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Nudix hydrolase 9 (NUDT9) is a member of the nucleoside linked to

another moiety X (NUDIX) protein superfamily, which hydrolyses a broad

spectrum of organic pyrophosphates from metabolic processes. ADP-ribose

(ADPR) has been the only known endogenous substrate accepted by

NUDT9 so far. The Ca2+-permeable transient receptor potential melastatin

subfamily 2 (TRPM2) channel contains a homologous NUDT9-homology

(NUDT9H) domain and is activated by ADPR. Sustained Ca2+ influx via

ADPR-activated TRPM2 triggers apoptotic mechanisms. Thus, a precise

regulation of cellular ADPR levels by NUDT9 is essential. A detailed char-

acterization of the enzyme-substrate interaction would help to understand

the high substrate specificity of NUDT9. Here, we analysed ligand binding

to NUDT9 using a variety of biophysical techniques. We identified 20-
deoxy-ADPR as an additional substrate for NUDT9. Similar enzyme

kinetics and binding affinities were determined for the two ligands. The

high-affinity binding was preserved in NUDT9 containing the mutated

NUDIX box derived from the human NUDT9H domain. NMR spec-

troscopy indicated that ADPR and 20-deoxy-ADPR bind to the same bind-

ing site of NUDT9. Backbone resonance assignment and subsequent

molecular docking allowed further characterization of the binding pocket.

Substantial conformational changes of NUDT9 upon ligand binding were

observed which might allow for the development of NUDT9-based ADPR

fluorescence resonance energy transfer sensors that may help with the anal-

ysis of ADPR signalling processes in cells in the future.

Introduction

Proteins from the nucleoside linked to another moi-

ety X (NUDIX) superfamily play an important role

in all domains of life as they control the levels of

metabolic intermediates and signalling molecules of

the general structure of a nucleoside diphosphate

linked to another moiety X (reviewed in [1]). The

members of this diverse class of proteins share a

common sequence motif with the conserved amino

acid sequence Gx5Ex5[UA]xREx2EExGU (where U

represents an aliphatic hydrophobic residue) that

forms a helix-loop-helix structure [2,3]. Catalysis

depends on coordination of divalent cations by the
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highly conserved glutamate residues in the central

REx2EE motif [4].

NUDT5, Nudix hydrolase 9 (NUDT9), NUDT12

and NUDT14 are the human NUDIX enzymes with

ADP-ribose (ADPR) pyrophosphatase activity [5].

Structural and sequence analysis identified NUDT9 as

an evolutionary ancestor of all human NUDT enzymes

[5]. It is mainly expressed in heart, skeletal muscle,

liver, kidney and pancreas [6]. Two splice variants

exist, one exhibits clear mitochondrial localization

(due to an additional mitochondrial leader sequence),

while the other was shown to be evenly distributed

in the cell [7]. The NUDT9 crystal structure revealed

a two-domain structure with the catalytic centre in

the core of the monomeric protein [8], but a crystal

structure in complex with ADPR is still missing.

Apart from the characteristic NUDIX fold, NUDT9

reveals no structural homology to other NUDIX

enzymes.

The C-terminal NUDT9-homology (NUDT9H) domain

in the human transient receptor potential melastatin

subfamily 2 (TRPM2) channel exhibits substantial

sequence identity of 39% to NUDT9 [9]; TRPM2 con-

ducts Na+, K+ and Ca2+ after activation by ADPR [9].

The NUDT9H domain is indispensable for TRPM2 gat-

ing [10–12], but a second ADPR binding site was

recently identified in the N terminus of the channel

[13,14]. Activation of TRPM2 after exposure of cells to

oxidative stress is mediated by ADPR acting as a second

messenger [11,15].

ADPR is a metabolite of the universal coenzyme

nicotinamide adenine dinucleotide (NAD) that can be

produced by the NAD-glycohydrolase CD38 [16]. In

mitochondria, ADPR is released from mono-ADP-

ribosylated proteins (reviewed in [17]). Alternatively,

ADPR is released from poly-ADP-ribosylated pro-

teins in the nucleus via the poly (ADP-ribose) glyco-

hydrolase (reviewed in [18]). Another source of

ADPR could be O-acetyl-ADPR produced by sirtuins

[19,20].

In this study, we aimed to investigate the biophysi-

cal properties of NUDT9 in more detail to better

understand its extraordinary specificity towards

ADPR. We identified the ADPR derivative 20-deoxy-
ADPR as an additional substrate and analysed ligand-

binding properties for both substrates using various

biophysical methods. Further, we characterized the

conformational changes upon ligand binding as well as

the ligand-binding site using a combination of small-

angle X-ray scattering (SAXS), NMR spectroscopy

and molecular docking. These results open the path

for a future adaptation of NUDT9 as an ADPR fluo-

rescence resonance energy transfer (FRET) sensor.

Results and Discussion

20-deoxy-ADPR is a substrate of the ADPR

pyrophosphatase NUDT9

NUDT9 is the only enzyme of the human NUDIX

hydrolase family with high substrate specificity. Out of

more than 50 tested substrates, ADPR was the only

one accepted by NUDT9 [5]. NUDT9 exhibits high

substrate specificity towards ADPR, but high concen-

trations of 20-phospho ADPR [21], O-Acetyl-ADPR

[22] and inosine-diphosphate ribose (IDPR) [6,23] were

also hydrolysed with reduced activity. A similarly high

specificity is described for the ADPR-gated TRPM2

channel which contains a C-terminal domain homolo-

gous to NUDT9 [9]. Since the ADPR derivative 20-
deoxy-ADPR was identified as a TRPM2 agonist [24],

we tested this as a substrate for NUDT9. We overex-

pressed NUDT9 (Glu59-Leu350, corresponding to the

NUDT9β transcript also used in [8]) in Escherichia coli

and purified it using a C-terminal histidine tag by

metal ion affinity chromatography. Indeed, 20-deoxy-
ADPR is hydrolysed to 20-deoxy-AMP and ribose 5-

phosphate; nucleotide hydrolysis and formation was

detected by nucleotide HPLC analyses (Fig. 1A). KM

and vmax were determined for ADPR and 20-deoxy-
ADPR. KM values for both substrates are comparable

(3.0 � 0.4 µM for ADPR vs 0.8 � 0.3 µM for 20-deoxy-
ADPR) but ADPR is turned over faster by NUDT9

as its vmax value of 42.2 µmol�min−1�mg−1 is more than

twice as high as 17.8 µmol�min−1�mg−1 for 20-deoxy-
ADPR (Table 1). Previously reported KM values for

ADPR hydrolysis show considerable variation, ranging

from 0.7 to 180 µM [6,9,22,25]. This might be due to

additional AMP conversion by alkaline phosphatase

and imprecise detection of inorganic phosphate mostly

by colorimetric assays or insufficiently sensitive assays

and calculation methods. Our data almost agree with

the value of 0.7 µM reported by Carloto et al. [25]. Our

direct HPLC-based analysis of the products reduces

inaccuracies in comparison to the additional use of

alkaline phosphatase.

In order to determine the binding affinities, we per-

formed isothermal titration calorimetry (ITC) analyses

of NUDT9 and its substrates. Using Mg2+ as cofactor,

the substrate hydrolysis was too fast and the produced

heat of dilution too strong to detect binding. As Mn2+

facilitated partial activity of NUDT9 [7], we consid-

ered whether replacing Mg2+ by other divalent ions

might allow ligand binding without hydrolysis. We

found that replacing Mg2+ by Ca2+ prevents hydrolysis

of ADPR or 20-deoxy-ADPR, which allowed us to

determine the high-affinity binding for both substrates
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Fig. 1. 20-deoxy-ADPR is an equivalent substrate for ADPR pyrophosphatase NUDT9. (A) 20-deoxy-ADPR is hydrolysed by NUDT9 to 20-deoxy-
AMP and ribose 5-phosphate as quantified by HPLC analyses of the nucleotides. (B + C) Binding affinities of ADPR and 20-deoxy-ADPR were

determined by ITC using Ca2+ as cofactor that prevents substrate hydrolysis. ITC data were obtained from three individual experiments and

presented as mean � SD, data were fitted using a one-site binding model. (B) Binding of ADPR to NUDT9 reveals a KD of 12 � 4 nM. (C)

Binding of 20-deoxy-ADPR to NUDT9 reveals a KD of 9 � 2 nM. (D) ADPR is not hydrolysed by NUDT9 using Ca2+ as cofactor. Less than

50 pmol AMP was formed out of 180 nmol ADPR after incubation with 100 ng NUDT9 at 37 °C. (E + F) ADPR breakdown products do not

bind NUDT9. Ribose 5-phosphate (E) shows no binding to NUDT9 neither does AMP (F). All ITC measurements were performed at 20 °C.

Table 1. Kinetic and thermodynamic values for ADPR and 20-deoxy-ADPR binding to NUDT9 are comparable. Using HPLC analysis of the

hydrolysis, KM and vmax were calculated; values represent mean � SEM from 5 to 7 independent experiments. KD, ΔH and ΔS were

obtained by ITC using Ca2+ as cofactor. Values represent mean � SD from three independent experiments.

NUDT9 ligand

KM

(µmol�L−1)
νmax

(nmol�min−1�µg−1�enzyme)

KD

(nM)

ΔH
(cal�mol−1)

ΔS
(cal�mol−1�deg−1)

ADPR 3.1 � 0.4 42.4 � 1.5 12 � 4 −1528 � 70 −16 � 3

2dADPR 0.8 � 0.3 17.8 � 1.2 9 � 2 −2415 � 22 −46 � 1
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(Fig. 1B–D) with similar KD values of 12 � 4 nM for

ADPR and 9 � 2 nM for 20-deoxy-ADPR (Table 1).

The enthalpy difference of 887 cal�mol−1 (Table 1)

indicates an additional hydrogen bond most likely eli-

cited by the different 20-position of the two ligands.

Although the crystal structure was solved for NUDT9

in complex with the ADPR break down product ribose

5-phosphate [8], we were unable to measure binding of

ribose 5-phosphate or AMP by ITC (Fig. 1E,F).

While our measurements reveal similar binding

affinities for ADPR or 20-deoxy-ADPR to NUDT9, 20-
deoxy-ADPR was found to be a superagonist for

TRPM2, inducing 10-fold higher whole-cell currents at

saturation [24]. Whether this effect is caused by differ-

ences in binding affinities to the corresponding

TRPM2 domains, variations in binding site preferences

(NUDT9H vs. MHR1/2) or a combination thereof

remains to be investigated.

Mutation in the NUDIX box (E230I/F231L)

inactivates NUDT9 but preserves the ligand-

binding affinity

The NUDIX boxes of NUDT9 and of the NUDT9H

domain of hsTRPM2 show substantial differences:

E230 and F231 in NUDT9 are replaced by I1405 and

L1406 in hsNUDT9H (Fig. 2A). These substitutions

were reported to be responsible for the loss of

pyrophosphatase activity of hsNUDT9H, although the

channel was initially described as a chanzyme [9]. Swap-

ping the NUDT9 NUDIX box against the one from

hsTRPM2 eliminated the pyrophosphatase activity of

the enzyme [7], while the corresponding substitution of

the hsTRPM2 NUDIX box prevented channel activa-

tion by ADPR [9,26]. TRPM2 from the sea anemone

Nematostella vectensis (nvTRPM2) was found to be the

evolutionary precursor of all contemporary TRPM2

channels [27]. Interestingly, human NUDT9 and

nvNUDT9H reveal a higher sequence identity of 49%

(vs 39% to the hsNUDT9H [9]), explaining the catalytic

activity of the nvNUDT9H domain due to an intact

NUDIX box in the catalytic centre [28,29] (Fig. 2A). In

hsTRPM2, the NUDT9H domain is indispensable for

channel gating but a nvTRPM2-ΔNUDT9H mutant is

properly activated by ADPR [29]. These findings

implicated an additional ADPR binding site apart from

the NUDT9H domain, later proven by several cryo-

EM structures of TRPM2, that showed a second

ADPR binding site in the N-terminal MHR1/2 domain

[13,14,30]. These findings raised the question about the

role of the NUDT9H domain in mammalian TRPM2

channels and whether ADPR could still bind to the

mutated NUDIX box. We generated a NUDT9 variant

with E230I and F231L substitutions in the NUDIX

box and a truncated C terminus that corresponds to the

C terminus of TRPM2 (E59-W339, named NUDT9trC

RIL). Using ITC, we determined high-affinity binding

of ADPR as well as 20-deoxy-ADPR to this mutant

(Fig. 2B,C) and calculated KD values of 16 � 4 nM for

ADPR and 12 � 7 nM for 20-deoxy-ADPR. These

results demonstrated that neither the mutations nor the

cofactor (here we used Mg2+) affect the binding affinity

of NUDT9. As shown previously, the mutation effi-

ciently prevented the hydrolysis of the substrates by

NUDT9; < 50 pmol AMP or 20-deoxy-AMP were gen-

erated within 1 h incubation at 37 °C (Fig. 2D,E).

ADPR and 20-deoxy-ADPR bind to identical

binding sites in NUDT9

So far, only subtle differences for ADPR and 20-
deoxy-ADPR binding to NUDT9 were detected. We

used NMR spectroscopy to investigate whether both

ligands bind to the same site in NUDT9. BEST-

TROSY-NMR spectra of 15N-labelled NUDT9trC

RIL in complex with ADPR or 20-deoxy-ADPR super-

impose very well indicating identical binding sites for

the two ligands in NUDT9 (Fig. 3A). This is not sur-

prising as the only difference between the ligands is a

missing oxygen atom at the 20-position of the first

ribose. Nevertheless, we identified five peaks with reso-

nance shifts between the ADPR and 20-deoxy-ADPR

complex spectra (Fig. 3A, indicated by arrows). Triple-

resonance experiments with perdeuterated 2D, 13C,
15N-labelled protein allowed partial (85%) sequence

specific backbone resonance assignment (Fig. 3B). We

identified L161, R164 and D218 to be substantially

shifted in ADPR compared to 20-deoxy-ADPR bind-

ing. As these residues all are located in a defined

region in between the two domains of NUDT9, we

Fig. 2. Mutation in the NUDIX box (E230I F231L) preserves the NUDT9 binding affinity but inactivates the pyrophosphatase. (A) Sequence

alignment of the NUDIX box from NUDT9, hsTRPM2 and nvTRPM2. Amino acid residues responsible for catalytic (in-)activity in NUDT9 and

hsTRPM2 are coloured in red. (B + C) ITC measurements using Mg2+ as cofactor show a preserved nanomolar binding affinity for (B) ADPR

and (C) 20-deoxy-ADPR. Data were fitted using a one-site binding model. ITC data were obtained from three individual experiments and

presented as mean � SD. (D + E) NUDT9 E230I F231L mutant does not hydrolyse neither ADPR (D) nor 20-deoxy-ADPR (E).
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used them as restraints for docking using HADDOCK

[31]. The resulting model shows the adenosine group

bound in a pocket between the two NUDT9 domains

with the 20-oxygen pointing towards the core of the

protein. The terminal ribose is located in the same

binding pocket as observed in the crystal structure of

NUDT9 in complex with ribose 5-phosphate and

Mg2+ [8] (Fig. 4). Interestingly, ab initio docking using

AutoDock Vina [32] resulted in a very similar ligand-

binding mode. The obtained ADPR binding pose is

thus in agreement with the previous crystal structure

with the ribose 5-phosphate fragment [8] as well as

with our NMR results.

Substrate binding leads to closure of two

domains and a more compact structure

Remarkably, the comparison of the BEST-TROSY

NMR spectra of apo NUDT9trC RIL and in complex

with ADPR revealed substantial differences (Fig. 5A).

The overall number of peaks increased from the apo

to the ligand-bound form and most peaks show sub-

stantial changes in chemical shifts indicating large con-

formational changes upon ligand binding. The loss of

TROSY peaks for the apo sample is most likely

caused by exchange broadening resulting from confor-

mational exchange at an intermediate rate on the

NMR timescale and indicate a ligand-dependent stabi-

lization of the protein. We applied further biophysical

techniques to structurally investigate the ligand-

binding-induced changes in NUDT9.

Differential scanning fluorimetry (nDSF) monitors

changes in the intrinsic tryptophan fluorescence of a pro-

tein that unfolds in an applied thermal gradient. Apo

NUDT9trC RIL might unfold in two steps as indicated

by two peak maxima in the nDSF profile (Fig. 5B). The

NUDT9 crystal structure [8] clearly shows two domains:

the C-terminal core domain containing the substrate

binding pocket and the proteolytically labile N-terminal

cap domain that enhances the ligand-binding affinity of

the core [7,33]. The two nDSF peaks may reflect the

individual unfolding of these two domains. Once the

ligand is bound, NUDT9 is thermally stabilized and

unfolds in a single step (Fig. 5B). No differences were

detected between ADPR and 20-deoxy-ADPR.

Small-angle X-ray scattering was used to obtain size

and shape information of NUDT9 in its apo as well as

ligand-bound state in solution. Interparticle distances

displayed by the P(r) function describe the shape of the

protein and reveal the maximum protein diameter. The

maximum diameter of 8.0 nm for apo NUDT9

decreased to 7.2 nm once ADPR or 20-deoxy-ADPR

bound indicating a more compact conformation of the

ligand-bound NUDT9 (Fig. 5C). The same trend could

be seen in the Guinier analysis with radius of gyration

values of 2.3 nm for NUDT9 and 2.2 nm for NUDT9/

ADPR (data not shown). A similar more compact

ligand-bound form caused by large movements of a sin-

gle loop has been described for E. coli ADPRase, for

which a cycling between open and closed conformation

that preserves substrate specificity was proposed [34].

Comparison of our experimental SAXS data with the

previous crystal structure of apo or ribose 5-phosphate

and Mg2+ bound NUDT9 (pdb:1q33/1qvj) indicates

that these structures are already adopting a compact,

closed conformation (Fig. 5D), presumably caused by

binding of the C-terminal tail in the binding pocket in

the crystal packing [8].

Taken together, using different biophysical techniques,

we discovered substantial conformational changes in

NUDT9 induced by ligand binding that lead to a more

compact and thermally stabilized protein.

Perspectives

NUDT9 can potentially be developed into an ADPR

FRET sensor

The high substrate specificity together with the discovered

substantial conformational changes occurring upon ligand

binding inspired us to investigate whether NUDT9 can

be developed into an ADPR fluorescence resonance

energy transfer (FRET) sensor. This would allow in vivo

observation of ADPR generation and signalling in cells,

for example, in the case of oxidative stress. FRET sensors

display conformational changes when energy is nonradia-

tively transferred from a donor to an acceptor molecule,

which are at a discrete distance. We designed FRET

experiments with NUDT9 via chemical labelling of indi-

vidual side chains by small organic fluorescent dyes.

Cysteine labelling via maleimide click chemistry is

highly specific [35] and allows the introduction of Alexa

Fluor dyes, which are bright, photostable and insensi-

tive to pH changes [36]. Before new cysteines were

Fig. 3. 20-deoxy-ADPR and ADPR bind to identical sites in NUDT9 as determined by BEST-TROSY NMR. (A) TROSY spectra of the NUDT9/

ADPR (red) and NUDT9/20-deoxy-ADPR (blue) complexes are superimposed and show almost identical chemical shifts for most resonances;

differences were indicated by arrows. (B) Backbone assignment of the NUDT9/ADPR complex enabled identification of ligand-responsive

residues from (A), which are likely to be involved in ligand coordination.
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introduced into NUDT9trC RIL, the only inherent cys-

teine at position 207 was mutated to serine. ITC mea-

surements confirmed the unchanged binding affinity of

the NUDT9trC RIL C207S mutant (data not shown).

All serine residues in NUDT9 were evaluated for their

surface accessibility and distances to each other. Serine

78 and 118 in the cap and serine 182 in the core of

NUDT9 (Fig. 6A) were mutated to cysteines by site-

directed mutagenesis. A higher molecular weight and

fluorescent band in the SDS/PAGE confirmed success-

ful labelling by Alexa Fluor 555 and 594 (Fig. 6B).

Strong FRET with an acceptor to donor ratio of

2.15 � 0.53 was measured for apo NUDT9 labelled at

positions 78 and 182; the ratio increased upon the addi-

tion of ADPR to 2.42 � 0.68 (Fig. 6C). Moderate

FRET with an acceptor to donor ratio of 0.90 � 0.09

was measured for apo NUDT9 labelled at positions 118

and 182; the ratio decreased upon the addition of

ADPR to 0.85 � 0.10 (Fig. 6D). Ratio changes were

calculated to 11.9 � 4.0% (label positions 78 and 182)

and 5.7 � 3.9% (label positions 118 + 182). These

results provide a general proof of principle of a FRET

sensor for ADPR, which represents a starting point for

further development. If these FRET sensors can be

delivered into cells (e.g., via injection, electroporation

or enclosed in vesicles [37]), we could envision develop-

ing a quantitative system for cellular ADPR concentra-

tion by modifying the binding affinity of the sensor.

Materials and Methods

Materials

All chemicals were of analytical quality and purchased

from Carl Roth (Karlsruhe, Germany) or Sigma-Aldrich

(St. Louis, MO, USA), unless otherwise stated. 20-deoxy-
ADPR was purchased from Biolog Life Science Institute

(Bremen, Germany).

Expression and purification of NUDT9

The pET51b(+) vector was used to express human NUDT9

with a C-terminal 10× histidine tag in E. coli B21 Gold cells.

Protein expression was induced by IPTG and carried out

overnight at 20 °C. Cells were lysed by pulsed sonication,

and the cleared lysate was subjected to metal ion affinity

chromatography. The C-terminally truncated version of

NUDT9 contained an additional tobacco etch virus (TEV)

cleavage site, which allowed the removal of the affinity tag.

After an additional metal ion affinity chromatography to

remove the TEV protease and the tag, proteins were finally

purified by size exclusion chromatography. Protein purity

was assessed by SDS/PAGE and their identity confirmed by

mass spectrometry.

Site-directed mutagenesis

For all amino acid substitutions, site-directed mutagenesis

was performed. Glutamate 230 and phenylalanine 231 were

mutated to the corresponding TRPM2 residues isoleucine

and leucine using the primer pair 50-GATCTCTGCTACAT

TAAAGCGTATTCTGGGTGAGGAGGCGTTGAACTC

ATTACAG and 50-CTGTAATGAGTTCAACGCCTCCT

CACCCAGAATACGCTTTAATGTAGCAGAGATC. The

following primer pairs were used for cysteine mutations: 50-
GGCGATCAAACGCAAAGACAGCGGCGAGTGGGC

AATCCCAGG and 50-CCTGGGATTGCCCACTCGCC

GCTGTCTTTGCGTTTGATCGCC for C207S, 50-GGGT

CCAAAGTAGAGCGCTGCCAGGTCCCCAATGAGAA

GG and 50-CCTTCTCATTGGGGACCTGGCAGCGCTC

TACTTTGGACCC for S78C, 50-CCCACAAATCTCTGA

Fig. 4. Docking of ADPR into NUDT9. Model obtained from ambiguous interaction restraints docking using HADDOCK [31] with restraints

from our NMR shifts (L161, R164, D218; magenta) as well as from the crystal structure of NUDT9 in complex with ribose 5-phosphate and

Mg2+ (pdb:1qvj; D172, D271, R273, Y321; cyan). Residues showing significant chemical shift differences between ADPR and 20-deoxy-
ADPR are highlighted in magenta.
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Fig. 5. Substrate binding leads to closure of two domains and a more compact structure of NUDT9. (A) BEST-TROSY NMR spectra show

widespread chemical shift perturbation between apo NUDT9 (blue) and the NUDT9/ADPR complex (red), indicating substantial conformational

changes upon ligand binding. (B) Apo NUDT9 unfolds consecutively (black), whereas the ligand-bound NUDT9 is stabilized and unfolds at once

(purple for ADPR and green for 20-deoxy-ADPR). (C) NUDT9 in complex with its ligands is more compact than apo NUDT9 as shown by SAXS. The

P(r) function reveals a Dmax of 8.0 nm for apo NUDT9 compared to the substrate complex with a Dmax of 7.2 nm. (D) Comparison of experimental

SAXS data to calculated curves from the crystal structures of NUDT9 (pdb:1q33 and pdb:1qvj). The calculated curves obtained from the crystal

structures of apo NUDT9 and in complex with ribose 5-phophate and Mg2+ superimpose perfectly (blue and orange lines). Calculated curves reveal

differences to the apo NUDT9 SAXS curve (black) in the low q range indicating differences in protein sizes, whereas calculated curves and

experimental SAXS curves superimpose to a high degree indicating similar protein conformations for the NUDT9/ADPR complex (purple).
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GTGCAATTTCAGTCCTAAATTTAACG and 50-CGTT

AAATTTAGGACTGAAATTGCACTCAGAGATTTGTG

GG for S118C, and 50-CACTCGTTGGAAGCGCGATTG

TTCAGGGAACAAAATTATGCATCCGG and 50-CCGG

ATGCATAATTTTGTTCCCTGAACAATCGCGCTTCCA

ACGAGTG for S182C. All clones were verified by nucleo-

tide sequencing.

HPLC analysis of nucleotides

ADPR and 20-deoxy-ADPR were hydrolysed by NUDT9 to

AMP or 20-deoxy-AMP and ribose 5-phosphate. For kinetic

experiments, 0.3 ng wild-type NUDT9 was added to 0.3–
30 µM substrate and incubated for various amounts of time

at 37 °C. For control experiments with mutated NUDT9 or

with Ca2+ as cofactor, 10 ng NUDT9 was added to 100 µM
substrate and incubated for up to 1 h at 37 °C. Buffer con-

ditions were 50 mM KH2PO4 (pH 7.2) supplemented by

2 mM MgCl2 or CaCl2, respectively. All reactions were

stopped by the addition of 1 mM KF [38] and freezing of the

samples in liquid nitrogen. Methanol to a final concentration

of 10% v/v was added to the filtered samples [Vivaspin 500

filter (MWCO 10 kDa; Sigma-Aldrich) removed the remain-

ing protein] and then subjected to reversed-phase ion pair

(RP-)HPLC analyses carried out on an Agilent 1260 infinity

module (Agilent Technologies, Santa Clara, CA, USA) as

described previously [24]. Data acquisition and analysis were

carried out using ChemStation Software (Agilent Technolo-

gies). The separation of the nucleotides was done on a Mul-

tohyp BDS C18 column (particle size 5 μm, 250 × 4.6 mm,

Chromatographie Service, Langerwehe, Germany) applying

an increasing methanol gradient [0 min (15%), 3.5 min

(15%), 11 min (31.25%), 15 min (31.25%), 25 min (50%),

27 min (50%), 29 min (15%) and 38 min (15%)]. Nucleo-

tides were detected at 260 nm using a Diode-Array detector

(DAD; Agilent Technologies) and assigned and quantified

using external standards.

Isothermal titration calorimetry

Binding assays were carried out on a MicroCal ITC-200

isothermal titration calorimeter (Malvern Panalytical, Mal-

vern, UK). Proteins were dialysed in 20 mM HEPES pH 7.5,

150 mM NaCl and 5 mM CaCl2 or MgCl2 prior to the mea-

surements; the ligands were dissolved in the respective buf-

fer. Nineteen injections of 500–200 µM of the respective

ligand were titrated to 10 µM protein provided in the cell.

Each injection was interspaced by 150 s, and the stirring

speed was set to 750 rpm. Ligand titrated into buffer

allowed baseline correction. All measurements were

A B

C D

(nm) (nm)

N
o

N
o

Wa Wa

Fig. 6. NUDT9 can be developed into an

ADPR FRET sensor. (A) Cartoon

representation of NUDT9 with highlighted

cysteine mutations in the cap (blue) and

core domain (grey) of NUDT9 used for

Alexa Fluor labelling by maleimide click

chemistry. (B) SDS/PAGE of unlabelled and

Alexa Fluor labelled NUDT9 and in-gel

fluorescence of labelled NUDT9. (C + D)

Fluorescence measurements of NUDT9

labelled with Alexa Fluor 555 and 594

indicate changes in FRET upon ADPR

binding. (C) NUDT9 labelled at positions 118

and 182 shows moderate FRET that

decreases upon ADPR binding. (D) NUDT9

labelled at positions 78 and 182 shows

strong FRET that increases upon ADPR

binding.
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performed at 20 °C. The MicroCal Origin™ (Malvern Pana-

lytical, Malvern, UK) program was used for data analysis,

the binding curves were fitted by with a one-site binding

model.

Differential scanning fluorimetry (nDSF)

Thermal protein unfolding was measured by differential flu-

orescence fluorimetry using a nanoDSF differential scan-

ning fluorimeter (Prometheus, NanoTemper Technologies,

Munich, Germany) that monitors intrinsic tryptophan fluo-

rescence. NUDT9 and ADPR or 20-deoxy-ADPR were

diluted in 20 mM HEPES pH 7.5, 150 mM NaCl, 5 mM

MgCl2 to a final concentration of 10 µM protein and

750 µM ligand. A thermal gradient from 20 to 80 °C with a

heating rate of 1 °C�min−1 was applied. All measurements

were performed in triplicates. The ratio was calculated

from fluorescence intensities measured at 350 and 330 nm.

NMR spectroscopy

All NMR spectra were acquired on Bruker Avance III spec-

trometers equipped with an inverse detection cryogenic

probe operating at 700 or 800 MHz 1H frequency. All spec-

tra were acquired in 20 mM HEPES (pH 7.5), 150 mM NaCl,

5 mM CaCl2, 5% D2O (v/v) except the pH control sample,

which was acquired in 20 mM HEPES (pH 7.2), 150 mM

NaCl, 5 mM CaCl2, 5% D2O (v/v). For binding studies,

800 MHz BEST-TROSY spectra [39] were acquired with a

sample temperature of 293 K for 100–130 µM uniformly

labelled 15N-NUDT9trC RIL alone or supplemented with

1 mM ADPR or 20-deoxy-ADPR, respectively. The raw data

matrix was 128 complex × 2048 points in t1 and t2, respec-

tively, with an interscan relaxation delay of 0.6 s. A control

experiment acquired with a small pH offset was used to

identify TROSY peaks that are perturbed by small general

changes to buffer conditions and may not necessarily be

reflective of ligand-binding interactions. For backbone reso-

nance assignment, TROSY-based 3D HN(CA)CO, HNCO,

HNCA, HN(CO)CA, Cβ-optimized HNCACB and HN(CO)

CACB spectra were acquired for 230 µM triple labelled
2D,13C,15N-NUDT9trC RIddL at 700 MHz 1H, 298 K. A

non-TROSY (H)N(COCA)NH spectrum was also acquired

for the same sample. All spectra were acquired with unmodi-

fied Bruker pulse programmes, processed with TOPSPKIN ver-

sion 3.2 software (Bruker, Billerica, MA, USA) and

analysed using NMRFAM-Sparky [40].

Alexa Fluor FRET labelling

Alexa Fluor labelling was conducted according to the man-

ufacturer0s instructions. Briefly, 50 µM purified protein was

mixed with five-fold excess of each Alexa Fluor dye (10-

fold excess of Alexa Fluor dyes in total) and incubated

overnight at 4 °C or for 2 h at room temperature.

Unbound dye was consumed by the addition of 2 mM β-
mercaptoethanol and removed using a PD-10 column.

Absorbance spectra of the elution fractions were measured,

and the amount of labelled protein was estimated. The

labelling efficiency was almost 100% and unaffected by

labelling at room temperature for 2 h or at 4 °C overnight.

However, the ratio between the two bound fluorophores

differed slightly within individual experiments.

Fluorescence spectroscopy

Fluorescence measurements were carried out on a Cary

Eclipse Fluorescence Spectrometer (Agilent, Santa Clara,

CA, USA). The scanning speed was 600 nm�min−1, the slits

were set to 5 nm, and PMT voltage was set to maximum of

800 Volts. Quartz cuvettes (Hellma Analytics, Müllheim,

Germany) with a sample volume of 2000 µL were used.

Alexa Fluor 555 donor was excited at 519 nm. Emission

scans were acquired from 530 to 750 nm using 50 nM

labelled NUDT9 alone or supplemented by 250 µM ADPR.

The ratio (R) and the changes were calculated according

to the following equations:

R¼ Intensityacceptor
Intensitydonor

ΔR¼Rmax�Rmin

and

Rchange ¼ ΔR
Rmin

:

Small-angle X-ray scattering

Small-angle X-ray scattering measurements were performed

on the Bio-SAXS beamline P12 on the storage ring PETRA

III (DESY, Hamburg, Germany). All measurements were

carried out at room temperature in 20 mM HEPES (pH

7.5), 150 mM NaCl, 5 mM CaCl2 or MgCl2. 160 or 80 µM
NUDT9trC RIL was measured alone or supplemented by

1 mM ADPR or 20-deoxy-ADPR, respectively. Data aver-

ages were normalized and the background subtracted using

automatic procedures on the beamline [41]. Forward scat-

tering intensity of bovine serum albumin was used for cali-

bration of the scattering intensity into absolute units of

cm−1. The scattering curves of all samples were buffer sub-

tracted using the software PRIMUS [41] and the radii of

gyration extracted by the Guinier approximation. Using the

program GNOM [42], the distance distribution function (P

(r)) and the maximal protein dimension (Dmax) were calcu-

lated from the entire scattering curve.
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Molecular docking

Restraint guided docking was performed using HAD-

DOCK2.2 [8] with default parameters. The following

restraints were used: L161, R164, D218 (from our NMR

data) as well as D172, D271, R273, Y321 (from pdb:1qvj).

Ab initio modelling was performed using AutoDock Vina

[32] and default parameters.

Acknowledgements

We thank members of the Fliegert and Tidow laborato-

ries for helpful discussions. The synchrotron SAXS data

were collected at beamline P12 operated by EMBL

Hamburg at the PETRA III storage ring (DESY, Ham-

burg, Germany). We acknowledge access to the Sample

Preparation and Characterization (SPC) Facility of

EMBL (Hamburg). This research was funded by the

Collaborative Research Centre SFB1328 and the excel-

lence cluster ‘The Hamburg Centre for Ultrafast Imag-

ing - Structure, Dynamics and Control of Matter at the

Atomic Scale’ of the Deutsche Forschungsgemeinschaft

(DFG EXC 1074). This work was supported by the

Medical Research Council, as part of United Kingdom

Research and Innovation [MRC file reference number

MC_U105184326]. [Correction added on 27 April 2022,

after first online publication: the funding information

has been updated in this version.]

Conflict of interest

The authors declares no conflict of interest.

Data accessibility

NMR assignment data have been deposited to the Bio-

logical Magnetic Resonance Data Bank (BMRB) with

accession code 50870.

Author contributions

EG, TJR, FM, AB and SS involved in investigation;

EG, RF and HT involved in writing; RF and HT

involved in funding acquisition and supervision.

Peer Review

The peer review history for this article is available at

https://publons.com/publon/10.1111/febs.16097.

References

1 McLennan AG (2006) The Nudix hydrolase

superfamily. Cell Mol Life Sci 63, 123–143.

2 Bessman MJ, Frick DN & O’Handley SF (1996) The

MutT proteins or “Nudix” hydrolases, a family of

versatile, widely distributed, “housecleaning” enzymes. J

Biol Chem 271, 25059–25062.
3 Gabelli SB, Bianchet MA, Bessman MJ & Amzel LM

(2001) The structure of adp-ribose pyrophosphatase

reveals the structural basis for the versatility of the

nudix family. Nat Struct Biol 8, 467–472.
4 Mildvan AS, Xia Z, Azurmendi HF, Saraswat V, Legler

PM, Massiah MA, Gabelli SB, Bianchet MA, Kang

LW & Amzel LM (2005) Structures and mechanisms of

Nudix hydrolases. Arch Biochem Biophys 433, 129–143.
5 Carreras-Puigvert J, Zitnik M, Jemth AS, Carter M,

Unterlass JE, Hallström B, Loseva O, Karem Z,
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