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Structural determinants for ligand capture by a class Il
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University of California, Los Angeles, CA 90095

Contributed by Juli Feigon, January 3, 2014 (sent for review December 16, 2013)

Prequeuosine (preQ,) riboswitches are RNA regulatory elements
located in the 5 UTR of genes involved in the biosynthesis and
transport of preQ,, a precursor of the modified base queuosine
universally found in four tRNAs. The preQ, class Il (preQ,-ll) ribos-
witch regulates preQ, biosynthesis at the translational level. We
present the solution NMR structure and conformational dynamics
of the 59 nucleotide Streptococcus pneumoniae preQ,-ll ribos-
witch bound to preQ;. Unlike in the preQ, class | (preQ,-l) ribos-
witch, divalent cations are required for high-affinity binding. The
solution structure is an unusual H-type pseudoknot featuring a P4
hairpin embedded in loop 3, which forms a three-way junction
with the other two stems. '3C relaxation and residual dipolar cou-
pling experiments revealed interhelical flexibility of P4. We found
that the P4 helix and flanking adenine residues play crucial and
unexpected roles in controlling pseudoknot formation and, in
turn, sequestering the Shine-Dalgarno sequence. Aided by diva-
lent cations, P4 is poised to act as a “screw cap” on preQ, recog-
nition to block ligand exit and stabilize the binding pocket.
Comparison of preQq-l and preQ-ll riboswitch structures reveals
that whereas both form H-type pseudoknots and recognize preQ,
using one A, C, or U nucleotide from each of three loops, these
nucleotides interact with preQ, differently, with preQ, inserting
into different grooves. Our studies show that the preQ-Il ribos-
witch uses an unusual mechanism to harness exquisite control
over queuosine metabolism.

iboswitches are functional noncoding RNA elements often

found at the 5’ end of genes that bind to effector molecules,
usually metabolites, to attenuate gene expression (1-8). They
generally contain two modular elements, an aptamer that binds
directly to a cognate ligand, followed by an expression platform
that carries out the regulatory function. Ligand binding induces
a conformational rearrangement in the aptamer domain, which
is transduced to the expression platform, turning gene expression
on or off at the transcription or translation level.

Structural studies of diverse riboswitches bound to their cog-
nate ligands have revealed that they have evolved various strat-
egies for high-affinity and specific binding between RNA receptors
and ligands. In general, the aptamer domain enfolds the ligand,
forming a highly complex 3D conformation using a host of ter-
tiary interactions, including base triples, kink turns, ribose zip-
pers, A-minor motifs, loop-loop interactions, and pseudoknots
(9-11). Some riboswitches require divalent cations for ligand
binding (9, 12-16), whereas in others divalent cations stabilize
the bound state (17-21). Some ligands, including S-adenosyl
methionine (22), S-adenosyl homocysteine (22, 23), cyclic di-
GMP (24, 25), and prequeuosine (preQ;) (26, 27), have more
than one class of riboswitch, with each class adopting a different
3D fold to achieve recognition of the same ligand.

Two classes of riboswitches that bind preQ;, a precursor to
queuosine, have been identified (26, 27). Queuosine is a hyper-
modified guanine found universally at the anticodon wobble
position of aspartyl, asparaginyl, histidyl, and tyrosyl tRNA (28)
and is required for faithful translation (29-31). PreQ is the last
free precursor in the queuosine biosynthetic pathway before in-
sertion into the tRNA wobble position (32). Whereas bacteria
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synthesize queuosine de novo, eukaryotes do not; rather, they
acquire queuosine precursors through their environment. preQq
class I (preQ;-I) riboswitches can regulate either transcription
or translation, whereas class II (preQ;-II) riboswitches can reg-
ulate only translation (27). preQ;-I riboswitches have among
the smallest known minimal aptamers, at 34 nt (26), but
preQ;-1I riboswitch aptamers are much larger, at ~60 nt (27).
High-resolution X-ray crystal and solution NMR structures
have revealed that preQ;-1 aptamers form H-type pseudoknots
with two stems and three loops (33-36). Subsequent studies
detailing preQ;-I riboswitch dynamics and folding pathway have
shown that divalent cations bind loop 1 and stabilize the bound
conformation (21, 37).

To date, preQ;-1I riboswitches have been found primarily in
virulent streptococcal strains, such as Streptococcus pneumoniae
(Spn) (27), a significant pathogen that is one of the leading
causes of bacterial meningitis (16, 38), making this riboswitch an
excellent candidate for antibacterial therapeutic targeting. An
X-ray crystal structure of the Lactobacillus rhamnosus (Lra) preQ;-
II riboswitch aptamer bound to preQ; was recently determined
at 2.3 A (39), revealing a mode of preQ, recognition different
from that of preQ;-I riboswitches, as predicted by in-line probing
and mutagenesis experiments (27). On preQ; binding, the Shine—
Dalgarno region is sequestered in an H-type pseudoknot, con-
firming the mechanism of translation regulation. An unusual
feature of the preQ;-II riboswitch is that it contains an evolu-
tionarily conserved but unusual hairpin insertion (P4) in loop 3
(Fig. 1). The position of P4 is fixed in the crystal structure, but
single-molecule FRET studies indicate that it is dynamic (40).

Significance

Riboswitches are structured RNA elements, generally found 5’
to protein-coding regions that control gene expression by
binding metabolites or other RNAs. The class Il prequeuosine
riboswitch (preQ;-ll) enfolds preQ, to form a rare example of
a pseudoknot with a conserved hairpin embedded in loop 3.
The solution NMR structure and dynamics studies of the preQ-
bound Streptococcus pneumoniae preQs-ll riboswitch pre-
sented here reveal the key functionality of the embedded
hairpin in ligand recognition. We show that this hairpin
destabilizes formation of the pseudoknot before ligand cap-
ture, thereby preventing premature sequestration of the Shine—
Dalgarno region, and blocks ligand exit on capture. Our studies
show that the preQ-ll riboswitch uses a previously unknown
mechanism to harness exquisite control over queuosine
metabolism.
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Fig. 1. Secondary structure of preQq-Il riboswitches. (A) Predicted secondary
structure of the Spn riboswitch. Labeling of stems and loops is based on stan-
dard H-type pseudoknot nomenclature (73). Numbering of helices (P) and la-
beling of junction nucleotides (J) is based on ref. 39. (B) Determined secondary
structure of Spn. (C) Determined secondary structure of Lra (39). Hydrogen
bond interactions are shown using the Leontis and Westhof notation (74). The
color scheme for structural elements used in this figure is consistent throughout
the other figures unless noted otherwise.

Here we present the NMR solution structure of the 59-nt Spn
preQ;-1I riboswitch, one of the largest pseudoknot structures
solved by NMR to date. The overall conformation is similar to that
of the Lra riboswitch, but there are key differences, particularly
with respect to the P4 helix orientation. Combining analysis of the
structures, *C R; and R, relaxation and residual dipolar coupling
(RDC) measurements, isothermal calorimetry (ITC), and nucle-
otide substitutions, we show that the preQ;-II riboswitch uses the
accessory hairpin and flanking nucleotides to introduce disor-
der in the ligand-free state, enabling an open binding pocket to
facilitate ligand capture and prevent premature sequestering of the
Shine-Dalgarno region. On preQ; binding, this extended hairpin
acts as a screw cap on the binding pocket, blocking ligand exit.

Results and Discussion

preQ,-1l Secondary Structure and Cation Dependence of preQ, Binding.
preQ;-1I riboswitches have a predicted secondary structure com-
posed of a small P1 hairpin followed by an H-type pseudoknot
containing a hairpin (P4) embedded in loop 3 (Fig. 14). The P1
helix does not contribute to preQ, binding affinity (27) and was
deleted for our structural studies. Otherwise the sequence used
is identical to that found in Spn, except for an extra G at the
5" end (Fig. 14). Imino proton spectra of the Spn preQ;-II
riboswitch in 60 mM KCl showed imino resonances that can be
assigned to the P2 and P4 stems (Fig. 2D) by analysis of nuclear
Overhauser effect spectroscopy (NOESY) spectra (Fig. S1).
The binding affinity to preQ; in 60 mM KCI as measured by
ITC was Kp = 6.5 + 0.7 uM (Fig. 24).

Because previous studies included Mg?* in the buffer (27, 39,
40), we measured the binding affinity in the presence of either
Mg>* or Ca®* (Fig. 2 B and C). The addition of divalent cations
Ca?* or Mg®" increased the binding affinity by two orders of
magnitude (Fig. 2 B and C), indicating that divalent cations are
required for high-affinity binding of preQ;. The addition of Ca**
(Fig. 2E) to the riboswitch in the absence of preQ; resulted in
changes in the imino proton spectra, indicating transient for-
mation of at least the top part of P3. Specifically, imino res-
onances that can be assigned to the A55-U14, G54-U15, and
G53-C16 base pairs of P3 were present in the spectrum, but at
reduced intensity compared with resonances from the first six
base pairs of P2 (Fig. 2E). The addition of preQ; to the
riboswitch with 3 mM Ca®* (15 Ca’* equivalents per RNA)
(Fig. 2F) resulted in the appearance of several additional im-
ino resonances that can be assigned to the rest of the P3 stem, as
well as the imino resonance from preQ, indicating hydrogen
bonding (Fig. 2F). The imino resonances of U6 and G7, located

E664 | www.pnas.org/cgi/doi/10.1073/pnas.1400126111

at the top of P2, were shifted significantly, and peak intensities
for U14, U15, and G53 in the P3 helix were increased. New imino
resonances appeared for U9, U10, Ul7, U18, forming U9-A51-
U18, and U10-A52-U17 base triples, and U19, which base pairs to
preQ;. All imino resonances could be assigned to Watson—Crick or
Hoogsteen base pairs in the pseudo-heteronuclear correlation
spectroscopy (Jnn-COSY) experiment (Fig. S2) with the excep-
tion of U109, indicating that U19 base pairs directly to preQ;. The
overall secondary structure and tertiary interactions, as revealed
from the structure determination described below, are sum-
marized in Fig. 1B.

NMR Solution Structure of the preQ;-Bound preQ,-Il Riboswitch from
Spn. Although the binding affinity of preQ, to the preQ;-II ribos-
witch was similar in the presence of either Mg** or Ca®*, the NMR
spectra of the riboswitch with Ca>* were better resolved (Fig. S3).
Thus, the NMR solution structure of the 59-nt Spn preQy-II
riboswitch in complex with preQ; was determined in 60 mM KCl
and 3 mM CaCl,, using 866 nuclear Overhauser effect (NOE)
restraints and 103 RDCs (Table S1). The large size made NMR
structure determination particularly challenging. Superposition of
the 18 lowest-energy structures over all nucleotides except dynamic
single-stranded residues (i.e., J2-4, the P4 apical loop, and the 3’
overhang A57-A58) gave an rmsd of 1.13 A (Fig. 34). The ribos-
witch folded into an H-type pseudoknot with preQ; at the junction
between stems P2 (stem 1) and P3 (stem 2) (Fig. 14).

There are three loops: J2-3 (loop 1), U19 (loop 2), and J2-4
and J4-3 with an intervening P4 hairpin extension (loop 3). The
first four J2-3 (loop 1) nucleotides are well ordered and form
a continuous helical stack in the major groove adjacent to the
5’ strand of P2. The first of the J2-3 nucleotides, C8, forms a
noncanonical pair with the Watson—Crick face of preQ; at the
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Fig. 2. (A-C) ITC of preQ; titration with Spn preQ1-Il riboswitch at pH 6.3,
25 °Cin 60 mM KCl (A), 60 mM KCl and 3 mM CaCl, (B), and 60 mM KCl and
3 mM MgCl; (C). (D-F) One-dimensional imino proton spectra (800-MHz NMR)
of 0.2 mM Spn preQ,-ll riboswitch at pH 6.3, 27 °Cin 60 mM KCl (D), 60 mM KCl
and 3 mM CaCl, (15 equivalents) (E), and 60 mM KCl, 3 mM CaCl,, and 2
equivalents of preQ; (F).
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Fig. 3. NMR solution structure of the Spn preQ;-Il riboswitch in complex
with preQ;. (A) Superposition of the 18 lowest-energy structures. Superpo-
sition is on P2, L1, P3, and L2 residues (all heavy atoms). (Inset) Superposition
of P4 stem residues only. (B) Stick representation of the lowest-energy
structure. (C) Stick representation of the binding pocket with the G-C base
pair below and two U-A-U triples above C8-preQ;-U19-A50, rotated 90° from
B (side view). (D) Sphere representation of the lowest-energy structure, ro-
tated 180° from B (back view).

junction between P2 and P3, and the next two nucleotides, U9
and U10, form Hoogsteen base pairs to A51 and AS52, re-
spectively, to form U-A-U triples in P3. Together, these residues
form a short triple helix at and above the preQ; binding pocket
(Fig. 3C), where the loop 1-stem 2 base pairs stack on stem 1.
Triple helices formed between loop 1 and stem 2 at the junction
between the two stems of an H-type pseudoknot are a frequent
feature in, for example, telomerase pseudoknots (41, 42) and
other riboswitches (33-35, 43, 44).

In contrast to J2-3 (loop 1), most of J2-4 is not well structured.
J2-4 is also unusual in that these loop 3 nucleotides do not lie
along the minor groove, as is the usual case for H-type pseu-
doknots, but rather extend along one face of P2 across the major
groove (Fig. 3D). The two J4-3 nucleotides and the last two J2-4

nucleotides stack on P4 to form a structured extension (extended
P4) that forms a three-way junction with P2 and P3. The ex-
tended P4 hairpin, as well as loop 2 residue U19, block the exit of
preQ; from the minor groove (Fig. 3 B and D). P4 is approxi-
mately perpendicular to the coaxially stacked P2-P3 module,
with a 77° bend angle relative to the helical axis of P2. The P4
helix is well defined by the NMR data (Fig. 34, Inset), but its
position relative to P2 and P3 is not, owing to conformational
dynamics at the junction, as discussed below.

Conformational Dynamics of the preQ;-Bound Riboswitch. The single-
stranded residues in J2-4 and loop 1 are less well defined com-
pared with the rest of the structure. We performed *C R and
R,p relaxation experiments to determine whether these regions
are inherently flexible. We assessed the level of dynamics at ps to
ns timescales by computing 2R, — Ry, which approximates the S*
degree of order (45), and normalizing to base-paired residues
within the P2 stem (S2;; Fig. 4) (46, 47). In general, P2 and P3
are ordered with similar 2, values, ~1. Loop 1 residues A1l and
G12 are moderately dynamic, whereas J2-4 residues U29-C34
are extremely flexible. A35 and AS50, at the end of P4 at the
three-way junction, are rigid, although the nucleobase C8 bond
vector of A50 has a reduced S2, of ~0.9. S2, values of P4 res-
idues C45-C48, as well as C49, are reduced compared with those
of P2 and P3 (52, ~0.9), suggesting that P4 is dynamic relative to
the coaxially stacked P2 and P3 helices. S2, values of A57 and
A58 are successively lower, indicating that these terminal un-
paired residues are flexible.

Whereas R; and Rip report on ps-ns dynamics, RDCs have
an extended timescale resolution and are sensitive to internal
motions ranging from ps to ms, providing insight into dynamics
occurring on an ns-ps timescale (48-54). We performed order
tensor analysis (55, 56) using the RAMAH program (57) to
compute the generalized degree of order (GDO; 9) (58) for each
helix. Flexible residues, as determined from relaxation experi-
ments, were excluded. The ratio of the degree of order between
two helices (8, = 91/ 1) reports on the level of interhelical
motions, where 0 has maximum dynamics and 1 has minimum
dynamics (58). The 9;,,; of P3 relative to P2 was 0.96, suggesting
that P3 and P2 have minimal interhelical motions; however, the
Yine of P4 relative to P2 was 0.75, indicating that P4 is dynamic
relative to the rigid P2-P3 helical unit. Assuming a cone motional
model (51), this corresponds to a 35° cone.

Whereas both '*C spin relaxation and RDC measurements
showed that P4 is dynamic, the RDCs suggest a greater degree of
flexibility compared with relaxation measurements, indicating
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'3C spin relaxation measurements of Spn preQ;-ll riboswitch bound to preQ;. Plot of §2
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that P4 motions may occur primarily at ps-ms timescales. In-
dependent evidence for the positional dynamics of P4 relative to
P2-P3 for Spn preQ; riboswitch was provided by a FRET study in
which the observed FRET efficiencies between P3 and P4 sug-
gested that although the P4 helix is near the P3 helix ~50% of the
time, the P4 helix spends the rest of the time far from P4 (40).

The preQ, Binding Pocket. preQ; binds at the center of the
pseudoknot and forms a base quadruple with C8 from loop 1
(J2-3), the single loop 2 nucleotide U19 at the junction between
P2 and P3, and A50 from loop 3 (J2-4) (Fig. 5F). In the complex,
preQ; forms hydrogen bonds between its “sugar” edge (N2H,
N3, and N9H) and the Watson—Crick edge of U19, and forms
a trans Watson—Crick base pair with the Watson—Crick edge of
C8 (02, N3), with bases positioned such that the preQ; imino
could form a bifurcated hydrogen bond with O2 and N3, whereas
the N2H moiety could form a long-range hydrogen bond to the
C8 N3 (Fig. 5F). The A50 nucleotide rotates over and out of the
helix (relative to where it would be if it stacked on P3), such that
its sugar is parallel to U19 and its N1 forms a hydrogen bond to
the U19 2’0OH. The exocyclic methylamine group of preQ; is
positioned such that the amino protons have potential long-
range hydrogen bonds with U9 O2 and A51 O2P above (Fig. 54).
Below preQq, the G7-C20 base pair at the top of P2 forms the
floor of the binding pocket (Fig. 3C). Above preQy, the U9-A51-
U18 triple stacks over the C8-preQ;-U19 triple and A35 N1
hydrogen bonds to A51 2'OH (Fig. 3C and Fig. 5 B and E). An-
other base triple (U10-A52-U17) stacks above the U9-A51-U18
triple. Thus, the preQ; binding pocket is stabilized by the triple
helix, formed by major groove interactions of J2-3 with preQ, and
P3 and by minor groove interactions of A50 and A35 (Fig. 5 D-F).
These interactions from the major and minor groove sides, to-
gether with the G7-C20 base pair below preQ;, the A51-U18 base
pair above, and the loop 2 nucleotide U19 behind, sequester
preQ; in the binding pocket, so that only the exocyclic methyl-
amine group is exposed into the minor groove (Fig. 54).

Dual Role of the Extended P4 Helix in preQ, Binding. The P4 helix
inserted into loop 3 (between J2-4 and J4-3) is an unusual fea-
ture of the H-type pseudoknot in this preQ;-II riboswitch. The
A35 and A50 nucleotides, which flank C36 and C49 at the ends
of P4, are positioned by the P4 helix to rotate A35 above A50 to
interact with the U9-A51-U18 triple above the binding pocket.
Thus, P4 functions as a “screw cap” to close off the minor groove

side of the binding pocket, opposite J2-3, which closes off the
major groove side (Fig. 3D and Fig. 54).

To test the importance of the extended P4 helix for preQ;
binding, we made a series of deletions and nucleotide sub-
stitutions and investigated the effect on preQ; binding by ITC
(Table S2) and NMR. In the NMR conditions (60 mM KCl,
3 mM CaCly; pH 6.3), the riboswitch construct used for NMR
(WT) has a Kp of 75 + 10 nM, and the full-length riboswitch
including P1 (WT+P1) has a slightly weaker Kp, of 220 + 30 nM.
Deletion of residues 36-49 [AP4(36-49)], which include all of P4
and the two flanking C residues, from the NMR construct de-
creased the binding affinity by 20-fold, to 2,000 + 300 nM. A
similar result (Kp = 2,000 nM) was obtained from 2-amino-
purine fluorescence measurements on the Spn preQ;-II ribos-
witch with only P4 deleted (equivalent residues 37-48) (40).

Examination of NMR spectra of AP4(36-49) showed that de-
letion of P4 stabilizes P3 base pairs; imino proton resonances for
the top five of the six base pairs of P3 were seen in the absence of
preQ; (Fig. S4B), whereas in the WT construct only A55-U14,
G54-U15, and G53-C16 base pairs were observed (Fig. 2E and
Fig. S44). However, there was no evidence of the tertiary inter-
actions between loop 1 and P3 that form the two U-A-U triples
seen in the preQ;-bound WT riboswitch (Fig. S4C).

Examination of thermodynamic parameters from ITC mea-
surements showed that preQ; binding to the WT preQ;-II
riboswitch is enthalpy-driven, with a large unfavorable entropy
(—TAS) of binding (AH = —24 + 0.8 kcal/mol; —TAS = 17 +3.3
kcal/mol) (Table S2). In contrast, the —TAS of AP4(36-49) was
7.8 + 2.1 kcal/mol, indicating a smaller entropic penalty on
binding and in agreement with NMR experiments showing stable
formation of P3.

Taken together, the foregoing data suggest that removing P4
reduces the conformational flexibility of loop 3, increasing the
probability of pseudoknot formation. Replacement of P4 with
a single G increases the Kp, by another twofold, to 4,200 nM (40).
We hypothesize that this substitution prevents proper position-
ing of A35 and AS50 in the three-way junction, effectively abol-
ishing the screw cap.

We next performed single point mutations to evaluate the role
of A35 and A50 on preQ; binding. A50 and A35 interact with the
successive triples with and above preQ, that block off its exit
from the minor groove side via unusual A-minor interactions
similar to class III A-minor motif (57), but with #rans orientation
of the glycosidic bonds (trans A-minor class IIT motif) (Fig. 5B).

Fig. 5. Structural elements of the preQ; binding pocket. (A) Van der Waals representation of preQ; in the binding pocket. (B) Stick representation showing
interactions between A35-A51 and A50-U19, with hydrogen bonds shown as dashed lines (side view). (C) Sphere representation of C8-preQ;-U19-A50
interactions, illustrating a van der Waals interaction among A50, U19, and preQ;. (D-F) Stick representations of nucleotide interactions in the binding pocket:

U10-A52-U17 (D), U9-A51-U18-A35 (E), and C8-preQq-U19-A50 (F).
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Surprisingly, substituting A50 for G resulted in a 280-fold in-
crease in Kp (24 + 6 pM). The AAG compared with WT was 3.4
kcal/mol, greater than would be expected for the loss of a single
hydrogen bond (Table S2). Examination of the position of A50 in
the binding pocket revealed that it has almost perfect surface
complementarity to preQ; and U19 (Fig. 5C), such that AS0
provides strong van der Waals interactions. Replacing AS0 with
G would disrupt not only the single hydrogen bond between A50
N1 and C19 2'OH, but also the van der Waals interactions owing
to a steric clash by the G N6 amino group. The van der Waals (or
C-H-O0) interaction between the preQ; exocyclic methylene and
A50 2’0 might be important in preQ; recognition as well (Fig.
5A). In previous studies, ligand analogs that removed the van der
Waals interactions (e.g., 7-deazaguanine and guanine) or that
added a steric clash (e.g., 7-carboxamide-7-deazaguanine, the
carbonyl group of which would clash with A50 2'OH) decreased
the binding affinity by more than 100-fold (27). In contrast,
dimethylation of the exocyclic amine group, which removes po-
tential hydrogen bonding interactions, decreased binding by only
fivefold (27). These findings emphasize the importance of the
van der Waals interactions between preQ; and J4-3 residue A50
in binding affinity and specific recognition of preQ;.

A35 N1 hydrogen bonds to A51 2’OH, likely stabilizing the
U9-A51-U18 base triple (Fig. 5SE). We found that A35G sub-
stitution has a smaller (compared with A50G) but nevertheless
significant effect on Kp, increasing it to 950 + 300 nM, consistent
with its importance in closing off the minor groove side of the
binding pocket. The AAG compared with WT was 1.9 kcal/mol,
in the range of the expected cost of losing one hydrogen bond
(59). Despite its apparent importance for preQ; binding affinity,
the reported nucleotide identity for A35 is only 75% conserved
(27); however, we noticed that the sequence adjacent to P4 is
A33CA;35C, whereas the shorter J2-4 loop in Lra preQq-1I has
only a single AC sequence next to P4 (39). We predicted that
deletion of A33 and C34 (AA33C34) would not affect preQ;
binding, and, consistent with this, the NOESY spectra of the
imino resonances and the Kp (190 = 10 nM) were nearly iden-
tical to those of WT (Fig. S4 C and D). Substitution of the
remaining A35U decreased the binding affinity (Kp = 900 + 100
nM), with a AAG of 1.5 kcal/mol, indicating that changing A35
to either G or U is equally deleterious. A comparison of the
sequences of preQ; riboswitches shows that an adenine is always
located one to two nucleotides from P4 in the variable length J2-4
(27), suggesting that the reported 75% conservation value may not
reflect the true conservation of this residue.

Taken together, the foregoing results indicate that the ex-
tended P4 helix serves a dual role in the preQ;-II riboswitch. In
the absence of preQ, it reduces the stability of P3, thereby
hindering pseudoknot formation, whereas in the presence of
preQy, the helical twist of P4 places A35 from J2-4 above A50
from J4-3, organizing the three-way junction to cap the minor
groove side of the binding pocket. Although neither A35 nor
AS50 directly hydrogen-bonds to preQy, both play significant roles
in sequestering preQ; in the binding pocket.

Role of Ca?* in Stabilizing the preQ, Binding Pocket. Our ITC data
indicate that the preQ;-II riboswitch requires divalent cations for
high- affinity preQ; binding (Fig. 2 A-C). Although a relatively
large unfavorable entropy (17 + 0.8) kcal/mol) of binding preQ;
was observed for WT in the presence of divalent cations, the
—TAS of binding was significantly larger in the absence of di-
valent cations (24 + 3.3 kcal/mol). These data suggest that di-
valent cations may reduce the inherent conformational entropy
in the Spn preQ;-II riboswitch (Table S2). In the presence of
preQ; without divalent cations, some imino resonances show two
peaks, one peak that can be assigned to a ligand-bound state and
one peak that can be assigned to a ligand-free state. Surprisingly,
even with an excess of preQ, the “free” imino resonances do not
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disappear, indicating that a population of preQ;-II riboswitch
molecules cannot bind preQ; (Fig. S5 A-C).

Although it is unusual that an RNA with weak binding affinity
would have ligand binding at slow exchange timescales, this
phenomenon has previously been observed in the theophylline
riboswitch, which has a small ko, value (60). The imino region of
the 2D NOESY shows cross-peaks between the two conformers
for G4, G7 at the top of P2, and G47 in P4 near the three-
way junction, suggesting that the binding pocket is unstable and
slowly exchanges between free and bound conformers on time-
scales ~1/t,,, (61) in the absence of divalent cations. In addition,
no NOE cross-peaks from imino protons of preQ;, U9, and U10
were detected, indicating that whereas the Watson—Crick base
pairs in P3 form A51-U18 and A52-U17, the Hoogsteen base
pairs in the base triples at the preQ; binding pocket are unstable
without divalent cations (Fig. S5 A-C).

When Ca®* was added to the preQ;-II riboswitch with preQ;,
resonances from several residues near the binding pocket and
three-way junction exhibited large chemical shift perturbations,
namely AS0 C2H2, A35 C2H2 and C1'HI’, U19 C1'H1’, AS52
C1'HY’, U18 N3H3, and U17 N3H3 (Fig. 6 and Fig. S5D). The
large shifts observed for A35 C2H2 and A50 C2H2 (Fig. 6C) are
likely caused by changes in the stacking interactions of A35 and
A50 bases as these residues move close to P3, stabilizing the
hydrogen bonds from A35 N1 to A51 2'OH and from A50 N1 to
U19 2'OH. It is interesting that in the triple helix, the imino
chemical shifts from the Watson—Crlck paired U17, U18, and
U19 are more sensitive to Ca®* than the Hoogsteen paired U9
and U10, likely owing to repositioning of A50 and A35.

Taken together, the foregoing results suggest that in the ab-
sence of divalent cations, preQ; is able to enter the binding
pocket but binds only weakly, with transient formation of
base triples contalnlng stable Watson—Cnck pairs but unstable
Hoogsteen pairs. The addition of Ca** stabilizes the base triples
and A35 and AS50 in the binding pocket, allowing high- affmlty
ligand binding. The Lra preQ;-II riboswitch has two Mg?* ions
between J2-4 and P2 (Fig. 74), which bmd near the A35 phos-
phate backbone (39). We propose that Ca®* is required in the
Spn preQq-1I riboswitch for P4 to act as the screw cap by stabi-
lizing the three-way junction.

Comparison with the Crystal Structure of Lactobacillus rhamnosus
preQq-Bound preQ,-ll Riboswitch. The crystal structure of the larger
Lra preQ;-11 riboswitch, including the P1 hairpin, has been solved to
2.3 A (Fig. 74). The structural features of the binding pockets are
largely the same, but there are some interesting differences between
the solution and crystal structures. In the crystal structure, C30
(equivalent to NMR structure C8) forms a #rans Watson—Crick/
Watson—Crick base pair with preQ,, whereas in the NMR structure,
the preQ; imino appears to form a bifurcated hydrogen bond to C8
02 and N3 (Fig. 5F). No amino resonance was detected for the
preQ; N2 amino protons, consistent with only a single hydrogen
bond forming between the preQ; N2 amino and U19 O4 (Fig. S6B).
Structure calculations that enforced the hydrogen bonding and
planarity seen in C8-preQ, base pair in the crystal structure resulted
in several NOE violations. Single hydrogen-bonded guanine amino
resonances are typically very broad, owing to chemical exchange,
and are difficult to detect unless both aminos are hydrogen-bonded.
In contrast, for the preQ;-1 riboswitch, both N2 amino proton
resonances, which bind to neighboring residues C19 and A32 (Fig.
7D), were observed in NOESY spectra (Fig. S64).

In the Lra riboswitch, the base pair below the C8-preQ; pair,
which forms the floor of the binding pocket, is an A-G cis Watson—
Crick/Watson-Crick base pair, whereas in Spn, it is a standard
G-C base pair. The A-G base pair increases the C1'-C1’ distance
by ~1.5 A, from 11.2 A to 12.7 A, and will have different stackmg
interactions (62), which may account for the differences in the
C8-preQ; hydrogen bonds for the two riboswitches.
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Fig. 6. Ca?* dependence of Spn preQ;-ll riboswitch. (A) Plot of weighted average chemical shift perturbation (CSP) (from 0 to 22 equivalents of Ca®*) of base
C-H and N-H and ribose C1'H1’ as a function of residue number. Values of A35 and A50 C2H2 are circled. (B) CH and NH exhibiting large Ca®*-dependent
chemical shifts shown in ball representations in different colors depending on CSP. (C) Regions of 'H-"3C HSQC spectra of preQ-Il riboswitch as a function of
added Ca®* in 60 mM KCl and 2 equivalents of preQ;, pH 6.3, at 27 °C, showing chemical shifts of C2H of A50 (Upper) and A35 (Lower).

We found a significant difference in the interhelical bend
angle between P2 and P4 for Lra compared with Spn preQ;-II
riboswitches (98° vs. 77°). However, our dynamic measurements,
as well as previous FRET studies (40), indicate that in solution,
P4 samples a range of positions relative to P2-P3, which would
include the P2-P4 bend angle of the Lra riboswitch. It is possible
that the crystallization conditions stabilized the Lra riboswitch in
this more compact state. Furthermore, there are Cs* ions be-
tween P4 and J2-4 that could stabilize this bend angle (Fig. 74).

One major sequence difference between the two riboswitches
is that the Lra riboswitch has a shorter J2-4 (6 nt) and longer P2
(9 bp) than Spn (9 nt for J2-4 and 8 bp for P2). The length and
sequence of J2-4, which links P2 to P4, is not well conserved
evolutionarily, and the effect of J2-4 length on the overall to-
pology and stability of the riboswitch is unclear. Interestingly,
divalent cations increase the affinity of the Lra preQ;-1I ribos-
witch for preQ; by only fivefold (39), compared with 200-fold for
the Spn preQ;-II riboswitch. It is possible that the shorter J2-4
linker in the Lra preQ;-II riboswitch may limit the degrees of
freedom accessible to loop 3, thereby affecting k., and/or k.

Comparison of preQ; Recognition by the preQ:-l and preQ;-Il
Riboswitches. Structures of transcriptional (Bacillus subtilis queC;
Bsu) (33, 34) and translational (Thermoanaerobacter tengcongensis;
Tte) (35) preQ;-I riboswitches in complex with preQ; have been
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reported previously. Both preQ;-I and preQ;-II riboswitches
form H-type pseudoknots when bound to preQy, and each has
interactions along three edges of the preQ; using one nucleobase
each in loop 1, loop 2, and loop 3. However, the arrangement of
these three nucleotides differs for the two classes. In both classes
of riboswitches, the recognition nucleotides are C, U, and A, but
these nucleotides are arrayed around the Watson—Crick, sugar,
and imidazole ring edges of the preQ, differently; for preQ;-II, it
is C for loop 1, U for loop 2, and A for loop 3 (Fig. 5F), whereas
for preQ;-1, it is C for loop 2, A for loop 3, and U for loop 1 (Fig.
7D). The three nucleotides also recognize preQ; differently.

For both classes, the initial or major recognition appears to
come from loop 2; however, for preQ;-I, this is a Watson—Crick
preQ;-C base pair, whereas for preQ;-II, the loop 2 U binds to
the sugar edge of preQ;. For both riboswitches, the exocyclic
amino group sticks out into a groove, the minor groove for
preQ;-II and the major groove for preQ;-I (Fig. 7C). Thus,
preQq not only is recognized differently by preQ;-I and preQq-1I
riboswitches, but also must enter and exit the binding pocket
from opposite sides.

These differences in recognition mode can be attributed to the
distinct, unusual features of the pseudoknots in the two ribos-
witch classes. The preQ;-I riboswitches have an unusually long
loop 2 (4 nt for Tte and 6 nt for Bsu) compared with the preQ;-II
riboswitches (1 nt), whereas the preQ;-II riboswitches have a G-
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Fig. 7.
4JF2) (A), fluoride riboswitch (PDB ID code 4ENC) (B), and Bsu preQ-I
riboswitch structure (PDB ID code 2L1V) (C). (B, Inset) Sequence and sec-
ondary structure. (D) preQq base interactions in Bsu preQq-I riboswitch.

(A-C) Stick representations of Lra preQ;-Il riboswitch (PDB ID code

C-rich hairpin embedded in loop 3, with single-stranded loop 3
residues traversing the major groove rather than forming A-
minor interactions along the minor groove of P2. For these ribos-
witches to function in gene regulation, it is essential that stem 2 of
the pseudoknot (P3) form stably only in the presence of preQ;;
otherwise, they will always be in a translationally or transcription-
ally off state owing to sequestration of the Shine-Dalgarno
sequence or antiterminator, respectively. For the preQ;-II
riboswitches, the P4 hairpin helps prevent premature forma-
tion of stem 2 (P3) by introducing conformational degrees of
freedom, likely aided by the reduced stability of the A-U-rich
lower part of P3.

We propose that for preQ;-I riboswitches, the long loop 2
combined with the short unstable stem 2 has the same role. In
addition, in contrast to the preQ;-1I riboswitches, adding Ca** to
the preQ;-I riboswitches stabilizes preQ; binding only after
preQq is in the binding pocket (21). Thus, the two classes of
preQ; riboswitches have evolved different mechanisms to control
the switch from hairpin to pseudoknot.

The HL,,: Pseudoknot Motif. Because an embedded hairpin in pseu-
doknot loops, classified as HL,,, type (63), is a rather unusual
feature, we searched for other examples with similar topologies.
The most similar example is the fluoride riboswitch (Fig. 7B),
which has a strikingly similar overall fold despite binding a radi-
cally different ligand. In this riboswitch, the fluoride ligand
coordinates Mg2+ ions and binds between P2, P3, and P4 to
stabilize the three-way junction, whereas loop 1 and J4-3 form
stacking interactions akin to A35 and AS50. Another example
comes from the glmS ribozyme P3, P4, and P3.1 hairpins, where
P4 is the embedded hairpin in loop 3 between P3 (stem 1) and
P3.1 (stem 2). Interestingly, the glmS ribozyme P4 hairpin is
held rigidly in place in a markedly different orientation than
the preQ;-1I riboswitch, stabilized by tertiary interactions. The
analogous J2-4 linker is limited to 1-4 nt, unlike the preQ;-II
riboswitch, which has a longer linker (6-12 nt) (64). Finally, an in
vitro evolved aptamer that binds the nerve growth factor protein
also has a predicted secondary structure that is highly similar to
that of preQ;-II, complete with adenines flanking P4 (65). The
topology and mechanism of ligand recognition remain to be
elucidated.
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Summary

On preQ; binding to the preQ;-II riboswitch, the Shine-Dalgarno
sequence is sequestered within a pseudoknot, thereby preventing
translation of preQ;-related mRNAs. To effect proper control of
gene expression, the pseudoknot should be formed stably only
when the preQ;-II riboswitch captures preQ;. Our NMR struc-
ture and dynamics study of the Spn preQ;-II riboswitch and
comparison with previously solved structures of preQ;-II and
preQ;-1 riboswitches have revealed a dual function of the un-
usual embedded hairpin in loop 3. First, the P4 hairpin intro-
duces conformational disorder to prevent premature pseudoknot
formation; then, on preQ; binding, the extended P4 helix, aided
by divalent cations, acts as a screw cap, positioning A35 and A50
to block the exit of preQ; while also stabilizing the triple helix.
PreQ; is enveloped in the binding pocket, with only its exo-
cyclic methylamine group exposed in the minor groove. Previous
structural studies of riboswitches have emphasized the impor-
tance of hydrogen bonding and stacking interactions for high
specificity and affinity of binding. Here we find that van der
Waals interactions between preQ; and A50 at the end of the
extended P4 helix are equally or even more important. In addi-
tion, unlike all other purine riboswitches, including preQ;-I, the
primary hydrogen-bonding residue forms not a Watson—Crick
pair, but rather a noncanonical pair. Finally, to our knowledge,
every pseudoknot structure reported to date has loop 3 travers-
ing the minor groove of stem 1; in contrast, in the preQ;-II
riboswitch, loop 3 crosses the major groove. This structure pro-
vides another example of the diverse ways in which pseudoknots
can regulate gene expression and how they can interact with the
same ligand in different ways.

Materials and Methods

NMR Sample Preparation. preQ; was synthesized as described previously (33)
and was dissolved in filtered (0.2-uM filter; Nalgen) nanopure water to make
a 50 mM stock solution. Unlabeled, base-specifically and uniformly '3C,'>N-
labeled, and partially deuterated (deuterated at the ribose- 3’, 4, 5/, 5"
positions of all A, U, G, and C and the 5 position of pyrimidines; Cambridge
Isotope Laboratories) Spn preQ,-ll riboswitch WT and mutant samples were
prepared by in vitro transcription using T7 polymerase (P266L mutant) with
synthetic DNA templates and purified by denaturing polyacrylamide gel
electrophoresis. RNA was eluted from the sliced gel pieces using an Elutrap
apparatus (Whatman), and the collected solution was further purified by
anion-exchange chromatography (HiTrap DEAE FF; GE Healthcare). The RNA
was desalted and concentrated by four washes with filtered nanopure water
using Amicon ultrafiltration (Millipore) and then stored at —20 °C. Two
equivalents of preQ, in 50 mM stock solution and 10-20 equivalents of CaCl,
in 1 M stock solution were added to an 0.1-0.2 mM RNA sample in 50 mM
KCl (pH 6.3-6.5), after which the volume was reduced to make preQ;-bound
RNA NMR samples (0.2 ~1 mM of RNA) using Amicon ultrafiltration (Milli-
pore). NMR samples were prepared in 90% H,0:10% D,O by adding 10%
D,0 to samples prepared as described above or in DO by lyophilizing the
sample and redissolving in 99.996% D,O (Sigma-Aldrich) several times. For
single-bond C-H and N-H RDC measurements, 11 mg/mL Pf1 phage (ASLA
Biotech) was added to the '3C,’>N-labeled RNA sample in 60 mM KCl and
3 mM CaCl; (15 equivalents) at pH 6.3.

NMR Spectroscopy and Structure Calculations. NMR spectra were recorded on
a Bruker DRX or an Avance 500-, 600-, or 800-MHz spectrometer equipped
with an HCN cryogenic probe at 300 K. For the peak assignments, ex-
changeable proton spectra obtained in 90% H,0/10% D,O and non-
exchangeable proton spectra obtained in 99.996% D,O (Sigma-Aldrich)
were processed and analyzed using XwinNMR 3.5, Topspin 2.1 (Bruker), and
Sparky 3.110 (University of California San Francisco) software. The imino and
amino exchangeable protons were assigned from 2D NOESY, 2D 'H-'°N
HMQC, and 2D H5(C5C4AN)H spectra (66, 67). The standard H1'-base proton
sequential assignments were initially obtained from analysis of a 2D NOESY
experiment with partially deuterated RNA samples and a 2D total correla-
tion spectroscopy (TOCSY) experiment with unlabeled RNA samples. The
assignments for all nonexchangeable protons were achieved from analysis
of a 2D NOESY experiment of unlabeled RNA samples and 3D HCCH-TOCSY
(68) of base-specifically 'C,"°N-labeled RNA samples. A suite of 2D-filtered/
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edited labeled proton NOESY (F2f, F1fF2e, F1fF2f, and F1eF2e) experiments
on base-specifically '*C,">N-labeled RNA samples were used to resolve am-
biguous assignments in overlapped regions (69). The assignments of preQ,
and interactions in the binding pocket were identified as described pre-
viously (33). Single-bond C-H and N-H RDCs were measured using 2D "H-"3C
S3CT-HSQC and standard 'H-">N HSQC experiments as described previously
(70), and are listed in Table S3.

Two hundred initial structures of preQ; riboswitch bound to preQ; were
calculated using Xplor-NIH 2.9.8 starting from an extended, unfolded RNA
oligomer using NOE distance and dihedral angle restraints, quantified as
described previously (33, 41, 42), following standard Xplor protocols. The
100 lowest-energy structures were further refined. A total of 103 single-
bond C-H and N-H RDCs ('Dcy1r, 'Desms, 'Desrier 'Desmis: and 'Deapz; 'Dznis
and "Dy1y1) were included for further refinement for the final structures.
Order tensor analysis was performed using RAMAH (57), with the lowest-
energy NOE-refined solution structure was used as input coordinates. The
residues at the end of helices (-1, 27, 57, 58) or determined to be flexible
from relaxation experiments (Fig. 4) were excluded from the order tensor
analysis. The 9, of P3 relative to P2 was close to 1 (0.96), so P2 and P3 were
considered one unit with a single order tensor. The ;. for P4 relative to P2-
P3 was 0.75, and the angle for cone motion (¥) of P4 was estimated as 35°
[9int = 0.5cos(Y) (1+cos(Y)].

A series of grid searches were performed to identify the optimal D, and D,
values, and the lowest-energy structures were obtained with D, = —17.85
and D, = 0.65 for P2-P3, and D, = —14.82 and D, = 0.49 for P4. For structure
refinement with RDGs, all RDCs except those from J2-4 (28-34) and the P4
loop (41-44) were used. Experimental restraints and structural statistics for
the 18 lowest-energy structures are given in Table S1. All structures were
viewed and analyzed with MOLMOL (71) and PyMOL (DeLano Scientific). The
overall axis bend of P4 relative to the axis of P2 was obtained using Curves
5.3 (72).

3¢C spin Relaxation. Longitudinal (R;) and rotating-frame (Rqp) relaxation
rates were measured for C2, C6, C8, C5, and C1’ using transverse relaxation
optimized spectroscopy (TROSY)-detected pulse sequences (47). Uniformly
and base-specifically (AU and G,C) '3C,'°N-labeled preQ; riboswitches
bound to preQ; samples in D,O were used for relaxation experiments. The
carbon carrier was centered at 146 ppm for C8 of the '*C,">N-A,U-labeled
samples; at 137 ppm for C8 of the '3C,'>N-G,C-labeled samples; and at 88
ppm for C1’” and at 99 ppm for C5 of both the 3C,"*N-A,U- and '3C,"°N-G,C-
labeled samples. The spin-lock offsets were 1,700 Hz for C8 of the '3C,">N-A,
U-labeled samples; 2,750 Hz for C8 of the '3C,">N-G,C-labeled samples; 2,000
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