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ABSTRACT

k-Junctions are elaborated forms of kink turns with an additional helix on the nonbulged strand, thus forming a three-way
helical junction. Two were originally identified in the structures of Arabidopsis and Escherichia colithiamine pyrophosphate
(TPP) riboswitches, and another called DUF-3268 was tentatively identified from sequence information. In this work we
show that the Arabidopsis and E. coli riboswitch k-junctions fold in response to the addition of magnesium or sodium
ions, and that atomic mutations that should disrupt key hydrogen bonding interactions greatly impair folding. Using X-
ray crystallography, we have determined the structure of the DUF-3268 RNA and thus confirmed that it is a k-junction.
It also folds upon the addition of metal ions, though requiring a 40-fold lower concentration of either divalent or monova-
lent ions. The key difference between the DUF-3268 and riboswitch k-junctions is the lack of nucleotides inserted between
G1b and A2b in the former. We show that this insertion is primarily responsible for the difference in folding properties.
Finally, we show that the DUF-3268 can functionally substitute for the k-junction in the E. coli TPP riboswitch such that
the chimera can bind the TPP ligand, although less avidly.

Keywords: RNA structure; metal ions; TPP riboswitch; fluorescence resonance energy transfer; X-ray crystallography

INTRODUCTION

Although RNA structure determination and analysis tech-
niques have advanced greatly, understanding and predict-
ing the tertiary structure of RNA from the primary and
secondary structure is still not fully solved. There are two
reasons for this. First, only about 200 unique RNA struc-
tures have been solved. Second, too few RNA motifs
have been studied in detail. RNA structures can be usefully
analyzed as a collection of helical duplex sections connect-
ed by junctions that determine the trajectory and mediate
long-range interactions. One quite widespread junction is
the kink-turn (k-turn); a motif commonly found in duplex
RNA comprising a short (usually 3 nt) bulge-loop followed
by conserved G:A and A:G sheared base pairs (Fig. 1A;
Klein et al. 2001). k-turns can be induced to fold (e.g., by
addition of metal ions) into a tightly kinked structure with
an included angle of ~50° (Goody et al. 2004; Liu and
Lilley 2007), stabilized by critical cross-strand hydrogen
bonds between 2'-hydroxyl groups and ring nitrogen at-
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oms of the adenine nucleobases of the G:A base pairs
(Lescoute et al. 2005; Liu and Lilley 2007; Reblova et al.
2011; Daldrop and Lilley 2013).

k-junctions are elaborated forms of k-turns, preserving
the tandem G:A base pairs and cross-strand hydrogen
bonding, but having an additional third helix on the n
(nonbulged) strand opposite the loop on the b (bulged)
strand (Fig. 1B,C). These were first identified in the struc-
tures of the Arabidopsis and E. coli TPP riboswitches
(Serganov et al. 2006; Thore et al. 2006) using a computer
algorithm that searched for k-turn features with the correct
relative orientation (Wang et al. 2014). In the TPP ribo-
switches, the k-junctions are not directly involved in ligand
binding. Rather, they determine the trajectory of two adja-
cent helices (termed the C- and NC-helices) that have in-
ternal loops that form the TPP binding site (Serganov
etal. 2006; Thore et al. 2006). The k-junction is not restrict-
ed to riboswitches; two three-way RNA junctions that con-
form to the k-junction pattern were also identified within
the H. marismortui ribosome structure (Wang et al. 2014).

© 2023 Li et al. This article, published in RNA, is available under
a Creative Commons License (Attribution-NonCommercial 4.0
International), as described at http:/creativecommons.org/licenses/
by-nc/4.0/.
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FIGURE 1. Sequences of riboswitch k-junctions and DUF-3268. (A)
The sequence of Haloarcula marismortui Kt-7, a standard k-turn.
The nucleotide positions are colored in our normal scheme and la-
beled with the normal k-turn nomenclature (Liu and Lilley 2007).
Both coloring and nomenclature have been applied to the k-junctions,
and used throughout. The blue arrows show the two cross-strand hy-
drogen bonds from L1 02’ to ATn N1 and L-1n to A2b N1 or 3 (this
varies between k-tumns). (B,C) The sequences of the Arabidopsis (B)
and Escherichia coli (C) TPP riboswitch k-junctions are shown on the
left. The main differences from the simple k-turns are the presence
of a bulge between G1b and A2b, and the connecting sequence
(c1 and c2) and T-helix on the lower strand. (D) The secondary struc-
ture of the DUF-3268 RNA, with the sequence of the putative k-
junction.

The application of bioinformatics has proved to be a
powerful approach to identifying potentially functional
structured regions of RNA, and the Breaker laboratory
has developed comparative genomic analysis to seek out
conserved secondary structured regions within intergenic
regions (Weinberg et al. 2007; Weinberg et al. 2010; Li
and Breaker 2017). Using this approach, Weinberg et al.
(2017) identified 224 novel structured RNA sequences.
From inspection of their data, we identified four probable
k-turn structures, and proved this experimentally in solu-
tion and in the crystal (Huang et al. 2021). In addition to
these k-turns, we also identified a candidate k-junction
(Fig. 1D) in a sequence termed DUF-3268 (Huang and
Lilley 2018; Huang et al. 2021).

In this work we have asked two questions. First, do the k-
junctions found in the TPP riboswitches undergo folding in
solution into the kinked geometry that is observed in the
crystal driven by the addition of metal ions? This has not
been examined experimentally for any k-junction to
date. Second, can we demonstrate that the DUF-3268 se-
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quence adopts the k-junction conformation experimental-
ly? We have determined the crystal structure of this motif
and shown that it does indeed adopt the conformation
of ak-junction. Furthermore, like the TPP riboswitch k-junc-
tions, folding is promoted by the addition of both divalent
and monovalent metal ions in a two-state conformational
change.

RESULTS

lon-induced folding of TPP riboswitch k-junctions

The clear structural relationship between the TPP ribo-
switch k-junctions and standard k-turns suggests that it is
likely the former will undergo folding into a kinked geom-
etry on the addition of metal ions, yet this has never been
shown experimentally. In order to study the antici-
pated ion-induced folding of a k-junction, we took the
Arabidopsis and E. coli TPP riboswitch junctions and
converted them into species similar to those used
previously for analysis of the folding of simple k-turns.
To achieve this, we extended the C- and NC-helices
to 12 and 13 bp, respectively, and converted the T-
helices into 4 bp stem-loops (Fig. 2A; Supplemental Fig.
S1). Fluorescein and cyanine-3 fluorophores were attached
to the 5 termini of the C- and NC-helices, respectively, in
order to study folding by fluorescence resonance energy
transfer (FRET). By analogy with standard k-turns, folding
would be expected to kink the structure at the junction,
so bringing the fluorophores at the helical termini closer
together, and thus increase the efficiency of energy trans-
fer (Erget). FRET efficiency was measured in the steady-
state, using the acceptor normalization method (Clegg
1992).

The addition of Mg®* ions to either k-junction leads to a
marked increase in FRET efficiency (Fig. 2B,C), consistent
with folding into a more kinked geometry on the addition
of the divalent metal ions. The Erger value for the
Arabidopsis k-junction increases from 0.25 in the absence
of ions to 0.57 in the presence of 100 mM Mg?* (Fig. 2B).
This is very similar to the change observed for standard
k-tuns such as H. marismortui Kt-7 (Liu and Lilley
2007), suggesting a similar extent of kinking, consistent
with the structure of the junction in the riboswitch. The
titration was well fitted by a simple two-state binding
model, yielding a [Mg®*];/2=770 uM (Table 1). A some-
what larger change in Egger was induced by the addition
of Mg?* ions to the corresponding RNA construct con-
taining the E. coli k-junction, with a [Mg®*];,, =170 uM
(Table 1).

Both k-junctions also folded in response to the addition
of monovalent metal ions. FRET efficiency increased with
the addition of Na™ ions (Fig. 2D,E), with [Na*];,»=470
and 400 mM for the Arabidopsis and E. colik-junctions, re-
spectively (Table 1). The endpoints are harder to define
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FIGURE 2. Metal ion-induced folding of the Arabidopsis and E. coli TPP riboswitch k-junctions
analyzed by FRET. (A) Schematic of the constructs used for FRET analysis of k-junctions. The T-
helix has been replaced by a 4 bp stem-loop, and the C- and NC-helices have been extended
and labeled with 5’ fluorescein (F) and cyanine-3 (C), respectively. The Arabidopsis and E. coli
k-junctions have been titrated with metal ions, and FRET efficiency (Erger) measured and plot-
ted as a function of ion concentration. The data are fitted to a simple two-state binding model
(lines). (B) Titration of the Arabidopsis k-junction with Mg2+ ions. Filled circles: natural se-
quence Arabidopsis k-junction. Open circles: Arabidopsis k-junction with L1H substitution.
This removes the hydroxyl group proposed to donate a hydrogen bond to Aln N1. (C)
Titration of the E. coli k-junction with Mg?* ions. Filled circles: natural sequence E. coli k-junc-
tion. Open circles: E. coli k-junction with L1H substitution. (D) Titration of the Arabidopsis k-
junction with Na™ ions. (E) Titration of the E. coli k-junction with Na* ions.

with the monovalent ions, but similar folding is apparently
achieved, although this requires three orders of magnitude
greater concentration for sodium ions, similar to the fold-
ing of standard k-turns.

Standard k-turn structures undergo folding upon addi-
tion of the L7Ae protein (Turner et al. 2005; Wang et al.
2012; Huang and Lilley 2013). However, on the addition
of Archeoglobus fulgidus L7Ae protein to the
Arabidopsis k-junction construct no increase in FRET effi-
ciency was observed. At a concentration of 1 pM L7Ae,

107 10° 10° 10* 102 102 10"

104 108 102 101 1

Errer =0.36, that is, no significant in-
crease above the background in buff-
er alone was detected.

The effect of atomic mutation on
ion-induced folding of TPP

. riboswitch k-junctions
Eco +°* .
J In a standard k-turn there are two im-
portant cross-strand k-turns (Lescoute
$ et al. 2005; Liu and Lilley 2007;
¢ Reblova et al. 2011; Daldrop and Lil-
ley 2013). One is donated by the L1

02 to A1n N1 (Lescoute et al. 2005;
Liu and Lilley 2007), while the other
is donated by the O2’ at the —1n posi-
tion to either N3 or N1 of A2b
(Reblova et al. 2011; Daldrop and Lil-
ley 2013). The assignment of these hy-
drogen bond donors in the k-junction
is not obvious from sequence alone.
Inspection of the Arabidopsis and E.
coli k-junctions indicated that L1
should be assigned to the nucleotide
4 base paired with the c¢1 nucleotide (so
that the nucleotide 3 to L1 was

. termed L1.1, whereupon the follow-
o ing L2 and L3 take their usual func-

[Mg*]/M

. tions). The —1b:=1n base pair then

followed L1:c1 as the next base pair
in the C-helix. Thus the —1n nucleo-
tide that donates its O2' to A2b is im-
mediately 3’ to c1.

We have found in standard k-turns
that the hydrogen bond donated by
the L1 O2 is particularly important
for ion-induced folding, so that fold-
ing of an L1 O2'H variant is very im-
paired (Liu and Lilley 2007). We
made the corresponding L1 O2'H
atomic variants for the Arabidopsis
and E. coli k-junctions and repeated
the Mg?" ion titrations by measuring
FRET efficiency (Fig. 2B,C). Neither
k-turn variant folds well in response
to the addition of Mg®* ions, reaching Erger values <0.4,
and with [Mg®*];/2=1.4 and 1.0 mM, respectively (Table
1). This demonstrates the importance of the cross-strand
hydrogen bond to A1n, and thus supports the assignment
of the L1 position.

We also investigated the importance of the —1n O2' in
the Arabidopsis k-junction. We made a —1n O2'H atomic
variant for that k-junction and repeated the Mg?* ion titra-
tions by measuring FRET efficiency (Supplemental Fig. S2).
The ion-induced folding was impaired, though to a lesser

[Nat] /M
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degree than for the L1 O2'H variant. Egger reached 0.48,
and [Mg®*];,,=1.2 mM (Table 1).

lon-induced folding of putative k-junction
in DUF-3268 RNA

While the Arabidopsis and E. coli k-junctions were first
identified by their conformations within crystallographic
structures of TPP riboswitches (Wang et al. 2014), DUF-
3268 was proposed to be a probable k-junction on the
basis of its sequence (Huang and Lilley 2018; Huang
et al. 2021) within one of 224 intergenic sequences found
by bioinformatic analysis (Weinberg et al. 2017). No inves-
tigation of the folding properties of this putative k-junction
has been made to date. We have, therefore, made a con-
struct based on DUF-3268 by extension of the C and NC
arms, replacement of the T-helix by a 4 bp stem-loop
and attachment of fluorescein and cyanine-3 fluorophores
to the 5" termini (Supplemental Fig. S1) analogously to the
riboswitch k-junctions above.

The addition of Mg®* or Na* ions to the DUF-3268 k-
junction leads to an increase in FRET efficiency (Fig. 3A,
B). The k-junction clearly undergoes folding into a kinked
geometry in response to the addition of both divalent
and monovalent metal ions, but the characteristics are sig-
nificantly different from those of the Arabidopsisand E. coli
k-junctions. The DUF-3268 k-junction starts from a higher
value of Erger=0.48 and rises to Eqger=0.77 (Table 1).
Moreover, folding occurs in response to an order of
magnitude lower concentration of both metal ions, with
[Mg®* 12 =20 uM and [Na*];,> = 11 mM (Table 1). No signifi-
cant folding was observed on the addition of A. fulgidus
L7Ae protein, with Egger = 0.53 in the presence of 1 uM L7Ae.

We also tested the effect of atomic mutation of the pu-
tative L1 O2’ of the DUF-3268 k-junction. Titration of Mg?*
ionsinto the L1 O2'H variant resulted in a lower initial value

TABLE 1. Analysis of ion-induced folding of k-junctions by FRET

of Eprer=0.22, and a very small extent of folding (final
Errer <0.25) (Fig. 3A). This confirms the importance of
the L1 O2" experimentally, and supports its functional as-
signment as L1 in the DUF-3268 k-junction structure.

A crystal structure of the DUF-3268 k-junction

We synthesized a single 46 nt RNA oligonucleotide con-
taining a DUF-3268 k-junction, with both the NC- and T-
helices terminated by GAAA tetraloops (Supplemental
Fig. S3). This crystallized in space group C121, and diffract-
ed to a resolution of 1.94 A. The structure was obtained by
molecular replacement using three separate models, cor-
responding to two 5 bp stem-loops and a 5 bp helix cor-
responding to the NC-, T-, and C-helices, respectively, as
the search model. The nucleotides of the k-junction in
the crystal have been numbered sequentially in the PDB
file (ID 8ITS). Crystallographic statistics are tabulated in
Supplemental Table S1, and the correspondence between
the numbering in the PDB file and our nomenclature for
the k-junction (Liu and Lilley 2007) is shown in
Supplemental Figure S4.

The overall architecture of the DUF-3268 k-junction is
very similar to that of the Arabidopsis and E. coli k-junc-
tions, forming a three-way helical junction in which the
C- and T-helices are coaxial, and the axis of the NC-helix
includes an acute angle with that of the C-helix
(Supplemental Fig. S5). The structure of the DUF-3268 k-
junction is compared with those of Arabidopsis and
E. coli plus the Kt-7 k-turn are shown in Supplemental
Figure S6. They superimpose well, except for a reorienta-
tion of the T-helix in DUF-3268 compared to the other k-
junctions. Figure 4A shows a schematic of the structure,
and the structure of the core of the k-junction is shown in
Figure 4B and C. The two noncanonical sheared
base pairs G1b:Aln and A2b:G2n are both trans

Mg?* titration

Na* titration

k-Junction IMg**11/2 n Emax [Na*]12 n Emax
Arabidopsis 770 uM 0.53 0.57 470 mM 1.0 Endpoint ill-defined
Arab AA 13 uM 0.56 0.73 9 mM 0.92 0.68

Arab LTH 1.4 mM 0.43 0.38

Arab —1nH 1.2mM 0.84 0.48

E. coli 170 uM 0.65 0.77 400 mM 0.64 Endpoint ill-defined
Eco L1H 1.0 mM 0.94 0.38

DUF 20 uM 0.59 0.77 11 mM 1.00 0.72

DUF +A 53 uM 0.49 0.29

DUF L1H 2.5 mM 0.91 0.25

The values of the Hill coefficient (n) and maximum FRET efficiency (E™*) were obtained from the FRET titration curves fitted to a two-state folding model

(equation 3), and the half-ionic concentrations calculated as [M]1,, = (1/K L)

1414 RNA (2023) Vol. 29, No. 9
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FIGURE 3. Metal ion-induced folding of the DUF-3268 k-junction analyzed by FRET. A con-
struct analogous to that shown schematically in Figure 2A based on the DUF-3268 k-junction
was used in these experiments. (A) Titration of the DUF-3268 k-junction with Mg?* ions. Filled
circles: natural sequence DUF-3268 k-junction. Open circles: DUF-3268 k-junction with L1H

substitution. (B) Titration of the DUF-3268 k-junction with Na* ions.

G(sugar):A(Hoogsteen), as in standard k-turns. These par-
ticipate in the standard cross-strand hydrogen bonds
(Fig. 4C-E). As predicted, the O2’ of the ribose designated
L1 donates a hydrogen bond to Aln N1 (Fig. 4C,D).
Similarly, the O2’ of the ribose assigned as —1n donates
a hydrogen bond to A2b N1 (Fig. 4C,E). These are fully
consistent with the folding data on the atomic variants
shown above and the crystallographic structure confirms
their role in the k-junction. The RNA conformation corre-
sponds to that of an N1-type k-turn, that is, A2b accepts
a proton atN1. The Arabidopsis and E. colik-junctions sim-
ilarly adopt the N1 conformation in the TPP riboswitches
(Wang et al. 2014).

The nucleobases of the loop (principally L1, L1.1, and
L2) lie on the major groove side of the junction. The nucle-
obases are stacked in a manner equivalent to a standard k-
turn, so that L1 is stacked on the C-helix, L1.1 is stacked on
L1, L2 is stacked on the NC-helix, while L3 is directed away
from the RNA. The first connecting nucleotide c1 forms a
cis Watson-Crick C:G base pair with L1 (Supplemental
Fig. S7A). Equivalent base pairs are made in the
Arabidopsis and E. coli k-junctions. However, the interac-
tion made by the second connecting nucleotide c2 adopts
a different conformation from that of the riboswitch k-junc-
tions. Instead of base pairing with L1.1 it is extended out,
and UL1.1 forms an in-plane triple base interaction with the
major groove edge of the junction-proximal base pair of
the T-helix (Supplemental Fig. S7B). The Watson—Crick
edge of the nucleobase of UL1.1 forms two hydrogen
bonds to the Hoogsteen edge of the adenine, ULT.1 N3
to AN7 and A N6 to UL1.1 O4. Lastly, the structure is but-
tressed by two ribose-ribose interactions where the back-
bones approach relatively closely. One is between the O2'

104 108

atoms of Aln and c1, and the other
e between the 02’ atoms of A2b and
DUF ~ ° A-1b. Thus, in the DUF-3268 k-junc-
" tion structure, both adenine nucleo-
tides of the sheared G:A base pairs
make two cross-strand interactions us-
° ing the extreme ends of the
nucleotide.

Effect of the bulged adenine
on k-junction folding

The most significant difference be-
tween the DUF-3268 k-junction and
those of Arabidopsis and E. coli is
the bulged nucleotide(s) between
G1b and A2b. This is a single adenine
in the Arabidopsis k-junction and the
dinucleotide UC in that of E. coli. In
the DUF-3268 k-junction there is no
nucleotide inserted between G1b
and A2b. We asked the question
whether or not the difference between the folding charac-
teristics of the Arabidopsis and DUF-3268 k-junctions
might arise from the bulged A of the former. We therefore
made a version of the Arabidopsis k-junction lacking the A-
bulge, and a version of the DUF-3268 k-junction in which
an A was inserted between G1b and A2b. These were an-
alyzed by measuring FRET efficiency as a function of Mg**
ion concentration as previously (Fig. 5).

Removal of the A-bulge from the Arabidopsis k-junction
led to an Mg?®* ion titration curve closely similar to that of
the DUF-3268 k-junction. The initial Erger =0.42, and the
maximum value achieved was Egger =0.73 (Table 1). In ad-
dition, the [Mg®*];/> = 13 uM. In contrast, the creation of an
A-bulge between G1b and A2b in the DUF-3268 k-junc-
tion severely impaired Mg®*-induced folding. The value
of FRET efficiency in the absence of metal ions was low-
ered, and the maximum value was only Egger =0.29, with
a [Mg®*];/2="53 pM. Thus, for both the Arabidopsis and
DUF-3268 k-junctions, we conclude that ion-induced fold-
ing is impaired when there is a bulge between G1b and
A2b, and significantly improved when absent.

102 101 1
[Na+] /M

Functional substitution of the DUF3268 k-junction
in the E. coli TPP riboswitch

We do not know the function of the DUF-3268, but since it
adopts the k-junction conformation we asked whether or
not it could functionally substitute for the k-junction in
the E. coli TPP riboswitch. We engineered the E. coli TPP
riboswitch so that its natural k-junction was replaced by
the DUF-3268 sequence with the preservation of the cor-
rect spacings (Fig. 6A; Supplemental Fig. S8). We further
made an A1nU point mutation in the DUF k-junction
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FIGURE 4. Crystal structure of the DUF-3268 k-junction. (A)
Schematic of the DUF-3268 k-junction with long-range hydrogen
bonds indicated. The blue arrows show the two cross-strand hydrogen
bonds from L1 O2’ to A1n N1 and L-1n to A2b N1. Also shown is the
cis Watson—Crick ¢1:GL1, and the base pair between L1.1 and the A of
the first base pair of the T-helix, so forming a triple base interaction. (B)
Parallel-eye stereoscopic view of the k-junction. This is viewed down
onto the minor groove of the L1-L3 loop. In this view, the T-helix
lies at the back. (C) Parallel-eye stereoscopic view of the core of the
k-junction. The two sheared G:A base pairs are clearly visible, and
the cross-strand L1 O2' to A1n N1 and L-1n to A2b N1 hydrogen
bonds are highlighted in cyan. (D) The G1b:Aln cis sugar:
Hoogsteen base pair with the L1 O2 to Aln N1 hydrogen bond
(cyan). The Fo—F electron-density map is show contoured at 1c. (E)
The G2n:A2b cis sugar:Hoogsteen base pair with the U-1n 02’ to
A2b N1 hydrogen bond (cyan). The Fo—F. electron-density map is
shown contoured at 1o.

sequence; mutation in that position is known to impair
folding (Wang et al. 2014). We then asked if the addition
of TPP would induce a change in conformation in the chi-
meric riboswitch resulting in a difference in electrophoretic
mobility, and whether or not TPP binding could be detect-
ed by isothermal titration calorimetry (ITC).

The electrophoretic analysis is shown in Figure 6B. The
natural E. coli riboswitch, the DUF chimera and the DUF
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A1nU chimera were electrophoresed in a 10% polyacryl-
amide gel following the addition of no ligand, 0.1 or 1.0
mM TPP. A clear increase in electrophoretic mobility oc-
curs with the addition of TPP. Mobility is also increased
for the DUF-3268 chimeric riboswitch, although to a small-
er degree than the native E. coli riboswitch. However, the
inclusion of the ATnU mutation into the DUF sequence
completely prevented the TPP-dependent change in elec-
trophoretic mobility.

The calorimetric data are shown in Figure 6C-E, and
the resulting thermodynamic data are tabulated in
Supplemental Table S2. TPP was titrated into a 30 uM
solution of RNA in 40 mM HEPES (pH 7.5), 100 mM KCl,
10 mM MgCl; at 25°C. The native E. coli riboswitch binds
one molecule of TPP in an exothermic reaction, from which
we calculate a dissociation constant Ky=23.9+2.6 nM
(Fig. 6C). The DUF-3268 chimeric riboswitch also binds
TPP, but an order of magnitude more weakly, with Ky=
248 + 23 nM (Fig. 6D). However, no binding could be de-
tected on titration of TPP into the DUF A1nU chimeric
riboswitch (Fig. 6E).

The results from the gel electrophoresis (i.e., the RNA
global conformation) and the calorimetry (affinity of ligand
binding) indicate that the DUF-3268 can functionally sub-
stitute for the E. coli k-junction in the TPP riboswitch, but
binds the ligand less well than the native sequence. This
suggests that subtle conformational differences between
the alternative junctions have a significant influence on li-
gand binding and the overall conformation of the
riboswitch.

DISCUSSION

In these studies we have shown that k-junctions fold into a
tightly kinked geometry on the addition of metal ions. We
have further shown that the DUF-3268 sequence that was
thought likely to adopt a k-junction conformation (Huang
et al. 2021) does indeed do so. And we have found that
the DUF-3268 k-junction can functionally substitute for
that of the E. coli TPP riboswitch.

The folding properties of k-junctions parallel those of k-
turns. In the absence of metal ions in solution, the k-junc-
tions adopt a relatively extended conformation such that
there is a low efficiency of energy transfer between fluoro-
phores attached to the ends of the extended C- and NC-
helices. On the addition of metal ions, the k-junctions un-
dergo a change of conformation, kinking the structure so
that FRET between the fluorophores increases signifi-
cantly. The binding isotherms are well fitted by a two-state
model. Folding of the k-junctions is induced by the addi-
tion of either Mg®* or Na* ions, where the half-metal ion
concentration for the monovalent ions is three orders of
magnitude higher than that for the divalent ions. This
strongly suggests that folding responds to the neutraliza-
tion of phosphate charge by atmospheric (or diffuse)
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FIGURE 5. The effect of a bulged adenine inserted between G1b and
A2n on the folding of the Arabidopsis and DUF-3268 k-junctions. The
fluorescent constructs of the Arabidopsis and DUF-3268 k-junctions
were modified so that the bulged adenine was deleted from the for-
mer, and an adenine was inserted between G1b and A2n in the latter.
All four species were titrated with Mgz+ ions. Erger has been plotted
against Mg?* ion concentration for the Arabidopsis k-junction unmod-
ified (Arab; filled squares) and with the bulged A deleted (Arab AA;
open squares), and for the DUF-3268 k-junction unmodified (DUF;
filled circles) and with the inserted adenine (DUF +A; open circles).
The data are fitted to a simple two-state binding model (lines).

binding, not site-specific binding that involves the forma-
tion of an inner sphere complex with the metal ion (Bai
et al. 2005, 2007; Draper et al. 2005; Sun and Chen
2019). Moreover, no direct coordination of metal ions
was observed in the core of the k-junction in the crystal, al-
though we have observed site-specific binding of magne-
sium ions in the major groove of the G:A base pairs of k-
turns (McPhee et al. 2014). These folding characteristics
are closely similar to those of a standard k-turn such as
H. marismortui Kt-7 (Liu and Lilley 2007).

One respect in which k-turns and k-junctions differ is that
while the L7Ae family of proteins are powerful inducers of
folding of k-turns with pM affinity (Turner et al. 2005; Wang
etal. 2012; Huang and Lilley 2013), no folding was promot-
ed by the addition of A. fulgidus L7Ae to the Arabidopsis
or DUF-3268 k-junctions. When bound to k-turns such as
H. marismortui Kt-7, L7Ae binds in the expanded major
groove running on the outer face of the structure from
the C-helix through to the NC-helix (Vidovic et al. 2000;
Hamma and Ferré-D'Amaré 2004; Moore et al. 2004;
Huang and Lilley 2013). In the k-junctions, access to the
C-helix side will be severely hindered by the presence of
the T-helix and the base interactions made by L1 and
L1.1. This would likely block the binding of L7Ae.

DUF-3268 was identified among a collection of poten-
tially structured RNA species from intergenic sequences

in bacteria (Weinberg et al. 2017), and we proposed
that it was very likely to form a k-junction structure
(Huang and Lilley 2018; Huang et al. 2021). We have
shown here that DUF-3268 does indeed adopt the k-
junction conformation in the crystal, and that it under-
goes folding in solution in response to the addition of
metal ions in a manner similar to k-turns and other k-
junctions.

The core of the DUF-3268 k-junction comprises the two
trans A(Hoogsteen):G(sugar) base pairs, in common with
standard k-turns and the k-junctions. The two adenine
nucleobases accept hydrogen bonds from the L1 and
—1n 2'-hydroxyl groups, explaining their >99% identity
conservation in the Arabidopsis TPP riboswitches (Wang
et al. 2014). We have demonstrated that removal of the
L1 O2' from either Arabidopsis or DUF-3268 k-junctions
substantially impairs folding in response to the addition
of Mg®* ions. We also observed that the O2' groups of
both the Aln and A2b make further cross-strand O2'-
O2' interactions to stabilize the folded structure.

The folding characteristics of the k-junctions of the new-
ly discovered DUF-3268 sequence and the Arabidopsis
TPP riboswitch differ significantly in two respects.
Compared to the Arabidopsis k-junction, that of DUF-
3268 folds in response to a 40-fold lower concentration
of either divalent or monovalent cations (Table 1).
Second, the maximum efficiency of FRET achieved on
the addition of metal ions is higher for the DUF-3268 k-
junction (Epger =0.77) than for the Arabidopsis k-junction
(Errer =0.57) (Fig. 5). The most significant difference in se-
quence between the k-junctions of DUF-3268 and the
Arabidopsis TPP riboswitch is the adenine nucleotide in-
serted between G1b and A2b in the latter. Removal of
the bulged adenine from the Arabidopsis k-junction
changes its folding properties to be closely similar to those
of DUF-3268, both in terms of the maximum Egger value,
and the ionic concentration required to achieve it.
Conversely, insertion of an adenine between G1b and
A2b of the DUF-3268 k-junction led to the impairment of
ion-induced folding. Folding reflects a balance between
the stability of the kinked structure and electrostatic repul-
sion, and the latter will be lowered by ionic screening of
phosphate groups. Thus the reduced requirement for met-
alions in the absence of the bulged adenine indicates that
the bulge destabilizes the k-junction.

The difference in the maximum value of Egget with and
without the adenine bulge must reflect a conformational
change in the global structure of the RNA. Egger is related
to r, the distance between the donor and acceptor fluoro-
phores (fluorescein and cyanine 3, respectively, here) by
(Forster 1948):

M
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FIGURE 6. The natural k-junction can be functionally substituted by the DUF-3268 k-junction sequence in the E. coli TPP riboswitch. (A)
Schematic showing a chimeric TPP riboswitch with the DUF-3268 k-junction (boxed). The position of the ATnU substitution is shown. (B)
Analysis of the ligand-induced global conformation of the TPP riboswitch variants by polyacrylamide gel electrophoresis. The natural sequence
E. coli TPP riboswitch and the DUF-3268 chimera with and without the A1nU substitution were electrophoresed in a 10% polyacrylamide gel after
incubation with no ligand, 0.1 or 1 mM TPP. (C-E) ITC of the three riboswitch variants. A solution of TPP was titrated into the riboswitch solutions,
and the heat evolved was measured as the power required to maintain zero temperature difference with a reference cell. Integration over time
gives the heat required to maintain thermal equilibrium between cells. In each case the upper panel shows the raw data for sequential injections of
2 pL volumes (following an initial injection of 0.4 pL) of a 250 uM solution of TPP into 200 pL of a 30 pM RNA solution in 40 mM HEPES (pH 7.5), 100
mM KCI, 10 mM MgCl,. This represents the differential of the total heat (i.e., enthalpy AH® under conditions of constant pressure) for each TPP
concentration. The lower panels show the integrated heat data fitted (where possible) to a single-site binding model. The thermodynamic param-
eters calculated are summarized in Supplemental Table S2.

where Ry is the Forster length (in A)fora given pair of fluo- tion of the acceptor. The parameter x depends on the rel-
rophores, defined by ative orientation of the transition moment vectors of the
s K2Qp two fluorophores. If both fluorophores adopt a constrained

Ry = 8.785 x 10~

o J, (2) position on the nucleic acid this can vary significantly

(Lewis et al. 2005; Igbal et al. 2008; Fessl and Lilley
where Qp is the fluorescent quantum yield of the donor, n 2013; Fuchtbaueretal. 2017). However, fluorescein is free-
is the refractive index of the medium, and J is the spectral ly mobile and attached via a flexible linker, and because of
overlap between the emission of the donorand the excita- ~ its negative charge it is repelled by the RNA; in this
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situation k” can be assumed to take an isotropic mean val-
ue of 2/3 (Dale and Eisinger 1976; Dale et al. 1979).
Because of the sixth power dependence on distance,
Errer is highly sensitive to small changes in distance, par-
ticularly in the 0.2-0.8 range as they are here
(Supplemental Fig. 9). The observed change from Epger
=0.57 to 0.77 would correspond to a shortening of the in-
ter-fluorophore distance of 7.5 A (assuming Rp=56 A for
fluorescein-cyanine 3). Using molecular graphics, we
have taken the crystal structures of the Arabidopsis
(Thore et al. 2006) and DUF-3268 k-junctions and extend-
ed the length of the C- and NC-helices by fusion of A-form
RNA helices to model the forms used for FRET measure-
ments (Supplemental Fig. 10). There is a small reduction
of the angle included between the helical axes from 36°
in the Arabidopsis k-junction to 31° in the DUF-3268 k-
junction. The bulged adenine of the Arabidopsis k-junc-
tion also results in a local unwinding, with the rotation
about the helical axis between the G1b:A1n and A2b:
G2n base pairs increasing by 10° from the DUF-3268 to
the Arabidopsis k-junction (Supplemental Fig. 11). As a re-
sult of these conformational changes, the distance be-
tween the phosphates that are the points of attachment
of the fluorophores increases by 6 A (Supplemental Fig.
10). This is not a big change in conformation, but this sim-
ple analysis of the conformational change accounts well for
the observed change in Egger between the two k-junctions.

Currently, there is no known function of the k-junction
beyond acting as an architectural element in RNA struc-
ture, found in the TPP riboswitches and the ribosome.
The identification of DUF-3268 adds a further example,
so that the k-junction is an architectural motif of increasing
importance. In the riboswitches, the junction is not directly
involved in ligand binding. Rather, the k-junction sets up
the trajectory of the loop-containing helices that act to-
gether to form the binding sites for the TPP ligand. At
the present time, no function has been ascribed to DUF-
3268. Its k-junction can substitute for the natural k-junction
of the E. coli TPP riboswitch, and the chimeric riboswitch
can bind ligand indicating that the k-junctions can be ex-
changed with preservation of function to some degree.
However, the E. coli: DUF-3268 chimeric riboswitch binds
TPP an order of magnitude more weakly than the natural E.
coli riboswitch (Supplemental Table 2), despite the estab-
lished stability of the DUF-3268 k-junction. The likely rea-
son for this lies in the differences in conformation
between the k-junctions. The TPP ligand is bound be-
tween the two helices that radiate from the k-junction,
held at its two ends. The pyrimidine ring and the pyrophos-
phate moieties of TPP bind in internal loops contained in
the extensions of the C- and NC-helices, respectively, of
the k-junction (Serganov et al. 2006; Thore et al. 2006).
The relative orientation and spacing of these binding
loops will vary as the conformation of the junction alters,
analogously to the changes of fluorophore positions dis-

cussed above. Changing the relative positioning of the
binding sites even by the relatively subtle alterations we
have discussed above is evidently sufficient to lower the
stability of the ligand-riboswitch complex.

Our results show that k-junctions have similar folding
properties to those of simple k-turns, and that DUF-3268
is another example. The local and global structure of the
k-junction can be perturbed by sequence differences in
the core, and these can significantly affect the function a
riboswitch containing the junction. It is important to study
the conformational properties of these elements, and how
they might be perturbed by variation in local sequence.
This information will be important for the increasingly suc-
cessful efforts to model RNA structure from the sequence.
Furthermore, in terms of RNA design, as our understand-
ing of RNA motifs increases, the combination of k-turns,
k-junctions, and other motifs will undoubtedly lead to ex-
citing and novel RNA structures with new functions, and
help achieve more versatile RNA architecture.

MATERIALS AND METHODS

RNA synthesis

RNA oligonucleotides were synthesized using phosphoramidite
chemistry (Beaucage and Caruthers 1981) implemented on an
Applied Biosystems 394DNA/RNA synthesizer as described in
Wilson et al. (2001). Ribonucleotide phosphoramidites were pro-
tected by 2'O-tert-butyldimethyl-silyl (t-BDMS) (Hakimelahi et al.
1981; Perreault et al. 1990) (Link Technologies). All oligoribonu-
cleotides were redissolved in 100 pL of anhydrous DMSO and
125 pL triethylamine trihydrofluoride (Sigma-Aldrich) to remove t-
BDMS groups, and agitated at 65°C in the dark for 2.5 h. After cool-
ing on ice for 10 min, the RNA was precipitated with 1 mL of buta-
nol, washed once with 70% ethanol and suspended in double-
distilled water. Fluorescein (Link Technologies) and Cy3 (GE
Healthcare) were attached to the 5 termini of the oligonucleotides
as phosphoramidites in the final synthesis cycle as required.

RNA purification and hybridization of RNA
for fluorescence

RNA was purified by gel electrophoresis in 16% polyacrylamide in
90 mM Tris-borate (pH 8.3), 10 mM EDTA, 7 M urea at 23 W cons-
tant power at room temperature. RNA-containing bands were ex-
cised and recovered by elution from the crushed fragments. The
eluted RNA was precipitated with ethanol and dissolved in 0.1 M
TEAA. Fluorescent RNA strands were purified by reversed-phase
chromatography on a Cqg column using an 0.1 M TEAA/acetoni-
trile gradient. Strands were hybridized in 50 mM Tris-HCI (pH 7.5),
25 mM NaCl by slowly cooling an equimolar mixture of strands
from 80°C to 4°C, and purified by gel electrophoresis in 12%
polyacrylamide in 45 mM Tris-borate (pH 8.3), 25 mM NaCl buffer
at 4°C. The hybridized species were recovered by excising the
bands and elution from the crushed fragments followed by pre-
cipitation in ethanol. The sequences are listed in full in
Supplemental Figure S1.
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L7Ae expression and purification

Archeoglobus fulgidus L7 Ae was expressed as a hexahistidine fu-
sion protein from a modified pET-Duet1 plasmid (Novagen)
(Huang et al. 2011) in E. coli BL21-Gold (DE3) pLysS cells
(Stratagene), and purified as described previously (Huang and
Lilley 2013).

FRET analysis of k-junction folding

FRET efficiency was measured from an RNA k-junction species ter-
minally 5'-labeled with fluorescein on the bulged strand and Cy3
on the nonbulged strand (Fig. 2A). Fluorescein-Cy3-labeled RNA
samples were dissolved in 100 yL 90 mM Tris-borate (pH 8.3)
and absorption spectra were measured for each RNA between
400 and 600 nm using a Thermo Evolution 201 UV-visible spectro-
photometer. Spectra were deconvoluted using a corresponding
RNA species singly labeled with Cy3, and fluorophore absorption
ratios required for FRET analysis were calculated using a program
implemented in MATLAB. Fluorescence spectra were recorded
in 90 mM Tris-borate (pH 8.3) at 4°C using an SLM-Aminco 8100
fluorimeter. Spectra were corrected for lamp fluctuations and in-
strumental variations, and polarization artifacts were removed by
setting excitation and emission polarizers crossed at 54.7°.
Values of FRET efficiency (Ergret) were measured using the acceptor
normalization method (Clegg 1992) implemented in MATLAB.
Erret as a function of metal ion concentration was analyzed using
a model in which the fraction of folded molecules corresponds to
a simple two-state model for ion-induced folding, that is

Errer = Eo + AErger - Ka[MI"/(1 + KaMI"), 3)

where Eg is the FRET efficiency of the RNA in the absence of added
metal ions, AErger is the increase in FRET efficiency at saturating
metal ion concentration, [M] is the prevailing metal ion concentra-
tion (either Mg®* or Na*), n is the Hill coefficient and Ky is the ap-
parent association constant for metal ion binding. Data were fitted
by nonlinear regression in Kaleidagraph (Synergy Software). Half-
metal ion concentration was calculated as [Mly/2 = (1/Ka)""".

Synthesis of RNA by transcription

To facilitate crystallization, we introduced GAAA tetra-loop motifs
into the variable loops of stem NC and stem T of the DUF-3268 k-
junction (Supplemental Fig. 3). The DNA sequences were ampli-
fied by PCR to generate DNA templates. In vitro transcription was
performed with T7 RNA polymerase at 37°C for 6 h, followed by
purification by electrophoresis in 10% polyacrylamide gel electro-
phoresis under denaturing conditions. The RNA transcript was vi-
sualized by UV-shadowing at a wavelength of 365 nm, the bands
excised and soaked in 0.25x TBE buffer. The eluted RNA was pre-
cipitated with isopropanol, washed with 70% ethanol, and the air-
dried RNA was dissolved in double-distilled water.

Crystallization, structure determination, and
refinement

Crystals were obtained with the 46 nt RNA (Supplemental Fig. 3).
The RNA was diluted to a concentration of 0.6 mM and annealed
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at 95°C for 1 min in a buffer containing 5 mM HEPES (pH 7.0), 100
mM KCI, 5 mM MgCl; before cooling at room temperature for 10
min. An amount of 0.2 uL RNA samples were mixed with 0.2 pL
reservoir solution for crystallization screening using sitting drop
vapor diffusion at 18°C. Crystals of RNA diffracting to high resolu-
tion grew after 4 d from the condition 0.1 M Mg acetate, 0.05 M
MES (pH 6.0), 30% v/v 2-methyl-2,4-pentanediol and 0.05 M NaF.
The crystals were mounted in nylon loops and flash-frozen by
plunging into liquid nitrogen. X-ray diffraction data were collect-
ed atbeamline BL19U1 at the National Facility for Protein Science
in Shanghai (NFPS).

Structures at 1.94 A resolution were determined by molecular re-
placement using PHASER with three models; these were 5 bp
stem-loops corresponding to the NC and T stem-loops, and a 5
bp helix corresponding to the C-helix with sequences as present
in the complex crystallized. All the models were produced by the
fully automated RNA structure modeling server RNAComposer
(https://macomposer.cs.put.poznan.pl/). The translation function
Z score (TFZ) was 12.9 and log-likelihood gain (LLG) was 289.4.
The model was further adjusted using Coot and subjected to sev-
eral rounds of adjustment and optimization using Coot, phenix.re-
fine, and PDB_REDO. Model geometry and the fit to the electron-
density maps were monitored with MOLPROBITY and the valida-
tion tools in Coot. Simulated annealing omit maps were calculated
by Composite omit map in PHENIX suite using the method anneal.

Electrophoretic analysis of TPP riboswitch species

The E. coli TPP riboswitch, DUF chimeric riboswitch and its ATnU
variant were analyzed by electrophoresis in 10% polyacrylamide
gels in 25 mM Tris, 192 mM glycine (pH 8.3), 1 mM MgCl, follow-
ing preincubation in the same buffer plus 0, 100 uM, or T mM TPP
for 5 min. at 20°C followed by the addition of 5% glycerol and
0.025% (w/v) bromophenol blue and xylene cyanol FF.
Electrophoresis was performed at 4 W for 2 h, during which the
temperature remained below 20°C. After electrophoresis, RNA
was visualized by UV-shadowing.

Isothermal titration calorimetry of ligand binding to
TPP riboswitch species

Isothermal titration calorimetry experiments were performed on a
Microcal PEAQ-ITC microcalorimeter at Sun Yat-sen University
Cancer Center. Wild-type and variant E. coli TPP riboswitch spe-
cies were dissolved to a final concentration of 30 uM in a buffer
containing 40 mM Hepes (pH 7.5), 100 mM KCl, 10 mM MgCl,
followed by incubation on ice. TPP was dissolved in the same buff-
er and diluted to a concentration of 250 pM before titration into
the RNA in the sample cell. Titration experiments were performed
at 25°C, starting with an injection of 0.4 pL, followed by 18 con-
secutive injections of 2 uL TPP with 120 s intervals between injec-
tions, and a reference power of 41.9 pW. Titration data were
integrated and analyzed using MicroCal PEAQ-ITC analysis soft-
ware. The apparent dissociation constant (Kgy) was calculated
from a “one set of sites” binding model. All binding constants
and thermodynamic values are listed in Supplemental Table 2.
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DATA DEPOSITION

The coordinates of the DUF-3268 k-junction have been deposited
with the PDB with ID 8ITS.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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