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Evidence for Pseudoknot Formation of Class | preQ, Riboswitch Aptamers

Ulrike Rieder,™ Kathrin Lang,” Christoph Kreutz,® Norbert Polacek,” and Ronald Micura*®

Riboswitches are genetic control elements within noncoding
regions of mRNA."" They consist of a metabolite-sensitive apta-
mer and an adjoining expression platform. Upon binding of
the metabolite to the aptamer, a structural change is induced
in the expression platform and communicated as an on/off
signal for gene expression. Riboswitches are currently receiving
much attention since their regulation mechanism, which does
not rely on the assistance of proteins, is enormously wide-
spread among bacteria, fungi and plants.™

The smallest, naturally occurring known riboswitches are in-
volved in the regulation of the biosynthesis of queuosine—a
hypermodified nucleoside residing in the anticodon wobble
position of certain transfer RNAs. Thereby, a stretch of only 34
nucleotides (nt) in the 5" untranslated leader region of the re-
spective messenger RNA specifically recognizes 7-aminometh-
yl-7-deazaguanine (preQ;), which is an intermediate in queuo-
sine biosynthesis.’ Binding affinities of the ligand-aptamer
complex have been reported to be in the nanomolar K,
range.” The minimal sequence and structure consensus refer
to a hairpin comprising a 5 bp stem (P1) and a loop of 11 to
13 nucleotides (L1) together with a 3’ single-stranded nucleo-
side overhang, as proposed by Breaker and co-workers
(Figure 1).”) Here, we provide strong evidence that the minimal
preQ, class | aptamer, in complex with preQ,, forms a pseudo-
knot structure in solution.

The starting point for our study was the rational analysis of
potential Watson-Crick base pair formation between the 3’
single-stranded nucleoside overhang and loop L1. It was re-
markable that most of the annotated sequences” provided at
least a short span of two to four consecutive nucleosides at
the very 3’-end of the minimal sequence motif that was com-
plementary to loop nucleosides, thereby meeting the demands
for pseudoknot structure formation.”

In a first set of '"H NMR experiments, we compared free ap-
tamers (with varying loop sizes) of several preQ; motifs from
Bacillus, Clostridium, Fusobacteria, and Gammaproteobacteria in
response to their dedicated ligand preQ,.** Indeed, upon
ligand addition, all of them showed a clear increase in the
number of signals in the chemical-shift region where imino
proton resonances from Watson-Crick base pairs are expected
(data not shown). For our further investigations, we focused
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Figure 1. PreQ,-responsive mRNAs are involved in the biosynthesis of the
hypermodified nucleoside queuosine. Primary and secondary structure con-
sensus models of two types of preQ; class | riboswitches (as reported by
Breaker and co-workers)? and chemical structure of the ligand preQ;. Nucle-
otides in red and black are more than 95 and 80% conserved, respectively.
Less-conserved regions, which can vary slightly in the number of nucleo-
tides, are represented by circles or heavy lines R=A, G; Y=C, U). A second
class of preQ; riboswitches (preQ;-Il) has been reported, but differs signifi-
cantly in size and proposed secondary structure.'?

on a 34 nt RNA referring to the genome of Fusobacterium nu-
cleatum, which gave the best shift dispersion (Figure 2 A).

We furthermore relied on previously reported biochemical
evidence that the highly conserved cytidine in position 17,
which is adjacent to the loop-closing base pair G5-C18 of
stem P1, most likely forms a Watson-Crick base pair with the
ligand, preQ,.” This indication stemmed from the C17U ribo-
switch mutant, which provided a chemical in-line probing pat-
tern in the presence of 2,6-diaminopurine comparable to that
of the wild-type sequence in the presence of preQ;. This situa-
tion is moreover equivalent to that of purine riboswitches,
which can change selectivity between the ligands adenine and
guanine by a single mutation of their Watson-Crick binding
partner within the purine aptamer scaffold.”! To provide evi-
dence for a possible involvement of C17 in Watson-Crick base
pair formation with preQ,, we synthesized an RNA that con-
tained a site-specifically °N-labeled exocyclic amino group at
residue C17. If this cytidine were involved in Watson-Crick pair-
ing, the two hydrogen atoms of the amino group would be
observed as two distinct proton resonances in a 1:1 ratio, origi-
nating from the hydrogen-bonded proton 4.1, which resonates
at lower field, and the nonhydrogen-bonded proton 4.2 (Fig-
ure 2B). This was indeed observed for the preQ,-aptamer com-
plex, while only weak, broadened signals were detected for
the free aptamer, due to increased proton exchange of the un-
paired cytidine (Figure 2B).”) Even more promising was the ob-
servation of the same signal behavior when we introduced a
NH,-labeled cytidine at position 31 (Figure 2C). This cytidine
resides within a 4 nt stretch 5-C(31)UAG(34)-3’ that is comple-
mentary to the loop sequence portion of 5-C(8)UAG(11)-3,
and therefore its "NH, resonances might indicate Watson-
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Figure 2. Minimal motif of the preQ, aptamer from Fusobacterium nuclea-
tum. NMR spectra before and after addition of preQ, and Mg®" ions. A) Unla-
beled RNA; "H NMR imino proton resonances. B) Site-specifically labeled
RNA with C17-"°N(4); base pair with preQ,; spectra represent the first incre-
ment of 'H,"’N HSQC experiments. C) Site-specifically labeled RNA with C31-
>N(4); proposed base pair with G11; first increment of 'H,"’N HSQC. Condi-
tions: [RNA]=0.3 mwm, [preQ;1=0.6 mm, [Mg?*1=3.0 mm, 25 mm Na,HAsO,,
pH 6.5, H,0/D,0 9:1.

Crick base pair formation between C31 and G11, thus provid-
ing support for the hypothesis of pseudoknot formation.

Encouraged by these observations, we performed a detailed
mutational analysis (Figure 3A). We systematically covaried nu-
cleotides in each of the four proposed Watson—-Crick base pairs
C31-G11, U32-A10, A33-U9, and G34-C8 of the putative pseu-
doknot. All mutants with nucleotide covariations that retained
Watson-Crick pairing capability showed binding capacity for
preQ,, as was deduced from their respective imino proton
'H NMR spectra (Figure 3B and Supporting Information). This
held true even for those mutants with a changed purine-pyri-
midine pattern and for mutants with a double base pair cova-
riation (Supporting Information). In contrast, single nucleobase
mutations, such as G11A (Figure 3B) or U32C resulted in se-
verely reduced binding of preQ, under the same conditions;
this suggests hindrance of Watson-Crick base pair formation
between loop L1 and the terminal nucleotides of the 3" over-
hang. Further single-nucleobase mutations, such as U9C or
G34A, also hampered binding of preQ,, although to a some-
what lesser extent. Taken together, the mutational study pro-
vides strong evidence that pseudoknot formation is a require-
ment for a high affinity complex between preQ, and its apta-
mer.

One of the mutant aptamers (U9C/A33G) that replaced the
respective U-A by a C-G base pair within the pseudoknot re-
sulted in a '"H NMR spectrum with excellent imino proton dis-
persion. The corresponding 'H,"H NOESY NMR spectrum of the
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Figure 3. Mutational study of the preQ, aptamer from Fusobacterium nuclea-
tum. A) Overview of mutations in pseudoknot stem P2. B) Representative

'H NMR imino proton spectra reflecting mutant binding behavior; before
and after the addition of preQ, and Mg?* ions. Conditions: [RNA]=0.2 mm,
[preQ;1=0.2 (for G11A) or 0.4 mm (for U9C/A33G), [Mg*"1=2.0 mm, 25 mm
Na,HAsO,, pH 6.5, 298K, H,0/D,0 9:1. C) 'H,"H NOESY spectrum of mutant
aptamer U9C/A33G; preliminary assignment as indicated; asterisks indicate
unassigned resonances. Conditions: [RNA]=0.9 mwm, [preQ,]=1.8 mm,
[Mg*"1=4.0 mm, 25 mm Na,HAsO,, pH 6.5, 288K, H,0/D,0 9:1.

imino proton region is depicted in Figure 3C and allowed
straightforward assignment of Watson—Crick base pair NH--N
resonances of stem P1 (red lines) based on the two adjacent
base pairs of A3-U20 and U4-A19. Likewise, the resonances of
stem P2 (pairing of 5-C(31)UG(33)-3" with 5-C(9)AG(11)-3')
were assigned unequivocally (blue lines). Furthermore, the "*N-
edited NOESY spectrum of the U9C/A33G mutant containing a
labeled C17-"*N(4) revealed that the signal at 12.9 ppm stem-
med from the imino proton N1-H of preQ, pairing with C17
(see the Supporting Information). Since this signal also showed
a pronounced cross peak to the N1-H of G11, intensive
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stacking of the preQ,-C17 base pair onto stem P2 can be as-
sumed. Further assignment of the resonances at 9.7, 11.3, and
13.6 ppm awaits determination in the context of a detailed
NMR spectroscopy study on the interactions of preQ, and its
aptamer with fully *C/"*N-labeled RNAs.

From the NMR spectroscopy investigations, we also collect-
ed evidence that Mg*" ions are required for complete binding
of preQ;. In complementary manner, this aspect was investigat-
ed by lead(ll) acetate probing.” Figure 4 depicts the cleavage
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Figure 4. Chemical probing for mapping the pseudoknot structure and
Mg** binding sites in vitro by lead(ll) acetate in the absence (—) and pres-
ence (+) of a fivefold excess of preQ;,. C designates control reactions with-
out and with preQ,. T1 and H designate RNase T1 and alkaline hydrolysis
ladders, respectively. Stem P1 and P2 are more resistant to Pb*"-induced
cleavage. A specific and prominent Pb>* cleavage site is evident at C12A13
(green arrow). Conditions: [RNA]=2.5 um; [preQ,]=12.5 um; buffer: 50 mm
KMOPS, 100 mm KCl, 2 mm Mg?*, pH 7.0, 293 K; [lead(ll) acetate] =0.1-

5 mm.

pattern for the 34 nt wild-type preQ, aptamer. In the presence
of preQ,, significant cleavage between cytidine C12 and aden-
osine A13 was observed. Moreover, the tight interaction of
stem P2 in the presence of preQ, is reflected by the probing
pattern since this region shows reduced cleavage as observed
for stem P1 (Figure 4). Furthermore, in a competition experi-
ment with a constant concentration of Pb** ions, Pb?"-in-
duced cleavage was reduced in response to increasing Mg**
ion concentrations (data not shown); this indicates a potential
specific binding site for divalent metal ions close to C12A13.

In summary, our comprehensive study on mutated preQ, ap-
tamers in combination with chemical and NMR spectroscopic
structure probing® reveals that preQ, binds with concurrent
pseudoknot formation of the aptamer. High resolution struc-
tures of several small pseudoknots have been obtained by X-
ray crystallography or NMR spectroscopy. These pseudoknots
include plant luteoviral RNA® beet western yellow virus
(BWYV) RNA," sugarcane yellow leaf virus (ScYLV) RNA,™ and
mouse mammary tumor virus."? Their functions are usually as-
sociated with ribosomal frame-shifting. Other examples refer
to RNA pseudoknots of human telomerase.> Furthermore,
the structure of an in vitro selected aptamer that binds biotin
was solved at high resolution and also revealed a pseudoknot
structure."® Interestingly, biotin is bound at the interface be-
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tween the two stacked helices of a 33 nt RNA forming a pseu-
doknot. This overall scenario seems reasonable for the preQ;
bound aptamer as well, and awaits determination of its struc-
tural details and elucidation of how pseudoknot formation in-
fluences the expression platform in order to get insights into
this particular gene response mechanism.

Experimental Section

All RNAs were chemically synthesized by solid-phase synthesis by
using 2'-O-TOM protected phosphoramidites.'” 2'-O-(Triisopropyl-
silyl)-3"-O-[(N,N-diisopropylamino-(3-cyanoethoxy)phosphino]-5'-O-
(4,4'-dimethoxytrityl)-(N4-'°>N)-acetylcytidine was chemically synthe-
sized and used for site-specific incorporation into '*N-labeled
RNAs. NMR spectra were acquired by using a Varian Unity 500 MHz
spectrometer. '"H NMR imino proton spectra applied a selective ex-
citation-refocusing sequence employing selective pulses shaped
according to the G4 (excitation; 2.62 ms, RF amplitude 1.74 kHz)
and REBURP (refocusing; 1.4 ms, RF amplitude 4.47 kHz) profile.'
Both shaped pulses were centered at 13 ppm. HSQC experiments
were recorded with 1024 complex data points. Remaining water
magnetization was suppressed by a 3-9-19 WATERGATE pulse
train. The proton sweep width was set to 12 kHz, and the proton
carrier was centered at H,0. The acquisition parameters for the 2D
NOESY spectrum of mutant U9C/A33G were 3075 complex points
in t2, 512 t1 increments and 128 transients per t1 increment in
48 h. Mixing time was 250 ms, and the relaxation delay was 2s.
The "N F2-filtered 2D NOESY was carried out with 764 complex
points in t2, 128 t1 increments and 384 transients per t1 increment
in 66 h. Mixing time was 300 ms (Supporting Information).
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