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ABSTRACT

Riboswitches are conserved non-coding domains
in bacterial mRNA with gene regulation function
that are essential for maintaining enzyme co-factor
metabolism. Recently, the pnuC RNA motif was re-
ported to selectively bind nicotinamide adenine din-
ucleotide (NAD"), defining a novel class of NAD" ri-
boswitches (NAD*-Il) according to phylogenetic anal-
ysis. To reveal the three-dimensional architecture
and the ligand-binding mode of this riboswitch, we
solved the crystal structure of NAD*-II riboswitch
in complex with NAD*. Strikingly and in contrast
to class-I riboswitches that form a tight recognition
pocket for the adenosine diphosphate (ADP) moiety
of NAD*, the class-Il riboswitches form a binding
pocket for the nicotinamide mononucleotide (NMN)
portion of NAD* and display only unspecific inter-
actions with the adenosine. We support this find-
ing by an additional structure of the class-Il RNA
in complex with NMN alone. The structures define a
novel RNA tertiary fold that was further confirmed by
mutational analysis in combination with isothermal
titration calorimetry (ITC), and 2-aminopurine-based
fluorescence spectroscopic folding studies. Further-
more, we truncated the pnuC RNA motif to a short
RNA helical scaffold with binding affinity compara-
ble to the wild-type motif to allude to the potential
of engineering the NAD*-Il motif for biotechnological
applications.

INTRODUCTION

Riboswitches are RNA gene regulatory elements that com-
monly reside in the 5 -end non-coding region of bacterial

MRNA (1-4). They contain two domains, a small molecule-
sensing aptamer domain and an adjoining expression plat-
form. Binding of the cognate ligand to the aptamer induces
a structural output of the expression platform that is dis-
tinct from the unbound form, and consequently, expression
of the down-stream encoded protein is affected; it is boosted
or diminished (5-9). In most cases, riboswitches regulate the
genes that are involved in the ligand biosynthesis or trans-
port (10-14). On a molecular basis, the most frequently en-
countered mechanism involves transcription or translation.
Thereby, the interplay between the metabolite-sensing do-
main and the expression platform promotes formation of a
terminator versus anti-terminator stem (transcription) or a
repressor versus anti-repressor stem (translation).

More than 55 riboswitches have been identi ed to date,
sensing structurally diverse small molecules with high se-
lectivity (15,16). Many of these ligands are protein en-
zyme cofactors, such as S-adenosyl methionine (SAM),

avin adenine mononucleotide (FMN), tetrahydrofolate
(THF), nicotinamide adenine dinucleotide (NAD™) and
many more (17). Riboswitches crucially participate in co-
factor metabolism and regulate their intracellular concen-
trations, which is vital to maintain the cellular functions.
For instance, NAD™ possesses unique electron transport
properties and works as a universal cellular electron trans-
porter involved in many reduction-oxidation reactions.
Structurally, NAD™ is composed of two parts, nicotinamide
riboside (NR) and adenosine, which are linked by a diphos-
phate group (Figure 1A). Though NAD™ is one of the
most abundant enzyme cofactors, the rst NAD"-sensing
riboswitches had been identi ed only recently (18,19). This
NAD™-sensing riboswitch, later assigned to the NAD™* class
I riboswitch, relies on the nadA RNA motif identi ed in
the phylum Acidobateria (18). It contains two tandemly ar-
rayed aptamer domains with nearly identical folds. In earlier
work, we solved the three-dimensional structures of both
aptamer domains, revealed their signi cantly distinct af ni-

*To whom correspondence should be addressed. Tel: +86 571 88981228; Fax: +86 571 88981227; Email: aimingren@zju.edu.cn
Correspondence may also be addressed to Ronald Micura. Email: ronald.micura@uibk.ac.at
TThe authors wish it to be known that, in their opinion, the rst three authors should be regarded as Joint First Authors.

¢ The Author(s) 2023. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com

€20z Jaquieldag oz uo Jesn Ausiaaiun Buellfeyz Aq 22z20.69/4S/1/1S/81onle/teu/woo dnooliwepeose//:sdiy woly pepeojumod


https://orcid.org/0000-0003-2661-6105
https://orcid.org/0000-0002-5420-4899

Nucleic Acids Research, 2023, Vol. 51, No. 1 55

A B
NMN e o
o = | NH,
P1a
0=p—0 oK EC/EGAAA 20 VUG
& 7 Nicotinamide G ? U cI: cls ¢ A c
Ribose (NR A
— (NR) 10+C CAGCGCg ¢
NAD* o A A Y
NH, U C
Ugc_gG "0
</ | XN G—S
A—
P1
o=t v S e
! ° T GGA
o Adenosine o —— R

5'G1 U46U47
C G—C, U,
’
P1" A—U A,
G—C |A As
4 43 51 J1K
J1’ 5_642" A;.,;a, A5
,1—*G4-1NMN--C .
P1ay CAO_ GGtZ U?‘ Ais
YN  J— —
C?M%fﬁl\aﬁaﬁ“ Jy
A
C,G.C, U G.A  AMP

2373272172019 18

Mol B

18 G|19L|J20?21|G22|023
7 ’
CigA51G36C3sGay

Mol A

G19
NAD*-Mol A /

NAD*-Mol B :

NAD*-Mol A
NAD*-Mol B

Figure 1. Secondary and tertiary structure of the dimeric NAD™-I1 riboswitch in asymmetric unit. (A) Chemical structure of NAD* compound. NMN
moiety and AMP moiety are highlighted with orange and light blue respectively. (B) Predicted second structure of the NAD*-I1 riboswitch construct used in
crystallization. (C) Schematic representation of the tertiary structure of dimeric NAD*-11 riboswitch in complex with NAD™*. Long distance interactions
are labelled with dotted lines. Different modules are distinguished by varying colours. (D) Cartoon representation of the tertiary structure of dimeric
NAD*-I1 riboswitch in complex with NAD*. The phosphate backbone of Mol A is shown in golden and the phosphate backbone of Mol B is shown in
light blue. The base of two NAD™*-11 riboswitch molecules are colour-coded as in (B). The ligands NAD™* are shown in spheres. (E) Alignment of the two
NAD*-I1 riboswitch molecules structures. Mol A is shown in golden and Mol B is shown in light blue. (F) Alignment of the ligand binding pocket of the
two NAD™-11 riboswitch molecules structures. The ligands NAD* are shown in stick and sphere.
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ties to the ligand, and nally proposed a two-concentration
sensor model for gene regulation by this riboswitch (20). Im-
portantly, the NAD™*-I aptamer speci cally recognizes the
ADP moiety of NAD* (18,20,21).

Recently, a second class of NAD™"-sensing riboswitches
(NAD™-11) was identi ed based on the pnuC RNA motif in
species of Streptococcus using comparative sequence anal-
ysis (22). The consensus sequence and secondary structure
model of the pnuC RNA motif is shown in Supplementary
Figure S1A, which consists of two stems (P1 and P1a) con-
nected by an internal bubble. One possible pseudoknot stem
(PK) was predicted to be formed between the internal bub-
ble and a putative ribosome binding site (RBS) sequence
located at the 3 -end, which suggested that the pnuC RNA
motif may serve as a translationally controlled, genetic off-
switch (22). In-line probing experiments indicated that the
pnuC RNA motif recognizes the NMN-containing moiety
of NAD™ (22).

To reveal the three-dimensional architecture of the
NAD™-11 riboswitch and to shed light on the NAD™ ligand-
binding mode, we set out for crystallographic studies. Here,
we report the crystal structures of the pnuC RNA motif
in complex with NAD™ at the resolution of 2.2 A, com-
plemented by a second structure of the NAD™-11 RNA in
complex with NMN at the resolution of 2.5 A. In short,
these structures reveal a novel RNA tertiary fold with a
rigid binding pocket speci ¢ for NMN. The structures are
veri ed by structure-guided mutational analysis in combi-
nation with ligand binding assays using isothermal titra-
tion calorimetry (ITC). Moreover, we shed light on the
ligand-induced folding process of the aptamer domain by 2-
aminopurine (Ap)-based uorescence spectroscopy. Based
on the information obtained from the tertiary structure and
structural dynamics, we further tailor the NAD*-11 RNA
by deletion one of the stems and demonstrate that the trun-
cated version of the NAD™*-11 RNA retains ligand binding
af nity that is comparable to the wildtype RNA. Taken to-
gether, our study delivers a profound structural basis for
the NAD™-I11 riboswitch and illustrates the principles un-
derlying its unique recognition pattern and folding path.
Moreover, our work also provides a representative example
for the tailoring and simpli cation of a native RNA motif
which may lay the foundation for engineering of a cofactor
sensor as biotechnological tool.

MATERIALS AND METHODS
RNA preparation

In order to promote the crystallization of NAD*-II
riboswitch-NAD* complex, we introduced UNCG,
GNRA or U1A protein-binding loop into the position of
variable loop of the Pla stem. The pnuC RNA sequence
followed by the HDV ribozyme was inserted into pUT7
plasmid containing T7 promoter, which was ampli ed by
polymerase chain reaction (PCR) to generate the DNA
template for in vitro transcription (23). The in vitro tran-
scription was performed with T7 RNA polymerase at 37°C
for 4.5 h, followed by puri cation with urea—denatured
polyacrylamide gel electrophoresis (urea—PAGE). RNA
bands were visualized under the UV lamp, and the target

RNA was excised and soaked in the 0.5x Tris—acetate—
EDTA (TAE) buffer. The eluted RNA was precipitated
with isopropanol, washed with 80% ethanol and further
lyophilized. Finally, the lyophilized RNA was dissolved
into diethyl pyrocarbonate (DEPC)-treated double-distilled
water.

Ligands

NAD™ was purchased from Yuanye Bio-Technology Co.
Ltd (Shanghai). NMN was purchased from Sigma.

Crystallization

A nal concentration of 0.4 mM RNA sample was annealed
in the buffer containing 50 mM HEPES pH 7.0 (25°C), 50
mM NaCl and 5 mM MgCI, at 65°C for 5 min, cooled on
ice for at least 30 min, and incubated with NAD* or NMN
ata nal concentration of 6 mM on ice for one additional
hour. For the constructs containing U1A protein-binding
loop, U1A protein was added to RNA at a ratio of 1.2:1
(U1A protein to RNA) and incubated for one more hour.
Then the complex was mixed with the reservoir solution at
a 1:1 ratio using sitting drop vapour diffusion method with
the ARI Grphon-LCP-Nano robot at 16°C for crystalliza-
tion screening. The high-resolution crystals of RNA-NAD*
complex and RNA-NMN complex grew from the condition
containing 0.2 M KCI, 0.01 M MgCl,, 0.05 M MES pH
5.6 (25°C) and 5-10% PEGS8000 in around one week. The
crystals were transferred to the well solution with additional
30% glycerol and then ash-frozen in liquid nitrogen. The
X-ray crystallography diffraction data was collected at the
beamline BL19U1 at the Shanghai Synchrotron Radiation
Facility (SSRF).

Structure determination and re nement

The diffraction data were processed using HKL3000 (HKL
Research). The phase problem of NAD*-11 riboswitch-
NAD™ complex was solved by the Molecular Replacement
program of CCP4 suite with the U1A protein structure as
the initial model. The structure model was further built and
re ned in the Coot program and Phenix program (24-26).
The structure of the NAD™-11 riboswitch-NMN complex
was solved by the molecular replacement method with the
NAD™-11 riboswitch-NAD™ structure as the initial model,
and further re ned by the joint use of Coot and Phenix pro-
grams. The ligands were added into the structure at the last
several runs of building and re nement based on their elec-
tron density map including 2F, - F. and F, — F. maps and
geometry. The statistics of X-ray diffraction data and struc-
ture re nement are shown in the Supplementary Table S1.

Isothermal titration calorimetry

AIlITC experiments were performed on a MicroCal PEAQ-
ITC calorimeter at 25°C at the National Center for Protein
Science-Shanghai (NCPSS). Before the titration, the wild-
type RNA carrying GAAA loop and mutant RNA sam-
ples were dialyzed overnight at 4°C in ITC buffer (50 mM
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MOPS pH 7.5 (25°C), 100 mM KCI, 20 mM MgCl,). To de-
termine the effect of MgCl, on ligand recognition, the wild-
type RNA carrying GAAA loop was dialyzed in ITC buffer
supplemented with different concentrations of MgCl, vary-
ingfrom 0 mM to 20mM. Thena nal concentration of 0.15
mM RNA was annealed at 65°C for 5 min, cooled on ice for
half an hour. Due to the lower heat changes of NAD™ bind-
ing in some titrations, NMN was used to instead of NAD™
in most titration experiments. NMN ligand was dissolved
with each corresponding ITC buffer and diluted to 2 mM
before use. The NMN ligand was titrated into RNA by ini-
tial injection of 0.4 |, followed by 18 serial injections of 2

| with 120 s intervals between injections and a reference
power of 5 cal s™1. The titration data were analyzed by
MicroCal PEAQ-ITC Analysis Software. All the thermo-
dynamic binding parameters are shown in Supplementary
Table S2.

Fluorescence spectroscopy

All steady-state uorescence spectroscopic experiments
were measured on a Cary Eclipse spectrometer (Varian,
Australia) equipped with a peltier block, a magnetic stir-
ring device and a RX2000 stopped- ow apparatus (Ap-
plied Photophysics Ltd, UK). The data obtained were pro-
cessed with OriginPro 2018 software (OriginLab, USA).
Aminopurine-modi ed RNA samples were prepared in 0.5
M concentration in a total volume of 120 | (qualitative
analysis) or 1 ml (quantitative analysis) of buffer (50 mM
MOPS, 100 mM KCI, pH 7.5 (25°C)). The samples were
heated to 90°C for 2 min, allowed to cool to room temper-
ature, transferred to quartz cuvettes equipped with a small
stir bar and held at 20°C in the Peltier controlled sample
holder. Then, ligands were manually pipetted in a way not
to exceed a total volume increase of 3%. For binding af nity
experiments, the solution was stirred after ligand addition
and allowed to equilibrate for at least 15 min before data
collection. Spectra were recorded from 320 to 500 nm us-
ing the following instrumental parameters: excitation wave-
length, 308 nm; increments, 1 nm; scan rate, 120 nm min™!;
slit widths, 10 nm. Thermodynamic and kinetic parameters
Kg and Kqps Were obtained as described in reference (20).

RESULTS AND DISCUSSION
Design of NAD*-I1 riboswitch constructs for crystallization

The pnuC motif constitutes the NAD*-II riboswitch and
is associated to proteins that are known to transport
nicotinamide riboside (NR), a component of the cofactor
NAD*(22). The consensus secondary structure model de-
rived from comparative sequence analysis suggests that the
pnuC motif forms two stems (P1 and Pla) which are con-
nected by a large internal loop (Supplementary Figure S1A)
(22). A possible pseudoknot (PK) may fold between the in-
ternal loop (J1) and the long 3 -end tail (J1K). Most nu-
cleotides in the pnuC motif are highly conserved except
the variable terminal loop of stem Pla. Through in vitro
transcription, we prepared a large number of NAD™-11 ri-
boswitch constructs from various bacterial representatives
for crystallization trials in the presence of NAD* or NMN
(Figure 1A, B). One sequence from Streptococcus sp. with
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the variable loop of stem Pla replaced by the U1A recog-
nition sequence, was co-crystallized with U1A protein and
gave well-diffracting crystals (Figure 1B-D, Supplementary
Figure S1B). The crystal structure of NAD™*-II riboswitch
in complex with NAD™ was determined at a resolution of
2.2 A by molecular replacement with U1A protein as the ini-
tial model. Besides, we also solved the structure of NAD™-
11 riboswitch in complex with NMN by molecular replace-
ment at a resolution of 2.5 A. The X-ray crystallographic
statistics of the two structures are listed in Supplementary
Table S1.

To determine the ligand binding af nity of NAD™"-I11 ri-
boswitch, we used isothermal titration calorimetry (ITC).
The dissociation constant Ky of the original RNA compris-
ing the sequence AUUCCC as variable loop (pnuC-ori) and
NMN was 58.6 = 5.4 M, with estimated thermodynam-
ics parameters H of -8.7 = 0.3 kcal/mol and S of -
0.01 kcal/mol/K (Figure 1C, Supplementary Figure S2A
and Supplementary Table S2). We also determined the bind-
ing af nity of one NAD™*-11 riboswitch construct with a
GAAA loop as variable loop (pnuC-GA) and NMN; this
dissociation constant K4 amounted to 41.1 £ 1.1 M, with
estimated thermodynamics parameters H of -11.7 = 0.1
kcal/mol and S of —0.019 kcal/mol/K, which is slightly
lower compared to pnuC-ori (Figure 1C, Supplementary
Figure S2 and Supplementary Table S2). The stoichiome-
try of binding approached 1:1 for both constructs.

Overall tertiary fold of the NAD* bound NAD™-I11 riboswitch

The schematic secondary structure and the solved three-
dimensional structure of the NAD* bound NAD*-II ri-
boswitch are illustrated in Figure 1C and D. In the crystal,
each asymmetric unit contains two RNA molecules (Mol A
and Mol B) that form a dimer through two consecutive base
pairs C10(Mol A)-G11(Mol B) and C10(Mol B)-G11(Mol
A), following each pseudoknot stem (PK and PK’). This ar-
rangement results in a continuously stacked helix at the in-
terface of the dimer (Supplementary Figure S3). We note
that G11 in Mol A and Mol B both adopt a 2 -endo ribose
conformation (Supplementary Figure S3A).

The overlay of Mol A and Mol B reveals very good align-
ment of stem P1, pseudoknot PK, and the segment J1K be-
tween stem P1 and PK (Figure 1E), while a twisted shift and
distinct orientation is adopted by stem P1a and the linking
segment between stem Pla and the large internal loop J1
(Figure 1E, F). The bound ligand NAD™ in Mol A and Mol
B are both located in the intersection of stems P1, P1a, in-
ternal loop J1 and tail J1IK and have an open, spread-out
conformation (Figure 1C-E). Detailed comparison of the
bound ligand NAD* in Mol A (shown in gold) and Mol B
(shown in light blue) shows that the NMN-moiety of the lig-
and NAD™ adopts the same conformation and is wedged by
the well-aligned stem P1, PK and J1K in similar way, while
the ADP-moiety of NAD* shows exibility and adopts dis-
tinct conformation to interact with the shifted linking seg-
ment including nucleotides A16, A17 and A18 (Figure 1E,
F). As shown in Supplementary Figure S4A, A17 and A18
in Mol A form a successive stacking interaction on G19-
C38, the inner rst base pair of stem P1a, while A16 in Mol
A stretches into the inner side of the intersection near the
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ADP moiety of the bound NAD™. In Mol B, A16 and A17
sandwich the adenine moiety of NAD™ and stack on G19-
C38, while A18 stretches out and forms no interaction with
the rest of the RNA (Supplementary Figure S4B). The con-
formational exibility of this part of the RNA (the linking
segment G15-to-A18 between Pla and PK) is also re ected
in the diversity of their sugar puckers. A16 in Mol A and
Mol B both adopt the generally less populated 2 -endo con-
formation. However, A17 and A18 adopt 3 -endo confor-
mation in Mol A, while they adopt 2 -endo conformation in
Mol B (Supplementary Figure S4).

Structural organization of the NAD*-I1 riboswitch

The tertiary fold of the pnuC RNA-NAD* complex shown
for Mol A in cartoon representation in Figure 2A and
schematically in Figure 2B conforms with the predicted sec-
ondary structure model of the consensus sequence (Sup-
plementary Figure S1A) (22). The major elements of the
NAD*-II riboswitch fold are two stems, P1 (in cyan) and
Pla (in green), and one short pseudoknot stem PK (in vi-
olet) that together adopt a “Y-shape’ architecture (Figure
2A).

Stem P1 and PK exhibit co-axial stacking alignment me-
diated by the junctional regions J1 (in blue) and J1K (in
orange), and the bound NAD*; they thereby form a ver-
tical compact helical scaffold (Figure 2A, B). Stem Pla is
connected to the vertical helical scaffold by the linking nu-
cleotidesin J1 (G15to A18 and A39 to G41) (Figure 2A, B).
NAD™ is bound at the intersection of stem P1, junction J1
and stem Pla, where the NR (nicotinamide riboside) moi-
ety is deeply buried into a cavity upon stem P1, the diphos-
phate moiety is located along the major groove side of stem
P1, and the adenosine moiety points outwards and stacks
with nucleotides from J1.

As shown in Figure 2C-K, the nucleotides in the junction
region of the NAD*-II riboswitch form extensive tertiary
interactions to de ne the overall folding and the NAD*
binding pocket. In junction J1, the segment from G6 to A18
that connects stem P1 with Pla zippers up and interacts
with the 3 -end terminal tail of J1K, which constitute the
north terminal multi-tiered architecture of the NAD™-11 ri-
boswitch above the bound NAD™* (Figure 2C, Supplemen-
tary Figure S3C). As we mentioned before, C10 and G11 in
J1 make up the dimer of the NAD*-II riboswitch (Figure
1C, D and Supplementary Figure S3A-B). The following
U12, C13 and C14 in J1 form the pseudoknot interaction
(PK) with the last three nucleotides G59, G60 and A61 of
J1K (Figure 2B, C). In the major groove side of stem PK, A9
from J1 interacts with the Hoogsteen edge of G60 through
its Watson-Crick edge, forming the base triple C13-G60-A9
as the rst tier (Figure 2D). Likewise, G59 not only forms
a Watson-Crick base pair with C14 in stem PK, but also
forms one hydrogen bond with the 6-NH2 of A56 from J1K
through its O6, which constitutes the base triple C14-G59-
Ab56 as the second tier (Figure 2E).

In junction J1K, four successive adenosines A55, A56,
A57 and A58 are located before the terminal three nu-
cleotides that form the pseudoknot stem PK (Figure 1B).
While A57 points out of the helical structure without form-
ing any interaction with other adjacent nucleotides, A55

and A56 sandwich A58 and form a continuous base sta-
ple (Figure 2C). In a tertiary long-range interaction, A58
forms a reverse Watson-Crick base pair with U8. Besides,
the 2 -OH of A58 forms two additional hydrogen bonds
with the sugar edge of A39. The base of A39 forms three
hydrogen bonds with the sugar edge of G15 and the Watson-
Crick edge of G15 interacts with the O4 of U8. Together this
base tetrad U8-A58-A39-G15 (Figure 2F, Supplementary
Figure S3C) represents the third tier that stacks upon the
two base triple tiers, C14-G59-A56 and C13-G60-A9. Be-
low the U8-A58-A39-G15 tier, two consecutive nucleotides
G6 and U7 are positioned in one plane, where G6 forms a
canonical Watson-Crick base pair with C40 and U7 forms
a Hoogsteen base pair with A55. Besides the base pairing,
the phosphate oxygen of A55 also forms two other hydrogen
bonds with the sugar edge of U7. In addition, three hydro-
gen bonds are formed between G6-C40 and A55-U7. This
base tetrad of G6-U7-C40-A55 represents the fourth and

nal tier, stacking upon the bound NAD™* (Figure 2G, Sup-
plementary Figure S3C).

Below the NAD™* binding site, the nucleotides of J1IK
reside in the minor groove of stem P1 and form contin-
uous stacking interactions (Figure 2H). Thereby, the ve
consecutive adenosines A49, A50, A51, A52 and A53 form
comprehensive A-minor interaction with the top three base
pairs of stem P1, generating a triple helical scaffold in the
south part of the overall structure (Figure 2H). A53 forms
three hydrogen bonds with the minor groove side of C5-
G42, the north terminal base pair of stem P1 (Figure 2I).
The following three nucleotide A52, A51 and A50 form
hydrogen-bonding interaction with the minor groove side
of G4-C43 in different ways (Figure 2J). A52 interacts with
the G4-C43 base pair by forming one hydrogen bond with 2-
NH2 of G4 and one hydrogen bond with O2 of C43 respec-
tively. A51 forms two hydrogen bonds with the sugar edge of
G4 on positions 2-NH2 and 2 -OH using its Watson-crick
edge. A50 also forms two hydrogen bonds with the sugar
edge of G4 on positions N3 and 2 -OH using its Hoogsteen
edge (Figure 2J). Besides, 6-NH2 of A50 forms a hydrogen
bond with O2 of U44 (Figure 2K), and A49 forms two hy-
drogen bonds with the ribose and N3 of A3 (Figure 2K).
The following last two nucleotides U47 and U48 in J1K
only form week interactions with the neighbour residues,
and take a sharp ‘U-turn’ to connect with stem P1 at the
south terminal of the NAD™*-I1 riboswitch (Figure 2H).

Binding pocket interactions of the NAD™-11 riboswitch with
NAD™

The binding pocket of the NAD™-II riboswitch is located
at the intersection of stem P1, Pla and PK, which are
connected by the tightly packed junctional regions J1 and
J1IK (Figure 2A, B). In Figure 3A, the secondary struc-
ture scheme highlights the nucleotides of J1 and J1K that
constitute the binding pocket. The surface representation
of the NAD™-II riboswitch NAD*-binding pocket in the
two asymmetric molecules are depicted in Figure 3B and
C respectively; their comparison makes clear that the NMN
moiety of NAD™ intercalates between stem P1 and junction
J1 and is intensively stacked in both two molecules. In con-
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Figure 2. Secondary and tertiary structure of the NAD*-11 riboswitch bound to NAD™. (A) Cartoon representation of the tertiary structure of NAD*-11
riboswitch in complex with NAD™. Same colour code as in Figure 1 is used. (B) Schematic representation of the tertiary structure of NAD™-11 riboswitch.
The non-conserved stem Pla and its variable loop are labelled with solid lines. (C) Structural organization of junction J1 and close-up view of the inter-
actions between stem PK and junction J1. (D) C13 (PK) and G60 (PK) form Watson-Crick base pair, while the hoogsteen edge of G60 (PK) paired with
the Watson-Crick edge of A9 (J1). (E) Base triple formed by C14 (PK), G59 (PK) and A56 (J1K). G59 (PK) Watson—Crick paired with C14 (PK) and its
minor-groove recognizing the 6-NH2 of A56 (J1K). (F) Close-up view of the base quadruple U8-G15-A39-A58. (G) Close-up view of the base quadruple
G6-U7-C40-A55 that forms the ceiling of the binding pocket. (H) Structural organization of 3 terminal tail J1K and detailed interactions between stem
P1and 3 terminal tail J1K. (I) Close-up view of the base triple C5-G42-A53 that forms the platform below the ligand. (J) A50, A51 and A52 from J1K
hydrogen bond with the minor groove of the 2" north terminal base pair G4-C43 from stem P1. (K) A49 and A50 from J1K hydrogen bond with the

minor groove of the third north terminal base pair A3-U44 from stem P1.

trast, the AMP moiety of NAD™ is in different orientation
as is the evagination of J1.

Both binding pockets (Mol A and Mol B) are consti-
tuted by the base tetrad G6-U7-C40-A55 above the bound
NAD™ (Figure 2G, 3D), the base triple C5-G42-A53 below
the bound NAD™ (Figures 21, 3D) and two nucleotides G41
in J1 and C54 in JIK (Figure 3D). C54 and G41 form a
sheared base pair when interacting with the NMN moiety of
NAD*; importantly, the amide group of NMN forms three
hydrogen bonds with the Watson-Crick edge of C54 and O6
of G41 (Figure 3E, F), which is consistent with the predicted
molecular recognition contacts based on structure-activity
relationships (SAR) reported previously (22). Besides, the
ribose of NMN which is in 3 -endo conformation forms one

hydrogen bond with N7 of G41 (Figure 3E, F). Hence, the
interactions between C54, G41 and NMN moiety generate
a base triple, which is sandwiched by G6-U7-C40-A55 and
C5-G42-A53 (Figure 3D, Supplementary Figure S5A, B,
D, E). To evaluate the importance of these speci ¢ inter-
action in NAD™ recognition, we made mutation on G41
and C54. The four mutants G41U, C54A, G41A/C54U and
G41U/C54A did not show binding activity according to
our ITC experiments, and thus are consistent with our ob-
servation in the structure (Figure 3G, Supplementary Fig-
ure S6).

The NAD™-11 riboswitch discriminates NADH (the re-
duced form) against NAD™ (the oxidized form), and we
therefore considered potential structural elements that ac-
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Figure 3. Structure detail of the binding pocket with NAD*. (A) Schematic secondary structure of NAD*-I1 riboswitch core architecture. (B) Surface
representation of NAD™-II riboswitch NAD™-binding pocket in Mol A. The NMN moiety of NAD* intercalates into the binding pocket, while the
ADP moiety of NAD* points outside. (C) Surface representation of NAD™-11 riboswitch NAD™-binding pocket in Mol B. The NMN moiety of NAD*
intercalates the binding pocket, while the ADP moiety of NAD™ is stacked by junction J1. (D) NMN moiety of NAD™ participates in the formation of a
triple with G41 and C54, which stacks between two base platform, G6-U7-C40-A55 and C5-G42-A53. (E, F) NMN moiety of NAD* in both Mol A and
Mol B forms extensive hydrogen bond interaction with C54 and G41. The composite omit maps (contoured at 1.0  level) of the ligand NAD™ in Mol
A and Mol B is shown in (E) and (F) respectively. (G) Overlay of ITC titration heat plot of NAD*-I1 riboswitch WT RNA in comparison with mutants
concerning nucleotides G41 and C54. (H) Close-up view of the coordination of two Mg?* cations to RNA and ligand NAD™ in Mol A: M1 is inner-sphere
coordinated with O6 of G42 and the ribose oxygen of NMN moiety of NAD*; M2 exhibits one inner-sphere coordination with the phosphate oxygen of
NAD*, one water-mediated interaction with O6 of G4. (1) Hydrogen bond interactions between ADP moiety of NAD* with A16 and A17 from J1 in Mol
B.

count for the high NAD™ selectivity. Several oxygen atoms and points to the base of A16 in junction J1 without form-
(indicated with red dotted balls in Supplementary Figure ing any obvious interactions with the residues in the vicinity
S7A, B), including the two non-bridging phosphate oxy- (Supplementary Figures S4A, S5A). In Mol B, the adeno-
gens of G6, O4 of G6, and O6 of G41, reside inside the sine moiety of NAD™ is kept within the plane of NMN and
binding pocket and create an electronegative environment becomes sandwiched between A16 and Al7 from junction
to support selection for the positively charged nicotinamide J1 (Supplementary Figure S4B, S5D). The composite omit
ring of NAD* (Figure 1A, Supplementary Figure S7A, B). maps (contoured at 1.0  level) of NAD* within the binding
Besides, the nicotinamide moiety of NAD™" is stacked on pocket are shown in Figure 3E and F and Supplementary
either sides to the two base pairs G42-C5 and G6-C40, re- Figure S5A, D.

spectively, with distances of 3.6 A and 3.5 A (Supplemen- In close vicinity of NAD™, three cations — likely Mg?* —
tary Figure S7C). This arrangement is consistent with a were identi ed in Mol A based on 2F,-F; and Fy-F¢ maps
putative cation- interaction that supports the discrimina- and guided by the coordination geometries (Figure 3H,

tion of NADH against NAD*. Additionally, the tight sand- Supplementary Figure S5C). M1 and M2 are located be-
wich pocket likely favours intercalation of the planar NAD™ tween NAD* and stem P1 (Figure 3H) and M3 is located
pyridinium ring rather than the sterically more demanding, next to NAD*, G15, G6 and A16 (Supplementary Figure
puckered 1,4-dihydronicotinamide ring of NADH. S5C). M1 is inner-sphere coordinated with O6 of G42 and

The ADP moiety of NAD™ in both Mol A and Mol B the ribose 3 oxygen of the NMN moiety, while three sites
points outward from the NMN binding cavity, but adopts are coordinated with water molecules and the remaining
different conformations. In Mol A, the adenosine moiety one displays a water-mediated interaction with O6 of G4
of NAD™* is arranged perpendicular to the plane of NMN and further to M2 (Figure 3H). M2 itself exhibits one inner-
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sphere coordination with the phosphate oxygen of NAD™,
one water-mediated interaction with O6 of G4 (as M1), and
coordination with four water molecules (Figure 3H). M3
displays four outer-sphere coordination with N7 of A16,
N7 of G6, the phosphate oxygen between G15 and A16 and
three water molecules (Supplementary Figure S5C). Finally,
we mention that one hydrogen bond interaction is formed
between the 4-NH2 group of C5 and the phosphate oxy-
gen of NAD* (Figure 3H) and another one between 3 -OH
of the ADP moiety and the phosphate between G2 and A3
(Supplementary Figure S5C).

In contrast to Mol A, no Mg?* cation was observed in
the NAD" binding pocket of Mol B. Instead, some wa-
ter molecules were identi ed in the same position as M1
and M2 in Mol A to mediate the interactions between G4,
G42, G6 and A16 with NAD™ in Mol B (Figure 31, Sup-
plementary Figure S5F). C5 forms direct interactions with
the phosphate of NAD*; G41 forms two hydrogen bonds
with the ribose of the NMN moiety; 4-NH2 of C40 and the
phosphate of A39 form another three hydrogen bonds with
the ribose of the ADP moiety (Supplementary Figure S5F).
As mentioned before, the adenine of NAD™ is sandwiched
by the bases of A16 and A17 in Mol B (Figure 31). In ad-
dition, the Hoogsteen edge of the ADP moiety forms two
hydrogen bonds with the ribose O2 of A17 and the ribose
O4 of Al6 (Figure 3I).

Structure of the NAD™-I1 riboswitch in complex with NMN

Previous in-line probing experiments indicated that the
NAD*-I1 riboswitch can bind to NMN with a 3-fold higher
binding af nity than NAD™ (22). Here, we also obtained
well-diffracting crystals of the NAD™*-11 riboswitch in com-
plex with NMN under similar crystallization conditions
and collected the diffraction data at a resolution of 2.5 A.
The NMN-bound riboswitch structure was solved using
the molecular replacement method with the NAD*-bound
NAD*-11 riboswitch complex as the initial model.

The overall tertiary structure of the NMN-bound ri-
boswitch adopts the same topology as the NAD*-bound
counterpart (Figures 4A, B and 2A). There are also two
RNA molecules in one asymmetric unit, with two RNA
molecules forming a dimer through base pairing between
each C10 and G11, linking the two PK stems as a continual
helix (Supplementary Figure S8A, B).

For one RNA molecule, the backbone of junction J1 folds
as ‘S’ shape with two diversions to help the formation of PK,
and the 3 terminal tail J1IK climbs upside within the mi-
nor groove of stem P1 similar to NAD™-bound state (Sup-
plementary Figure S8C, D). The ligand NMN is encap-
sulated between stem P1 and junction J1 like the NMN-
moiety in the NAD™-bound structure (Figure 4C-E). With
the same constitution of the binding pocket, G6, U7, C40
and A55 form the four-base tier located upside of NMN,
while a triple C5-G42+A53 located on the other side of
NMN in both two RNA molecules (Figure 4C, Supplemen-
tary Figure S8E). Likewise, NMN itself contributes to form
a triple with the noncanonical G41=C54 through four hy-
drogen bonds (Figure 4D). Additionally, the 3 ribose oxy-
gen of NMN forms a hydrogen bond with the phosphate
of G41, and the phosphate oxygen of NMN forms another
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hydrogen bond with 4-NH2 of C5 (Figure 4D). The 2F, —
F. and F, — F. maps (contoured at 1.0  level) for NMN in
binding pocket is shown in Figure 4C.

We aligned the NAD*- and NMN-bound riboswitch
structures and the overlay con rms the consistency of the
two RNA-ligand complexes (Supplementary Figure S9A).
The Mol A/A binding pockets of NAD*- and NMN-
bound states are nearly identical (Supplementary Figure
S9B, D and E). Both, the nucleotides that contribute to the
recognition of NMN moiety/the bound NMN and the nu-
cleotides such as A16, Al7 that stack on the ADP moiety
in the NAD™-bound structure exhibit the same positions.
Even the Mg?* cation in the binding pocket of the NMN-
bound riboswitch is located at the same position as M1 in
the NAD*-bound riboswitch (Supplementary Figure S9B,
D and E). For Mol B, the nucleotides that contribute to the
recognition of the NMN moiety and the bound NMN frag-
ment match well. However, due the lack of the ADP moi-
ety in the NMN-bound structure, A16 and A17 that stack
on ADP moiety in NAD*-bound structure show a differ-
entarrangement in the NMN-bound structure (Supplemen-
tary Figure S9C, F and G). We are not sure whether the
different position of stem Pla and the different conforma-
tion adopted by the nucleotides of the linking segment (G15
to A18) in the two asymmetric molecules are caused by the
crystal packing interactions or not. From the comparison of
the two asymmetric molecules in NAD™- and NMN-bound
structures, we conclude that stem Pla is the more exible
part of the NAD™*-II riboswitch, while the helical scaffold
(P1-J1/J1K-PK) that recognizes the NMN moiety is rather
rigid.

Calorimetric analysis of metal ion dependent ligand binding

Previous PAGE analysis of in-line probing reactions indi-
cated that the NAD™-II riboswitch binds to NMN with
about 3-fold higher af nity than NAD™ (22). Therefore, we
decided to also rely on NMN for the calorimetric deter-
mination of binding af nities of the NAD™-11 riboswitch
and selected mutants. For the wild-type construct (pnuC-
GA) and NMN we obtained a dissociation constant Ky of
41.1 = 1.1 M with an approached 1:1 stoichiometry in
three replicates (Supplementary Figure S2).

For both NAD*- and NMN-bound structures of the
NAD™-11 RNA, we observed cations in the binding pocket
of Mol A and Mol A, respectively. In order to examine the
impact of divalent metal ions on NMN binding capacity,
we prepared riboswitch samples with varying Mg?* con-
centration, ranging from 0 mM to 20 mM, and performed
isothermal titration calorimetry. Clearly, concentrations of
Mg?* lower than 1 mM were insuf cient for ligand binding.
With increasing Mg?* concentration up to 20 mM, the bind-
ing af nity between riboswitch and NMN became higher
(5 mM Mg?*, Kq of 247 M; 10 mM Mg?*, K4 of 76  M;
20 mM Mg?*, Kq of 41 M) (Supplementary Figure S10).
We also tested the impact of other divalent cations and per-
formed isothermal titration calorimetry in the presence of
20 mM Ca?* or 20 mM Ba?* instead of Mg?*, under oth-
erwise same conditions. As shown in Supplementary Fig-
ure S11, Ca?* maintains binding capacity to NMN (20 mM
Ca?*, Kq of 58 M), however, the sole presence of Ba®**
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Figure 4. Structure of the NAD™-11 riboswitch bound to NMN. (A) Cartoon representation of the tertiary structure of NAD™-11 riboswitch in complex
with NMN. Same colour code as in Figure 1 is used. (B) Schematic representation of the tertiary structure of NAD™-11 riboswitch in complex with NMN.
(C) Architecture of the NMN-bound binding pocket in Mol A. A triple formed by NMN and nucleotides G41 and C54 stacks between two base platform,
G6-U7-C40-A55 and C5-G42-A53. (D) Close-up view of the interactions between NMN and G41, C54, C5. (E) Surface representation of NAD*-11

riboswitch NMN-bound binding pocket.

greatly reduced the af nity to NMN (20 mM Ba®*, K4 of
400 M). These results highlight that the proper divalent
metal ions must be available to support ligand binding. At
this point, we note that most likely the role of Mg?* for
the NAD™-I1 riboswitch is multiple and concerns stabiliza-
tion of the overall RNA fold, pre-organization of the bind-
ing cavity, and a signi cant contribution to ligand binding
that originates from bridging the ligand’s phosphate and
the RNA (see M1 in Figure 3H, and Supplementary Fig-
ure S9D and E).

Furthermore, we examined the impact of monovalent
ions on NMN binding. We prepared RNA samples with
varying K* concentration ranging from 0 mM to 1000 mM
in the presence of 1 mM or 10 mM Mg?* and performed
isothermal titration calorimetry. In the presence of 1 mM
Mg?*, increasing K* concentration did not initiate binding
of NMN, even when the concentration of K* was increased
to 1000 mM. Under 10 mM Mg?*, increasing K* concentra-
tion up to 500 mM resulted in reduced af nity to NMN (no
K*:Kgof3l M; 100 mM K*: Kgof 76 M; 500 mM K*:
Kq of 151 M) (Supplementary Figure S12). These results
indicate that the presence of monovalent ions alone is not
suf cient to enable NMN binding. All thermodynamic pa-
rameters extracted from our binding experiments are listed
in Supplementary Table S2.

Ligand-induced folding of the NAD"-11 RNA and mutation
analysis

To evaluate binding thermodynamics and Kinetics, we de-
veloped a 2-aminopurine (Ap) based uorescence assay for

the NAD™*-I1I riboswitch (12,27). Based on the crystal struc-
tures of the ligand-bound NAD™-I1 riboswitch, we selected
nucleoside position A57 for the single Ap substitution (Fig-
ure 5A). A57 is close to the binding pocket and directed
outwards (Figure 5A). Therefore, it is expected that ligand
binding can be monitored in real time by a uorescence
increase originating from the nucleobase that becomes un-
stacked during the ligand-induced folding process. Distinct
to the construct used for crystallization, we synthesized a
NAD™-11 construct with a 5 bp stem Pla that was closed
by a GAAA tetra-loop (instead of the U1A recognition
loop) and containing the A57Ap modi cation (Supplemen-
tary Figure S1B, Supplementary Table S3). The qualita-
tive uorescence response of the A57Ap riboswitch vari-
ant (0.5 M) upon addition of Mg?* (20 mM), and subse-
quently, of the ligands NAD™* (300 M), NMN (300 M),
and ADP (300 M), respectively, are depicted in Figure 5B.
Mg?* addition alone did result in a pronounced uores-
cence decrease, indicating fold compaction of the speci ¢
region around A57Ap. Addition of NAD™ in 300-fold ex-
cess over RNA caused a pronounced uorescence increase
consistent with the conformational change of the reporter
into an unstacked position. For the NMN (in 300-fold ex-
cess), the uorescence increase was even more pronounced
and binding was trackable in real time by the correspond-
ing uorescence signal, providing the kinetics of the ligand-
induced folding/binding process with an observed rate Kops
of 0.39 % 0.04 s~ (Figure 5C). In contrast to NMN, addi-
tion of ADP did not result in an altered uorescence signal.
This is consistent with our structure analysis that revealed
that the ADP moiety of NAD is not speci cally recognized
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