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ABSTRACT

Various kinds of cap structures, such as m’G, triphosphate groups, NAD and dpCoA, protect the 5’
terminus of RNA. The cap structures bond covalently to RNA and affect its stability, translation, and
transport. The removal of the caps is mainly executed by Nudix hydrolase family proteins, including
Dcp2, RppH and NudC. Numerous efforts have been made to elucidate the mechanism underlying the
removal of m’G, triphosphate group, and NAD caps. In contrast, few studies related to the cleavage of
the RNA dpCoA cap have been conducted. Here, we report the hydrolytic activity of Escherichia coli
NudC towards dpCoA and dpCoA-capped RNA in vitro. We also determined the crystal structure of
dimeric NudC in complex with dpCoA at 2.0 A resolution. Structural analysis revealed that dpCoA is
recognized and hydrolysed in a manner similar to NAD. In addition, NudC may also remove other
dinucleotide derivative caps of RNA, which comprise the AMP moieties. NudC homologs in
Saccharomyces cerevisiae and Arabidopsis thaliana exhibited similar dpCoA decapping (deCoAping)
activity. These results together indicate a conserved mechanism underpinning the hydrolysis of dpCoA-
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capped RNA in both prokaryotes and eukaryotes.

INTRODUCTION

RNA modifications play key roles in RNA function and meta-
bolism, regulating and being associated with multiple cellular
processes, and are related various diseases [1,2]. While most
known RNA modifications occur in the internal regions, the
diversity of 5terminal modifications remains limited [3].
RNA capping at the 5 end was considered a hallmark of
eukaryotic gene expression until the discovery of an NAD
cap in prokaryotic RNA [4]. In eukaryotes, a canonical 7-
methylguanylate (m’G) cap is always present at the 5’ end of
mRNAs, protecting mRNA from degradation, and is crucial
for pre-mRNA processing, mRNA translation initiation,
nuclear transport, and stability [5,6]. In contrast to specialized
eukaryotic m’G caps, the NAD caps are found in prokaryotes
and eukaryotes, ranging from bacteria [4,7] to yeast [8],
mammals [9], and plants [10,11]. The NAD cap has been
shown to influence RNA stability and turnover [12]. In addi-
tion to NAD, noncanonical caps such as dephospho-CoA
(dpCoA), flavin adenine dinucleotide (FAD), nucleoside tetra-
phosphate (Np4A) and UDP factors, including UDP-Glucose
(UDP-GIc) and UDP-Nacetylglucosamine (UDP-GIcNAc),
were subsequently identified at the 5" end of RNAs [13-16].
The function of these noncanonical caps remains unknown,
and researchers believe that the noncanonical cap may offer
a strategy for cells to localize the capped RNAs to specific
regions to form as-yet- unknown ribonucleoprotein com-
plexes or to modulate the turnover or function of the targets
of the RNAs [3].

Several kinds of hydrolases remove the 5" end cap of RNA.
For example, decapping protein 2 (Dcp2) and Nudtl6 elim-
inate the m’G cap from mRNA, resulting in the liberation
of m’GDP and 5'- monophosphate RNA [17-21]. The hydro-
lase protein NudC hydrolyzes NAD-capped RNA to NMN
and monophosphorylated RNA in bacteria. Dcp2, Nudtl6 and
NudC all belong to the Nudix (nucleoside diphosphate linked
to another moiety X) hydrolase family, which harbours
a conserved Nudix motif for hydrolysing substrates [22]. In
addition, another decapping enzyme, DXO/Rail, which is
involved in the quality control of the eukaryotic mRNA 5’
cap [5,23], has recently been reported to possess deNADding
activity towards NAD-capped RNA in humans, acting by
removing the entire NAD moiety [9].

RNA with a dpCoA modification at the 5" end was first
reported in 2009 [13], whereas specific dpCoA-modified
RNAs have not yet been reported. Although researchers
speculated that the dpCoA cap might play a role in RNA
stability, RNA localization or gene regulation or even in
mediating direct chemical reactions involving CoA groups,
the physiological function of the dpCoA cap needs to be
explored [13]. Studies on the function of the dpCoA cap
have led to the discovery and identification of dpCoA decap-
ping (deCoAping) enzymes. A recent study showed that
mammalian DXO and SpRail can remove dpCoA and FAD
caps from RNA in vitro [24]. It has also been demonstrated
that Nudt2 and Nudt16 hydrolyse FAD-capped RNAs in vitro
and that at least seven Nudix proteins possess deCoAping
activity in vitro [25]. However, the molecular mechanism by

CONTACT Delin Zhang 8 zdl@mail.hzau.edu.cn @ National Key Laboratory of Crop Genetic Improvement, Hubei Hongshan Laboratory, Huazhong Agricultural

University, Wuhan, China
Supplemental data for this article can be accessed here

© 2021 Informa UK Limited, trading as Taylor & Francis Group


http://orcid.org/0000-0002-5299-0718
https://doi.org/10.1080/15476286.2021.1936837
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15476286.2021.1936837&domain=pdf&date_stamp=2021-12-15

which these Nudix proteins recognize and hydrolyse dpCoA
caps remains unclear.

Here, we report that NudC can remove dpCoA caps from
RNA in vitro, which increases the number of deCoAping
enzymes. In addition, we determined the crystal structure of
NudC in complex with dpCoA. Structural comparison of
NudC complexed with different substrates suggests that the
deCoAping enzyme may employ a similar mechanism to
recognize the AMP moiety of adenine-containing noncanoni-
cal capped RNAs in bacteria, whereas its large substrate-
binding pocket accommodates the remaining part of the
dinucleotide derivative cap.

MATERIALS AND METHODS
NudC expression and purification

Proteins were expressed and purified as previously reported
[26]. Briefly, 6x His -tagged full-length wild-type NudC in the
PET15D vector (Novagen) was used to transform Escherichia
coli BL21 (DE3). NudC expression was induced with 0.2 mM
IPTG at 16°C overnight. The protein was purified with Ni-
NTA Superflow resin (Qiagen), anion-exchange chromatogra-
phy (Source 15Q, GE Healthcare), and size-exclusion chro-
matography (Superdex-200 Increase 10/300, GE Healthcare).
The proteins were concentrated to 10 mg/mL and stored in
a buffer containing 25 mM Tris-HCI (pH 8.0), 150 mM NaCl
and 5 mM dithiothreitol (DTT). The NPY1 gene from
Saccharomyces cerevisiae (NCBI accession: NC_001139) and
the Nudt19 gene from Arabidopsis thaliana (NCBI accession:
Q94A82) were synthesized and optimized by Genewiz
(GENEWIZ, Inc., China) for overexpression in BL21 (DE3)
cells. The His-tagged NPY1 and Nudtl9 proteins were pur-
ified through the same procedures as described above.

Crystallization, data collection and structure
determination

Dephospho-CoA (Sigma) powder was dissolved to obtain
a final concentration of 100 mM. Before crystallization,
NudC (E178Q) was incubated with dpCoA at a molar ratio
of 1:50 on ice for 30 min. Crystallization was carried out using
the hanging-drop vapour-diffusion method at 18°C by mixing
1 pL of sample with an equal volume of reservoir solution.
Crystals were obtained in 13% PEG 3350 and 0.1 M ammo-
nium succinate. The crystals were then flash-frozen in liquid
nitrogen using 20% (v/v) ethylene glycol as a cryoprotectant
for data collection at the Shanghai Synchrotron Radiation
Facility beamline BL17U1 [27].

All data sets were collected at the Shanghai Synchrotron
Radiation Facility beamline BL19U or BL17U1 and processed
with the HKL3000 or HKL2000 package [28]. Data processing
was performed with programmes from the CCP4 [29,30]. The
data collection and structure refinement statistics are sum-
marized in Table 1. The structure of the NudC-dpCoA com-
plex was solved by molecular replacement (MR) with the PDB
structure 2GB5 as the search model using the PHASER pro-
gramme [31]. The structure was manually iteratively refined
with the tools PHENIX [32] and COOT [33].

RNA BIOLOGY (&) 245

Table 1. Statistics of data collection and refinement.

NudC-dpCoA
Data collection
PDBID 7E44
Space group P1
Unit cell (A)? A = 60.84
B = 61.65

. C=9389
Wavelength (A) 0.9792
Resolution range (A)? 45-2.0(2.05-2.0)
Total reflections® 142,958 [10,460]
Unique reflections® 80,253 [5,889]
Rmerge (%)° 5.1 (10.1)
Roim (%) 5.1 (10.1)
1/6° 7.5 (4.2)
Completeness (%)* 97.0 (95.6)
Redundancy? 1.8 (1.8)
Wilson B factor (A% 475
Refinement
R-work (%) 23.28
R-free (%) 24.52
RMS(bonds) (A) 0.014
RMS(angles) (A) 1.400
Ramachandran favoured (%) 96.92

Values in parentheses are for the highest resolution shell.

In vitro transcription of 5'-capped RNAs

NAD-capped and dpCoA-capped RNAs were synthesized
in vitro by T7 polymerase as previously reported with minor
modifications [26]. The double-stranded DNA template was
prepared by gradually annealing two single-stranded DNA
oligonucleotides

(5
GATCACTAATACGACTCACTATTAGTCGTCGTCGTC-3'
and 5'-
GACGACGACGACTAATAGTGAGTCGTATTAGTGATC-
3', transcription start site is underlined). The transcription
reactions (1 mL) were performed in a buffer containing
100 mM Tris-HCI (pH 8.0), 20 mM MgCl,, 2 mM spermidine,
0.01% Triton X-100, 40 mM DTT, 1 uM DNA template,
4 mM NAD (4 mM dpCoA), 4 mM rGTP, 4 mM rUTP and
0.1 mg/mL T7 RNA polymerase at 37°C for 4 h. Short NAD-
RNA or dpCoA-RNA was loaded onto a 1 mL Mono
Q column (GE Healthcare), followed by gradient elution
with 0.5 M NaCl in 25 mM Tris-HCl (pH 8.0). The eluted
fractions were examined with a NanoDrop spectrophotometer
(Thermo) and by mass spectrometry (Ultraflex II MALDI-
TOF, Bruker). Verified RNA was used in the in vitro NudC
cleavage experiment.

Determination of dpCoA and dpCoA-capped RNA
hydrolysis in vitro

The hydrolysis of NAD and NAD-capped RNA was analysed
as previously reported [26]. The hydrolysis of dpCoA or
dpCoA-capped RNA by NudC variants was performed in
a 200 pL reaction containing 50 mM Tris-HCI (pH 8.0), 5 mM
MgCl,, 150 mM NaCl, 2 uM NudC protein and 1 mM dpCoA
or 100 uM dpCoA-capped RNA. The reactions were incu-
bated at 37°C for 30 min and quenched by the addition of
10 pL of 50 mM EDTA (pH 8.0) for the following chromato-
graphic analysis. For hydrolysis of dpCoA, a 10 uL reaction
sample was applied to an Agilent 1200 Series HPLC system
equipped with a multiwavelength detector using an Agilent
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TC-C18 column (250 mm, 4.6 mm). The sample was then
eluted with a gradient of 20% methanol in 20 mM ammonium
acetate at a flow rate of 0.5 mL/min for 40 min. The elution
profiles were recorded at 254 nm, and the peaks correspond-
ing to the product or substrate were integrated. For hydrolysis
of dpCoA-capped RNA, a 200 pL reaction sample was applied
to a 1 mL Mono Q column (GE Healthcare) with
a multiwavelength detector (260 mm, 230 mm) and then
eluted with a gradient of 0.2 M NaCl in 25 mM Tris-HCl
(pH 8.0). The elution profiles were recorded at 260 nm, and
the peaks corresponding to the product or substrate were
integrated. The activity of NudC variants was defined as the
proportion of substrate hydrolysed during the reaction time.
The relative activity was calculated by normalizing the mea-
sured activity to the activity of wild-type NudC.

Measurement of the hydrolytic rate of NudC and its
homologs towards dpCoA-capped RNA in vitro

The hydrolysis of dpCoA-capped RNA by NudC and its
homologs was performed in a 100 pL reaction containing
50 mM Tris-HCI (pH 8.0), 5 mM MgCl,, 150 mM NaCl,
0.5 pM protein and 50 pM RNA substrates. The reactions
were incubated at 37°C for 0, 5, 10, 30, 60, and 120 min and
quenched by the addition of 900 pL of 50 mM sodium acetate
trihydrate (pH 4.6), followed by centrifugation at 20,000 x g
for 5 min and application in ion exchange chromatography
(MonoQ 5/100 GL column, GE Healthcare). Elution profiles
were recorded at 260 nm, and peaks were integrated using
UNICORN software (GE Healthcare). The hydrolytic rate of
the protein was calculated from the portion of nondigested
substrate RNA during the reaction time.

RESULTS
NudC cleaves dpCoA and dpCoA-capped RNA in vitro

In addition to NAD, another nucleotide metabolite, dpCoA,
has also been detected on the 5" end of RNAs in at least two
bacterial species by LC-MS/MS [13]. It has been reported that
NudC can hydrolyse NAD, generating nicotinamide mono-
nucleotide (NMN) and adenosine 5-monophosphate (AMP).
To examine whether NudC could hydrolyse dpCoA, we pur-
ified recombinant NudC and tested the hydrolytic activity of
NudC towards dpCoA by high-performance liquid chromato-
graphy (HPLC). NudC hydrolysed dpCoA in the presence of
Mg?*, generating adenosine 5’-monophosphate (AMP)
(Figure 1A, black lines). As expected, a catalytically inactive
mutant of NudC (E178Q) lost its hydrolytic activity towards
dpCoA (Figure 1A, blue lines).

Next, to test whether NudC can recognize and hydrolyse
dpCoA-capped RNAs, we synthesized a short dpCoA-capped
RNA (dpCoA-G-U) by in vitro transcription using T7 RNA
polymerase. NudC or its mutant variants (E178Q) were incu-
bated with the dpCoA-RNA molecules. The reaction products
were subsequently analysed by anion-exchange chromatogra-
phy. The results revealed that NudC hydrolysed dpCoA-
capped RNA (dpCoA-G-U) to 5-monophosphate RNA (p-
A-G-U) (Figure 1B, black lines), whereas the inactive mutant

of NudC (E178Q) exhibited impaired hydrolytic activity.
(Figure 1B, red lines). These results together suggested that
NudC possesses deCoAping activity in vitro.

DpCoA-RNA is preferred as a substrate over dpCoA
in vitro

It has been reported that NudC is not efficient in hydrolysing
NAD and that NudC prefers NAD-RNA over NAD in vitro
[34,35]. Thus, we speculate that the biological substrate of
NudC might be dpCoA-RNA rather than dpCoA. To test
our hypothesis, we compared the rates of hydrolysis of
dpCoA-RNA, dpCoA, NAD-RNA and NAD by NudC
(Figure 1C). Consistent with the reported research, NudC
hydrolysed NAD-RNA much faster than it hydrolysed free
NAD. Similarly, dpCoA-RNA was hydrolysed faster than free
dpCoA. In addition, NudC seems to prefer hydrolysing
dpCoA-RNA over NAD-RNA in vitro. These results indicate
that NudC may play a significant role in removing dpCoA
caps in vivo.

Structural basis for recognition of dpCoA by NudC

To dissect the molecular basis of the recognition and removal
of the RNA 5'-end dpCoA caps mediated by NudC, we used
the NudC (E178Q) mutant, which showed catalytic inactivity
towards dpCoA to co-crystalize with dpCoA and determined
the crystal structure of the NudC (E178Q) mutant in complex
with dpCoA at 2.0 A resolution. The complex structure shows
a tight symmetric homodimer (Figure 2A). Two dpCoA mole-
cules are observed in the homodimer of NudC, residing at the
dimer interface, and only one of them has high-quality elec-
tron density for the entire molecule. (Figure S1). Structural
superposition showed that the two NudC protomers adopt
a nearly identical conformation, with a root-mean-square-
deviation (RMSD) of 0.329 A for the 223 Ca atoms (Figure
S2A). Each NudC protomer is composed of an N-terminal
domain (NTD), a C-terminal domain (CTD), and a zinc-
binding motif that connects the NTD with the CTD
(Figure 2B). The NTD is arranged crosswise between the
two NudC protomers of the homodimer, comprising one a-
helix (al) and seven P-strands (B1-f7). The CTD adopts
a canonical Nudix fold with a six-stranded mixed sheet
(B11-p16) sandwiched between two remote perpendicular a-
helices (a2 and a3). The conserved Nudix motif (residues
159-181) is located in a loop-helix-loop structure formed by
helix a2 and the adjacent loops. The zinc motif is composed
of three antiparallel f-strands (f8-pf10) and a zinc ion that is
coordinated with four cysteine residues (C98, C101, C116,
and C119). The first three conserved cysteine residues have
been reported to be important for the dimerization of
NudC [26].

The residues mediating dimer formation or interaction
with dpCoA in the catalytic pocket were analysed by
PDBePISA and Ligplot [36,37] (Table S1 and Figure S2B-C).
The dimer interface is primarily formed by hydrogen bonds
of 18 residues from each protomer and consists of two
regions, from residues R84 to Q126 and E162 to S191
(Table S1); these residues form an extensive interaction
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Figure 1. NudC can hydrolyse dpCoA and dpCoA-capped RNA in vitro. (A)
NudC-mediated hydrolysis of dpCoA was detected by high-performance liquid
chromatography (HPLC). (B) NudC-mediated decapping of dpCoA-RNA was
detected by ion-exchange chromatography. The elution profiles of theAMP
and dpCoA standards were recorded at 254 nm. dpCoA-RNA and 5'-
monophosphate RNA were detected at 260 nm. All the standard samples are
shown in the upper panel. (C) Comparison of the hydrolysis rates of dpCoA-RNA
(50 pM), NAD-RNA (50 puM), NAD (1 mM) and dpCoA (1 mM) by 0.2 pM NudC.
The data points represent the mean + standard deviation (s.d.); n = 3.
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network that is difficult to disrupt [26]. An electrostatic sur-
face view of the dpCoA-binding pocket of NudC showed that
the entrance to the catalytic pocket is extensively positively
charged (Figure 2C). DpCoA is stabilized in the pocket
mainly through hydrophobic interactions (Figure 3A).
A close-up view of the dpCoA-binding region revealed
a hydrophobic pocket, which accommodates the sulphhydryl
group of dpCoA. Notably, several hydrophobic residues were
identified in this pocket region, including 1132, A158, W194,
M201, T239, and V240 (Figure 3B and C). In addition to
hydrophobic interactions, the hydroxyl group of T155 forms
a hydrogen bond with the carbonyl oxygen of dpCoA
(Figure 3C). The adenine base of the AMP moiety is stacked
via m-m interactions with the side chain of F160 from one
protomer and Y124 from the other protomer in dimeric
NudC (Figure 3B and C). The 2-hydroxyl group of the ade-
nine ribose interacts with E111 and Y124 on the same proto-
mer to buttress the stacking interactions with the adenine
base (Figure 3B and C).

To verify the structural findings, we classified the residues
into three categories: 1) residues involved in catalysis; 2)
residues participating in AMP moiety recognition; and 3)
residues participating in the remaining recognition. We
mutated the relevant residues and examined their effects on
the hydrolytic activity towards dpCoA. Glu residues in the
core of the Nudix motif, REx,EE, play an important role in
binding essential divalent cations and catalysing the hydro-
lysis of diphosphates linked to some other moiety [22]. As
expected, the E178Q mutant abolished the catalytic activity
(Figure 3D). Alanine substitution of two residues, Y124 and
F160, which are responsible for recognition of the AMP
moiety, significantly diminished hydrolysis activity. The
E111A mutant exhibited no effect on NudC activity, suggest-
ing a minor role for the dpCoA ribose moiety in substrate
recognition. This observation is in accordance with the role of
the AMP moiety in NAD recognition by NudC (Figure 3D),
indicating conserved AMP moiety- mediated recognition of
different substrates by NudC. In addition, 1132, A158, G159,
and A241 seem to have specific effects on NudC activity, since
mutation of these residues markedly reduced NudC activity
towards both substrates, which indicates that the hydrophobic
substrate-binding cavity is highly important for accommodat-
ing substrates (Figure 3D). Large side-chain substitution may
also hinder proper entry of the substrate into the cavity.
T155A, T239A, and V240A had almost no effect on NudC
activity (Figure 3D), indicating that the recognition of dpCoA
does not occur through the sulphhydryl group of dpCoA.
Surprisingly, we found that W194A and M201A had strong
effects on NAD hydrolysis but not on dpCoA (Figure 3D).
This may have resulted from the structural difference between
NAD and dpCoA. The benzene ring of nicotinamide has
a strong hydrophobic interaction with the side chain of
W194, thus rendering the NMN part inflexible in the bound
structure. Similar results were observed for the hydrolysis of
dpCoA-capped RNA. As expected, Y124A, F160A, 1132D, and
A241K significantly diminished the hydrolysis of dpCoA-
capped RNA (Figure S3). Taken together, these results suggest
that the hydrophobic substrate-binding cavity of NudC is
important for accommodating dpCoA-RNA and that cap
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Figure 2. Crystal structure of NudC in complex with dpCoA. (A) Overall structure of NudC in complex with dpCoA. The NudC-dpCoA complex contains two
monomers, which are represented as Mol A (coloured green) and Mol B (coloured cyan). (B) Crystal structure of the NudC monomer. Each monomer has an
N-terminal domain (NTD) and a C-terminal domain (CTD). The two domains are connected by a zinc-binding motif. DpCoA bound to the CTD domain is shown as
a slate stick representation. The atoms are coloured according to the elements as follows: carbon, slate; nitrogen, blue; oxygen, red; phosphorus, orange. (C)

Electrostatic surface view of the dpCoA-binding pocket of NudC.

recognition by NudC occurs mainly through binding with the
AMP moiety.

Comparison of the substrates within the NudC complex

To further investigate whether NudC binds dpCoA in
a manner similar to NAD, we compared the structures of
apo NudC (PDB: 2GB5), NudC-NAD (PDB: 5ISY), and
NudC-dpCoA (Figure 4A). Overall, the three structures of
NudC exhibit no substantial divergence. The root-mean-
square deviation (RMSD) value of dpCoA-bound and apo
NudC is 0.574 A over 473 Ca atoms, while that of NAD-
bound and dpCoA-bound NudC is 0.495 A over 443 Ca
atoms. However, some regions of NudC in the three struc-
tures exhibit wobbling where dpCoA-bound NudC is nearly
superimposed upon NAD-bound NudC but differs from apo
NudC. These regions comprise a loop between 12 and (13
(residues 146-157), and a portion located near the C-terminal
helix (a3) of NudC (residues 239-256) (Figure 4B and C). In
the areas where differences are concentrated, the RMSD value
of dpCoA-bound and apo NudC (0.383 A over 21 Ca atoms)
is larger than that of NAD-bound and apo NudC (0.216 A

over 17 Ca atoms). Notably, they are all located in the vicinity
of the substrate-binding pocket, raising the possibility that
NudC undergoes conformational changes upon the binding
of different substrates, although the orientations of the resi-
dues in the pocket side remain unchanged (Figure 4D). We
traced residues on the cavity region and found that some of
them, including R69, E219, and H149, are highly flexible with
weak electron density. The flexibility of the region may result
in different cavity sizes. Therefore, we examined the size of
the cavity in the apo NudC, NudC-NAD, and NudC-dpCoA
structures (Figure 5A-C). The volume of the dpCoA cavity
(approximately 376 A3, calculated using POCASAIL.1 [38])
(Figure 5B) is larger than that of the NAD cavity (232 A%
(Figure 5C). As exemplified by R69, H149, E174, S199, E219,
and P235, the distances between the side chains of R69 and
P235 in the dpCoA cavity are almost twofold higher than
those in the NAD cavity (Figure 5E and F), thereby leading
to a larger cavity. The larger cavity of dpCoA indicates to us
that the rigidity of the substrate might be influenced upon
binding to NudC. Therefore, we examined the rigidity of
dpCoA and NAD in the NudC-bound structures by molecular
dynamic simulation (Figure S4). The results showed that
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Figure 3. Close-up view of the dpCoA binding site. (A) Surface representation of the NudC-dpCoA complex. (B-C) Close-up view of the dpCoA binding pocket. The
residues in the pocket are shown as sticks with nitrogen in blue and oxygen in red. The hydrogen bonds are represented by red dashed lines. The Q178 residue
corresponds to E178 of the wild-type protein. (D) Hydrolytic activity of NudC and the mutants towards dpCoA and NAD. The activity was measured by HPLC. Each
experiment was independently repeated three times; average values and standard deviations are shown.

dpCoA is more dynamic than NAD, with an average RMSD
value of 2.401 A, rather than 1.880 A, over 256 Ca atoms
within 200 ns. These observations suggest that when the
adenine base of dpCoA is stacked with two residues (Y124
and F160), the rest of dpCoA could be flexible and the
nicotinamide part of NAD could be relatively rigid. The larger
dpCoA cavity may have resulted in a more flexible structure
of dpCoA compared to NAD. Above all, the large cavity of
apo NudC (599 A% (Figure 5A) indicates that in addition to
dpCoA and NAD, other substrates may also be accommo-
dated in the cavity.

NudC homologs also exhibit deCoAping activity

Given the prevalence of dpCoA in the three kingdoms, the
dpCoA capping/decapping processes for RNA might be evo-
lutionarily conserved. To examine the decapping activity of
NudC homologs towards dpCoA-capped RNA, we used NPY1
from S. cerevisiae and Nudt19 from A. thaliana for the hydro-
lysis assay (Figure S5). Both NudC homologs hydrolysed the

substrate to monophosphorylated RNA in vitro (Figure 6A-B).
To determine whether the reactivity of NPY1 and Nudt19
resembles that of NudC, we compared the rates of hydrolysis
of dpCoA-RNA by NudC, NPY1, and Nutl9 (Figure 6C). We
found that NudC could hydrolyse dpCoA-RNA at a faster rate
than the other two enzymes, especially Nudtl9, with which
half of the substrate still remained at 30 min (Figure 6C).
A recent study found that mammalian DXO and seven Nudix
proteins possess deCoAping activity in vitro, which corrobo-
rates our speculation [24,25]. These results suggested that
dpCoA-mediated RNA processing might be a universal
mechanism in eukaryotes.

Discussion

Recent studies have shown diverse noncanonical caps on the
5" end of RNAs [14]. Among these noncanonical caps, NAD-
capped RNAs have been detected in bacteria, yeast, mammals
and plants [12]. The prokaryotic NudC protein and its homo-
logs in eukaryotes can eliminate 5 NAD modification from
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Figure 4. Comparation of NudC apo, NudC-dpCoA and NudC-NAD structures. (A) Cartoon representation of the apo NudC (PDB: 2GB5, Mol A), NudC-dpCoA (Mol
A) and NudC-NAD (PDB: 5ISY, Mol A) structures. Apo NudC is coloured yellow, NudC-dpCoA is coloured slate, and NudC-NAD is coloured salmon. Alignments of
different structures are displayed around the overall structural alignment framed by squares. (B) Close-up view of loop (147-156 residues), showing that this loop has
a changed orientation in the three structures. (C) Close-up view of a3 (239-256 residues), showing that this helix also has a changed orientation in the NudC-dpCoA
and NudC-NAD structures. (D) Close-up view of the residues in the binding pocket of the three structures. Residues in the pocket remain at almost the same position
in the three structures. The Q178 residue corresponds to E178 of the wild-type protein.

RNA. Here, we show that NudC can cleave dpCoA-capped
RNA in vitro. The crystallographic and biochemical data pre-
sented here support the role of NudC as a bacterial decapping
enzyme for at least two kinds of noncanonical caps, namely,
NAD and dpCoA caps. Compared to NudC, mammalian
Nudt12, a homolog of NudC, also acts as a decapping enzyme
for M’G-capped RNA [39]. The overall structure of NudC-
dpCoA is quite similar to the recently reported structure of
human Nudt12 in complex with M’GTP and two Cd** ions
(PDB:6SCX) (Figure S6C) and to that of mouse Nudtl2 in
complex with AMP and three Mg** ions (PDB:603P) (Figure
S6D) [39,40]. The major difference between NudC in complex
with dpCoA and the other two structures is the absence of
metal ions and some alternative loop conformations. The
noncanonical caps in these structures have a common ade-
nine. This adenine base is stacked with a tyrosine from one
protomer and a phenylalanine from the other protomer. The
adenine moiety is buried in a hydrophobic pocket formed at
the dimer interface. Interestingly, the adenine base recognized
via m-stacked interactions was also observed in Nudtl6 with
FAD [25], m’GpppA [41], inosine monophosphate(IMP)
[42], and ADP-ribose [43], suggesting that the stacking effect
of the adenine base may be a universal mechanism

underpinning substrate recognition by most Nudix proteins,
including NudC.

Although NudC acts as a decapping enzyme, it binds to
RNA in a non-specific manner [35]. The surface pockets of
NudC are extensively positively charged around the
entrance to the catalytic centre, which suggests a plausible
role in RNA binding (Figure 2C). We found that NudC
seemed to prefer hydrolysing dpCoA-RNA over NAD-RNA
in vitro (Figure 1C). Thus, it is likely that NudC mediates
the RNA metabolism of dpCoA-RNA in a different manner
than NAD-RNA in vivo, and this needs to be further
validated.

Given that NudC-dpCoA and NudC-NAD (as well as
Nudt12-M’GTP and Nudt12-AMP) exhibited high struc-
tural similarity, we propose a model for the recognition
and cleavage of adenine dinucleotide derivative-capped
RNA (NAD-capped RNA and dpCoA-capped RNA) by
NudC (Figure 7). First, before entry of the substrate, two
NudC protomers form a homodimer and expose the inter-
face and catalytic pocket. After the substrate enters the
pocket of one protomer, the side chain of F160 from the
other protomer stacks with Y124 from the pocket protomer
to stabilize the adenine moiety of the substrate. Once the
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Figure 5. DpCoA and NAD cavites in the complex. (A-C) Cavity volumes of apo NudC, NudC-dpCoA and NudC-NAD. (D-F) Residues distances in the apo NudC and
dpCoA/NAD-binding cavities. The Q178 residue corresponds to E178 of the wild-type protein.

adenine moiety is recognized by the two residues (Y124 and
F160), the diphosphate linkage is hydrolysed, which results
in liberation of the 5 monophosphate adenosine-RNA and
the remaining part (e.g. NAD, the remaining part is NMN).
The proposed model needs further experimental validation
in the future, as the pocket of NudC in the CTD is large
enough to accommodate various substrates.

Overall, our work provides the molecular basis of
dpCoA-capped RNA recognition by NudC. The architecture
of the NudC-dpCoA complex also provides a structural
explanation for the conservation of residues that might
participate in recognition of dpCoA and dpCoA-capped
RNA in organisms ranging from E. coli to humans.
Furthermore, the ability of NudC eukaryotic homologs to
cleave dpCoA-capped RNAs suggests that the mechanism of
dpCoA-cap removal from the 5’ terminus of RNA is prob-
ably evolutionarily conserved.
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Figure 6. Cleavage of dpCoA-capped RNA by NudC homologs. (A) The NudC
homolog from Saccharomyces cerevisiae, NPY1, exhibits hydrolytic activity
towards dpCoA-capped RNA in vitro. The E275Q/E276Q mutant of NPY1 shows
impaired RNA cleavage activity. (B) The NudC homolog from Arabidopsis thali-
ana, Nudt19, exhibits hydrolytic activity towards dpCoA-capped RNA in vitro. The
E292Q mutant of Nudt19 shows impaired RNA cleavage activity. (C) Comparison
of the rates of hydrolysis of dpCoA-RNA (50 pM) by 0.5 pM NudC, 0.5 pM NudC
(E178Q), 0.5 uM NPY1, 0.5 pM NPY1 (E275Q/E276Q), 0.5 uM Nudt19 and 0.5 pM
Nudt19 (E292Q). The data points represent the mean + standard deviation (s.d.);
n = 3. Cleavage was detected by ion-exchange chromatography.
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Figure 7. Proposed model for the decapping process of NudC. When the
substrate RNA enters the catalytic pocket of NudC, the phenylalanine in the
catalytic pocket and tyrosine in the other protomer recognize the substrate RNA
via m- interactions with the adenine base. The substrate RNA is then cleaved at
the diphosphate linkage, setting free the 5' monophosphate adenosine-RNA.
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