datab2 indeed show
that hnRNP A2 also recognizes KT BC1. These data raise the gossmllity that proteins of the
A2 family — several isoforms have been described to date>! act as KT decoders, i.e.,
recognize KT targeting codes and mediate RNA transport.

Important questions remain. What types of KT targeting codes are recognized by which A2
proteins? Or, from the point of view of the KT maotif, which motif-essential and/or character
nucleotides are indispensable in engaging A2 proteins? In KT BC1, both strands of the motif
are required for A2 recognition. In other cases, recognition of single-stranded (i.e., unpaired)
elements in KT motifs may be sufficient for A2 interactions. (A2RE11 by itself binds to hnRNP
A2. ) 22 proteins contain two RNA recognition motifs (RRMs) 4 put structural data of RNA
engaged by A2 proteins are not available. It is known, however, that KT motifs exist in a
dgnamic equilibrium between an open structure and the highly ordered kink-turn conformation.

Different TAFs may thus engage different conformations, and they may also grompt
transition between conformational states through induced fit mechanisms.

K-turn motifs thus employ highly versatile protein recognition strategies, and it is to be
expected that even related RNA motifs—i.e., similar K-turns—may interact with different
proteins, and vice versa.2:10,58 we anticipate that the next step towards a functional dissection
of RNA transport in dendrites will have to be a comprehensive physico-functional delineation
of those RNA motifs that encode dendritic targeting. This analysis will be followed by the
identification of factors that recognize and decode such motifs, and ultimately by the
establishment of 3D structures that describe motif-TAF complexes.

KT motifs have been implicated in the localization of several box C/D snoRNAs to nucleoli
in such diverse species as yeast and Xenopus.46'59 It thus appears likely that KT-encoded
targeting is not restricted to neural RNAs, the main focus of this article, but plays a universal
—and possibly ancient—role in spatial RNA coding in general.
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Figure 1.

The classic KT motif. K-turns were first described in human U4 snRNAZ and in Haloarcula
marismortui rRNAs.2 In this illustration, the KT motif is exemplified by KT U4 in the C/D
Box of U4 snRNA (A-C) and by KT-7 in 23S rRNA. The deduced classic consensus? is shown
in (C). (A) Tertiary structure with the C-stem seen towards the front right, the NC-stem towards
the rear left. Salient intramolecular interactions are indicated, with A-minor interactions
symbolized by a horizontal bidirectional arrow (see also below). (B) Secondary structure, C-
stem facing towards the bottom. Illustration reprinted from Hardin and Bateyll, with
permission from Elsevier. The following intramolecular interactions are universal to classic
K-turns. (U4 numbering is used.) Of the tandem sheared GeA pairs, G32¢A44 is non-planar.
A44 also engages in stacking interactions with both A33 and A30, as a result forming cross-
strand triple adenosine stacks.12 Thus, A30 stacks onto and thereby caps the NC-stem, and
AZ29 stacks onto and caps the C-stem. These stacking interactions are critical for the 3D
architecture of the motif. Also contributing to motif conformation is a type I A-minor
interaction.18 In this tri-nucleotide motif, the O2" atom and the “soft” N1-C2-N3 edge of an
adenosine (which itself is typically part of a sheared GeA pair) fit into the minor groove of a
receptor G-C WC base pair. In the case of U4 sSRNA, this interaction is realized by A33 fitting
into the minor groove of the G45-C28 pair. The A-minor motif is supported by trans-SE/SE
interactions between A33 and G45. Trans-SE/SE interactions are also maintained between A29
and A44, or their equivalents in other classic K-turns.3 The specificity of these multiple
intramolecular interactions form the basis for the unique 3D architecture. U31 bulges out, i.e.
is extruded and does not interact with the other nucleotides of the motif. It is located at the
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apex of the 120° kink in the helical backbone. (C) KT motifs are aligned with their C-stems
(G-C pairs) to the left, NC-stems (GeA pairs) to the right of the asymmetric internal loop. In
the classic K-turn of the consensus type, nucleotides other than the ones shown are rarely
tolerated in the positions indicated, except that distal G-C base pairs (i.e. those at the flanks of
the motif) may occur in either the G-C or the C-G orientation. © denotes the transitional position
between the NC-stem and the resumption of A-form helical structure by G-C WC base pairs;
this position may be occupied by an intervening base pair, by an unpaired residue, or not at all.
R, purine; N, any nucleotide. Blue, canonical G-C pairs of the C-stem; red, non-canonical GeA
pairs of the NC-stem; orange, nominally unpaired internal loop nucleotides engaged in stacking
interactions; yellow, extruded nucleotide.
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Figure 2.

Classic KT motifs in targeted neural mRNAS. See Figure 1 for color coding and motif
alignment. Note that the internal loop nucleotide adjacent to the C-stem is consistently A, the
long strand intervening nucleotide consistently G. These nucleotides may be specific to
targeting KT motifs and are therefore referred to as targeting character nucleotides. For neural
mRNAs, GenBank/EMBL/DDBJ accession numbers and nucleotide numbers are given. KT
maotifs are typically located in the 3’ UTRs except for KT GlyRa which is located at the 3’ end
of the open reading frame. A modified version of DNAMAN software (Lynnon Corporation,
Vaudreuil-Dorion, Quebec, Canada) was used to query RNAs for KT motifs. Query parameters
were written such that searches were limited to classic KT motifs of the consensus type.
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Figure 3.

Classic K-turn motif in the 3' UTR of MBP mRNA (KT MBP). The relationship between KT
MBP, A2RE and A2RE11 is shown on top. Mutational analysis of A2RE1132 revealed
differential effects of nucleotide replacement on hnRNP A2 binding. The exchange of
nucleotides in the KT long strand that are essential for integrity and/or identity of the motif
(shown in green) results in drastically diminished or entirely abolished binding to hnRNP A2.
In contrast, C2U and C3G mutations result in only moderately diminished binding.‘?’2 For
AZ2RE and A2RE11, nucleotides outside the KT motif long strand are shown in gray. A2RE11

numbering is used for mutants.
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Figure 4.

KT BC1 and KT BC200 belong to the KT-58 subgroup of the classic K-turn family, featuring
a more symmetric internal loop structure.2:3 In KT motifs of this subgroup, the C-stem G-C
pair that is adjacent to the internal loop can also be represented as orange internal loop
nucleotides as they are likely to participate in stacking.3 Analogously, the internal loop G/C
nucleotides that are adjacent to the C-stem in KT BC1 can also be represented as a blue standard
WC pair as they are likely to engage in canonical base pairing. The G-U pair in KT BC1 may

be either of the wobble WC type or of the sheared trans-H/SE type.3’12

Note that the geometry

of the GA core is inverted in KT BC1, probably an indication that the motif assumes the reverse

K-turn conformation.60
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Figure 5.

Embedding of KT motifs in stem-loop structures. (A) KT BC1, (B) KT M(, (C) KT MBP. In
this illustration, base pairings are represented as follows: = (G-C WC); - (A-U WC); - (wobble
WC); « (non-canonical). K-turns are boxed and are identified using the same color coding as
above. In KT BC1, the internal loop G-C nucleotides that are adjacent to the C-stem can also
be represented as a standard WC pair in blue; see Figure 4. In addition to KT matifs, the stem-
loop structures feature other non-helical elements that may be functionally relevant, among
them unpaired nucleotides®? and internal loops (gray nucleotides in the MBP stem loop, C)
that display features of C-loop motifs.3
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