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ABSTRACT

Human Nudt16 (hNudt16) is a member of the Nudix family of hydrolases, comprising enzymes catabolizing various substrates
including canonical (d)NTPs, oxidized (d)NTPs, nonnucleoside polyphosphates, and capped mRNAs. Decapping activity of the
Xenopus laevis (X29) Nudt16 homolog was observed in the nucleolus, with a high specificity toward U8 snoRNA. Subsequent
studies have reported cytoplasmic localization of mammalian Nudt16 with cap hydrolysis activity initiating RNA turnover,
similar to Dcp2. The present study focuses on hNudt16 and its hydrolytic activity toward dinucleotide cap analogs and short
capped oligonucleotides. We performed a screening assay for potential dinucleotide and oligonucleotide substrates for
hNudt16. Our data indicate that dinucleotide cap analogs and capped oligonucleotides containing guanine base in the first
transcribed nucleotide are more susceptible to enzymatic digestion by hNudt16 than their counterparts containing adenine.
Furthermore, unmethylated dinucleotides (GpppG and ApppG) and respective oligonucleotides (GpppG-16nt and GpppA-
16nt) were hydrolyzed by hNudt16 with greater efficiency than were m7GpppG and m7GpppG-16nt. In conclusion, we found
that hNudt16 hydrolysis of dinucleotide cap analogs and short capped oligonucleotides displayed a broader spectrum
specificity than is currently known.
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INTRODUCTION

Eukaryotic mRNAs are modified with a covalently attached
7-methylguanosine cap at the 5′ end, with an unusual 5′–5′

pyrophosphate bond (Furuichi and Shatkin 2000; Ghosh
and Lima 2010). Cap hydrolysis is a critical step in mRNA
turnover. mRNA decay can occur via two general pathways,
in the 3′–5′ or 5′–3′ direction, both initiated by shortening
of the poly(A) tail (Meyer et al. 2004). Therefore, different
classes of decapping enzymes have been reported to function
in these processes (Grudzien-Nogalska and Kiledjian 2017;
Valkov et al. 2017). The 3′ end mRNA decay is carried out
by a cytoplasmic multisubunit exosome complex (Schaeffer
et al. 2009) and the resulting cap dinucleotides (or short ol-
igonucleotides) are subsequently hydrolyzed by the scavenger
decapping enzyme DcpS (Liu et al. 2002), which utilizes an
evolutionarily conserved HIT motif to bind substrates and
cleave the pyrophosphate bond within the cap, thereby re-
leasing m7GMP (Liu et al. 2004). Cap removal from long

mRNAs in the 5′–3′ decay pathway is carried out by two spe-
cific enzymes, Dcp2 andNudt16, bothmembers of the Nudix
hydrolase superfamily, which hydrolyze various substrates
composed of a nucleoside diphosphate linked to another
moiety X. Their catalytic activity depends on the highly
conserved Nudix box within a sequence of 23 amino acids,
GX5EX7XREUXEEXGU, where U is a hydrophobic residue
(usually Ile, Leu, or Val), and X may be any residue
(Bessman et al. 1996). This sequence is located in a loop–
helix–loop structural motif and the Glu residues within the
core of the motif, REX2EE, are essential for binding divalent
metal ions, Mn2+ or Mg2+ (Bessman et al. 1996). Nudix
enzymes hydrolyze substrates usually through nucleophilic
substitution at phosphorus, with variations in the type and
number of divalent cations (Mildvan et al. 2005; McLennan
2006).
The most well characterized and widely conserved eukary-

otic decapping enzyme is Dcp2, identified in yeast (Steiger
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et al. 2003), nematodes (Cohen et al. 2005), plants (Iwasaki
et al. 2007), and humans (Picirillo et al. 2003). Dcp2 cleaves
m7G-capped and m3

2,2,7G-capped RNAs, thereby releasing
m7GDP/m3

2,2,7GDP and 5′ monophosphate RNA (Picirillo
et al. 2003; Steiger et al. 2003; Cohen et al. 2005; Iwasaki
et al. 2007). Dcp2 recognizes mRNA by interacting with the
cap structure and the RNA body (Deshmukh et al. 2008; Li
et al. 2008), and preferentially utilizes RNAs longer than 25
nucleotides (nt). Its activity is tightly regulated by several pro-
teins known to interact with Dcp2 in cytoplasmic foci called
P-bodies (van Dijk et al. 2002; Franks and Lykke-Andersen
2008; Arribas-Layton et al. 2013). The presence of the second
decapping enzyme Nudt16 has been reported in mammalian
cells (Song et al. 2010; Lu et al. 2011). Nudt16 was initially
identified in Xenopus as a U8 snoRNA decapping enzyme
(termed as X29) (Ghosh et al. 2004; Peculis et al. 2007)
and has also been proposed as a nucleolar decapping enzyme
that is conserved in metazoans, but is absent in S. cerevisiae,
C. elegans, and Drosophila (Taylor and Peculis 2008). Nudt16
orthologs were identified in 57 different organisms, both in-
vertebrates and vertebrates (Trésaugues et al. 2015). Nudt16
distribution across metazoans implies an evolutionarily
conserved biological role for this enzyme, which can cleave
the m7G cap from pre-mRNA and mature mRNA prior to
export, and the m3

2,2,7A cap from snRNA and snoRNA
(Lange et al. 1998). Further studies revealed the abundance
of hNudt16 in both the nucleus and cytoplasm (Song et al.
2010; Lu et al. 2011), demonstrating the pleiotropic decap-
ping activity of this enzyme. Since its function partially over-
laps with Dcp2 hydrolytic activity in mammalian cells,
hNudt16 was proposed as the second decapping enzyme in-
volved in the 5′→3′ degradation of cytoplasmic mRNAs.
Although both enzymes can initiate mRNA decay by hydro-
lyzing the cap structure, distinct roles for Dcp2 and Nudt16
in specific mRNA degradation pathways were reported (Li
et al. 2011). Nonsense-mediated mRNA decay is mostly me-
diated by Dcp2, while ARE-containing mRNAs and miRNA
can be degraded by either Dcp2 or Nudt16.

A comparison of hNudt16 in vitro catalytic activity toward
U8 snoRNA, luciferase mRNA, and influenza NP mRNA has
shown similar decapping efficiency for these substrates (Lu
et al. 2011). The capability to cleave the cap from the three
RNAs was very effective in the presence of Mn2+ and Mg2+,
but drastically weaker with Co2+ and Zn2+. Interestingly,
Nudt16 was also characterized as a “housecleaning” enzyme
specialized in eliminating hazardous (deoxy)inosine diphos-
phate from the nuclear nucleotide pool (Iyama et al. 2010).
The hydrolytic activity of recombinant hNudt16 was assessed
in vitro with different purine nucleoside diphosphates
(Trésaugues et al. 2015). Recent studies also reported that
hNudt16 can process protein ADP-ribosylation (Daniels
et al. 2015; Palazzo et al. 2015). The latest study (Carreras-
Puigvert et al. 2017) analyzed human Nudix hydrolases on
the basis of the deposited PDB structures and with numerous
substrates, comprising standard and modified (deoxy)nucle-

otides, adenine dinucleotide polyphosphates, nicotinamide
adenine dinucleotides, or the standard 5′ cap. However, the
cap structures, which are the subject of our study, were not
investigated previously.
To further characterize the decapping activity of human

Nudt16, we analyzed the substrate properties of several
capped dinucleotides (m7GpppG, m7Gpppm2′-OG,
m7GpppA, m7Gpppm2′-OA, and m3

2,2,7GpppG) and short
oligonucleotides (m7GpppG-16nt, m7Gpppm2′-OG-16nt,
m7GpppA-16nt, m7Gpppm2′-OA-16nt, m

7GpppG-34nt, and
m7Gpppm2′-OG-34nt). Simultaneously, we also analyzed
unmethylated dinucleotides (GpppG, ApppG) and their
oligonucleotide counterparts (GpppG-16nt, GpppA-16nt,
and GpppG-34nt). Analysis of hNudt16 hydrolysis of dinu-
cleotide cap analogs and short capped oligonucleotides
displayed a much broader spectrum for enzyme specificity
than is currently known.

RESULTS

Hydrolytic activity of hNudt16 on dinucleotides

Human Nudt16 is known to display activity toward various
mononucleotides and long RNAs (Ghosh et al. 2004;
Peculis et al. 2007; Taylor and Peculis 2008; Iyama et al.
2010; Song et al. 2010; Li et al. 2011; Lu et al. 2011;
Trésaugues et al. 2015). In the present study, we investigated
the hydrolytic activity of hNudt16 on dinucleotides and
short oligonucleotides. Initially, we performed an activity
screening assay to identify potential dinucleotide substrates
for this hNudt16. The hydrolytic reactions of several dinucle-
otides (GpppG, ApppG, m7GpppG, m7Gpppm2′-OG,
m7Gpppm7G, m7GpppA, m7Gpppm2′-OA, and m3

2,2,7GpppG)
(Fig. 1) catalyzed by hNudt16 were studied under the same
experimental conditions (substrate and enzyme concentra-
tion, buffer composition, and temperature), which allowed
for direct comparison of their hydrolytic susceptibilities.
Reaction progress was monitored through HPLC analysis.
Reduction in chromatographic peaks corresponding to the
substrate was accompanied by the peaks characteristic of hy-
drolysis products (Fig. 2). The results of all investigated com-
pounds are summarized in Table 1. Our data indicate that
dinucleotide cap analogs containing guanine base in the first
transcribed nucleotide are more susceptible to enzymatic
digestion by hNudt16 than their counterparts containing
adenine. m7GpppG, m7Gpppm2′-OG, and m3

2,2,7GpppG
were hydrolyzed by hNudt16 with a comparable rate.
After 100 min of incubation with hNudt16 (0.9 µM in reac-
tion mixture), approximately 75% of m7GpppG and
m7Gpppm2′-OG were converted to m7GDP and GMP/m2′-O

GMP, respectively. m7GpppA and m7Gpppm2′-OA seemed
less susceptible to enzymatic cleavage. A small proportion
of those compounds were hydrolyzed simultaneously during
incubation with the enzyme. Unmethylated dinucleotides,
GpppG and ApppG, were also hydrolyzed by hNudt16, albeit
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with greater efficiency than for m7GpppG andm7Gpppm2′-OG.
However, no hydrolysis products were detected for
m7Gpppm7G.

Hydrolytic susceptibility of capped oligonucleotides
to hNudt16-mediated hydrolysis

Further, we analyzed the hydrolytic susceptibility of short
oligonucleotides capped with the same aforementioned di-
nucleotides. These oligonucleotides were transcribed in vitro
and incubated with recombinant hNudt16 to initiate the
decapping process. At different time points (5, 15, 30, 60,
and 180 min, and 24 h), enzymatic reactions were terminated
and the reaction mixtures were analyzed on a sequencing
gel, stained with a fluorescent dye, and visualized using a
UV-transilluminator. Levels of decapped transcripts were
determined through densitometric analysis. The results of
decapping of GpppG-16nt andm7GpppG-16nt are presented
in Figure 3A–C. In both cases, the capped oligonucleotides
(marked with C) migrate slower than the decapped products
(marked with D). Bands migrating above the capped bands
resulted from the inherent ability of T7 polymerase to tran-
scribe certain oligonucleotides containing one or more addi-
tional nontemplate nucleotides at the 3′ end (Milligan et al.
1987). There was also a small amount of decapped product
at time 0, increasing from incomplete capping during in vitro
transcription which hardly ever is 100% efficient. During the
first 15 min of the reaction, GpppG-16nt was hydrolyzed
twofold more efficiently than m7GpppG-16nt; however, after

a longer duration (1 h), the extent of decapped products was
similar for both transcripts. The same effect was observed for
m3

2,2,7GpppG-16nt (Fig. 3B,C).
The results of hydrolysis of all investigated oligonucleo-

tides are summarized in Table 2. Our data indicate similar
decapping efficiency for transcripts with m7GpppG,
m7Gpppm2′-OG, and m3

2,2,7GpppG. Approximately 80%
of the three compounds was hydrolyzed during 60 min.
Transcripts containing m7GpppA and m7Gpppm2′-OA un-
derwent cap cleavage at a significantly lower rate. During
60 min of the reaction, only 5% of both substrates were
hydrolyzed and 50% of decapping was achieved after a
prolonged duration (24 h) of incubation. Interestingly,
GpppG-16nt and GpppA-16nt oligonucleotides proved to
be more susceptible to enzymatic cleavage by hNudt16
than their methylated counterparts. A significant difference
was observed at the initial stage of hydrolysis (15 min); how-
ever, after a longer duration (60min), the extent of decapping
was comparable for all transcripts.
Analysis of the hydrolysis of longer transcripts (GpppG-

34nt, m7GpppG-34nt, m7Gpppm2′-OG-34nt) (Fig. 3D) indi-
cates the same tendency, as observed for dinucleotides and
short oligonucleotides (16 nt). As shown in Table 2, decapp-
ing efficiency determined at different time points of the
reaction is nearly equal for transcripts m7GpppG-34nt and
m7Gpppm2′-OG-34nt, but significantly higher for GpppG-
34nt. During the first 5 min of hydrolysis, approximately
50% of unmethylated transcript GpppG-34nt was hydro-
lyzed. Simultaneously, only a small proportion of methylated
oligonucleotides was decapped, although the enzyme levels in
the reaction mixture were fivefold higher. Hydrolysis was
more efficient for transcripts containing 16 nt than for their
counterparts containing 34 nt.
The results obtained for oligonucleotides are concurrent

with those for dinucleotides, indicating the crucial role of
guanine base in the first transcribed nucleotide for efficient
decapping by hNudt16. However, the difference in decapping
efficiency between methylated and unmethylated species was
most significant for transcripts containing 34 nt.

Hydrolysis of capped oligonucleotides catalyzed
by the Dcp1/Dcp2 complex

Selected oligonucleotides (m7GpppG-16nt, m7GpppG-
34nt, and m7Gpppm2′-OG-34nt) were hydrolyzed by
the Schizosaccharomyces pombe Dcp1/Dcp2 complex.
Electrophoresis and evaluation of hydrolysis efficiency
obtained through densitometric analysis are shown in
Figure 3. Our data indicate that m7GpppG-34nt and
m7Gpppm2′-OG-34nt rather than m7GpppG-16nt were hy-
drolyzed more efficiently by Dcp1/Dcp2. According to the
current literature, Dcp2 can hydrolyze capped transcripts
that are at least 26 nt long (Scarsdale et al. 2006). Our results
are concurrent with the published data. In our experiments,
longer transcripts (GpppG-34nt, m7GpppG-34nt, and

Figure 1. Structures of the dinucleotides used in the present study.
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m7Gpppm2′-OG-34nt) were mostly hydrolyzed during 5 min
of incubation with the enzyme, whereas the shorter one
(m7GpppG-16nt) was hydrolyzed only to a small extent after
60 min of incubation with the enzyme. Dcp1/Dcp2 levels in
the reaction mixture were 50 nM, approximately 400 times
lower than those of hNudt16 (18 µM) in reactions with the
same substrates. This comparison indicates much higher
catalytic efficiency of the Dcp1/Dcp2 complex toward capped
oligonucleotides than of hNudt16.

DISCUSSION

The Nudix family of hydrolases comprises numerous en-
zymes with various functions. Many of them catabolize

various substrates including canonical
(d)NTPs, oxidized (d)NTPs, non-nucle-
oside polyphosphates, and capped
mRNAs (Mildvan et al. 2005). The pre-
sent study focused on hNudt16 and its
hydrolytic activity toward dinucleotide
cap analogs and short capped oligonucle-
otides. Previously, it was reported that
this enzyme has mRNA decapping activi-
ty; however, the diversity of naturally oc-
curring cap structures was not addressed.
Hence, we investigated several dinucleo-
tide cap analogs as potential substrates
of this enzyme. Our results confirmed
the previously reported data that
hNudt16 hydrolyzes the dinucleotide
cap analog m7GpppG, yielding m7GDP
and GMP (Song et al. 2010). Moreover,
we report that the other cap analogs con-
taining additional methylations and
bearing guanine base in the first tran-
scribed nucleotide (m7Gpppm2′-OG and
m3

2,2,7GpppG) were also hydrolyzed by
hNudt16, with an efficiency comparable
to that for m7GpppG hydrolysis. In
contrast, cap analogs with adenine
(m7GpppA and m7Gpppm2′-OA) were
significantly less susceptible to enzymatic
cleavage. These data were unexpected,
as the previously reported crystal struc-
ture of Xenopus laevis Nudt16 with
m7GpppA dinucleotide displayed bind-
ing via the adenine part of the cap, while
m7G protruded outward with little or
no interaction with the protein (Fig. 4;
Scarsdale et al. 2006). Notably, depending
on the identity of the base, nucleosides
adopt an anti or syn conformation for
guanosine and adenosine, respectively,
upon binding, probably because the pro-

tein’s capacity to bind the adenine-containing compounds
was preserved in the conformation that prevents hydrolysis.
Our results show that dinucleotides methylated at the N(7)

position of guanine are worse substrates for hNudt16.
Moreover, in the case of m7GpppG and GpppG, we observed
the release of m7GDP and GDP, respectively; however, only
GDP was rapidly converted to GMP. We also assessed the
two-headed m7Gpppm7G dinucleotide, which proved to be
resistant to hydrolysis, thereby indicating that Nudt16 cannot
hydrolyze N(7)-methylated substrates. Investigation of the
crystal structure of GTP-bound Nudt16 suggests the possibil-
ity of there being enough space to accommodate m7G, as
N(7) has no direct interaction with the protein side chains,
but the positive charge at the methylated N(7) position
may negatively impact binding, thereby inhibiting hydrolysis.

A

B

C

Figure 2. HPLC profiles of m7Gpppm2′-OG hydrolyzed with recombinant hNudt16: (A) be-
fore hydrolysis, (B) after 60 min of hydrolysis, (C) after 100 min of hydrolysis. Reaction was per-
formed at 37°C, in 40 mM Tris buffer (pH 7.9) containing 100 mM NaCl, 6 mM MgCl2, and 2
mM DTT.
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Interestingly, both unmethylated cap analogs, GpppG and
ApppG, were hydrolyzed more efficiently than canonical
m7GpppG cap. Since the unmethylated dinucleotide cap
structure is symmetrical, it can be accessed from either
side by Nudt16. In the case of ApppG, we observed a
slight delay in hydrolysis, which can probably be explained
by the exclusive cap dinucleotide hydrolysis from the guano-
sine end.
We also found that hNudt16 can recognize short capped

oligonucleotides (16 nt and 34 nt) as substrates. In the case
of 16-nt oligonucleotides, we observed an even stronger
preference for unmethylated cap structures. Similarly to di-
nucleotides, additional methyl groups in m7Gpppm2′-OG-
and m3

2,2,7GpppG-capped oligonucleotides did not affect
rate of the hydrolysis. Furthermore, oligonucleotides con-
taining adenine in the first nucleotide were also processed
significantly slower than corresponding substrates with gua-
nine. Considering structures of oligonucleotides, we expected
only the external (m7)Gppp region of the cap to be accessible
by Nudt16. Nevertheless, we are unsure whether hydrolysis
can occur via binding of the proximal (m7Gpp), distal
(ppG/ppA), or either region of the cap. The observation
that unmethylated cap structures in GpppG-16nt and
GpppA-16nt are hydrolyzed at a similar rate contrasts that
of their m7G counterparts, wherein one can see a clear pref-
erence for m7GpppG-16nt over m7GpppA-16nt. We also ob-
served an additional product of GpppG-16nt and GpppA-
16nt hydrolysis, which migrated between the capped and
uncapped RNA species (Fig. 3), which could have resulted
from alternative cap cleavage resulting in a mixture of
pG-16nt and ppG-16nt (and their adenine counterparts).
However, no such products were observed in the case of
methylated m7GpppG-16nt and m7GpppA-16nt oligonucle-
otides, which in turn suggests that methylation at the N(7)
position prevents m7G binding, and the enzyme recognizes
only the first transcribed nucleotide. Consequently, hydroly-

sis of oligonucleotides leads to the generation of exclusively
m7GDP and pA-16nt/pG-16nt.
A significant effect of adenosine on hydrolysis was

unexpected, considering that Nudt16 was initially found
to cleave the hypermethylated cap bound to adenosine
(m3

2,2,7GpppA) present at the 5′ end of U8 snoRNA (Lange
et al. 1998). It is, however, notable that Nudt16 binds U8
snoRNA regardless of the presence of the cap structure, thus
indicating the possible importance of RNA secondary struc-
tures that can interact with the cationic surface of the protein.
Hydrolytic activity toward the dinucleotide cap structures

in cells is attributed to the scavenger decapping enzyme
(DcpS), which is involved in the last step of the 3′→5′

mRNA degradation pathway. hNudt16 can also hydrolyze
dinucleotide cap analogs; however, its activity toward
m7GpppG is significantly lower than that observed for
hDcpS (Song et al. 2010). Substrate specificity of hNudt16
is also different from that of hDcpS. The preferred substrate
for hDcpS is m7GpppG, while GpppG is hydrolyzed less
efficiently and m3

2,2,7GpppG is resistant to hydrolysis by
this enzyme. In contrast, hNudt16 hydrolyzes m7GpppG
and m3

2,2,7GpppG with comparable rates; however, it hydro-
lyzes unmethylated dinucleotides, GpppG and ApppG, more
efficiently. We also compared decapping activities of
hNudt16 toward m7GpppG-34nt and m7Gpppm2′-OG-34nt
with that of Dcp2. For both transcripts, decapping efficiency
was significantly higher in the presence of Dcp2. Nonetheless,
none of these enzymes can hydrolyze oligonucleotides longer
than 10 nt and shorter than 25 nt. However, it is unclear
whether hNudt16 has an additional role in the mRNA
decapping process. If such a role is biologically significant,
hNudt16 activity would be enhanced by an unknown partner
protein. However, it is more probable that hNudt16 is en-
gaged in cellular functions other than RNA decapping.
Moreover, hNudt6 was reported to hydrolyze several other
purine nucleoside diphosphates and cleave pyrophosphate

Table 1. Hydrolysis of dinucleotide cap analogs catalyzed by recombinant hNudt16

Dinucleotide

% of hydrolyzed dinucleotide after indicated time of reaction

10 min 20 min 30 min 40 min 60 min 80 min 100 min

GpppG 42.67 ± 3.28 66.47 ± 2.89 83.35 ± 4.04 98.79 ± 6.11 – – –

ApppG 24.67 ± 3.34 43.11 ± 4.82 55.04 ± 8.02 62.94 ± 3.66 75.71 ± 5.85 86.87 ± 7.44 94.32 ± 11.22

m7GpppG 17.63 ± 1.28 29.44 ± 3.73 39.67 ± 5.34 45.18 ± 4.98 54.36 ± 7.12 67.43 ± 8.15 72.97 ± 9.48

m7Gpppm2′-OG 17.55 ± 3.05 29.77 ± 6.24 37.08 ± 4.99 43.98 ± 8.21 56.77 ± 5.72 69.24 ± 7.99 76.89 ± 8.77

m3
2.2.7GpppG 10.74 ± 1.89 20.71 ± 3.05 27.18 ± 5.89 33.73 ± 7.39 46.64 ± 9.56 57.23 ± 10.56 64.96 ± 11.27

m7GpppA nd nd nd nd nd nd 2.57 ± 0.45

m7Gpppm2′-OA nd nd nd nd nd nd 1.68 ± 0.32

m7Gpppm7G nd nd nd nd nd nd nd

Reactions were performed at 37°C, in 40 mM Tris buffer (pH 7.9) containing 100 mM NaCl, 6 mM MgCl2, and 2 mM DTT. Dinucleotide con-
centration was 15 µM, enzyme concentration 0.9 µM. The extent of decapping was determined as the percentage of hydrolyzed dinucleotide
measured by HPLC method (based on the three independent experiments for each compound). (nd, not detected.)

Nudt16 substrate specificity
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A

B

C

D

Figure 3. Hydrolysis of capped oligonucleotides by hNudt16. (A) Gel electrophoretic analysis of the progress of the hydrolysis of GpppG-16nt and
GpppA-16nt. For comparison, reaction with Dcp1/2 was performed for m7GpppG-16nt. (B) Gel electrophoretic analysis of 16-nt oligonucleotides
bearing different cap structures. (C) Comparison of decapping yield for capped and uncapped 16-nt oligonucleotides. (D) Gel electrophoretic analysis
of decapping formethylated and unmethylated 34-nt oligonucleotides. All oligonucleotides were treated with recombinant hNudt16 at 30°C in 50mM
Tris buffer (pH 7.9) containing 10 mM NaCl, 6 mM MgCl2, 10 mM DTT, and 1 mM spermidine. The decapping percentage was calculated as the
percent loss in the capped band, normalized by total quantity in the capped and decapped bands.
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groups in ADP-ribosylated proteins. Considering the struc-
tural similarities, the ability of hNudt16 to hydrolyze the
cap structure could result from its inability to completely dis-
tinguish between various purine diphosphate substructures.

MATERIALS AND METHODS

Chemical synthesis of cap analogs

Cap analogs (m7GpppG, m7Gpppm2′-OG, m3
2,2,7GpppG,

m7GpppA, and m7Gpppm2′-OA) and unmethylated dinucleotides
(ApppG and GpppG) were synthesized in accordance with the pre-
viously described procedures (Darzynkiewicz et al. 1990; Stepinski
et al. 1995; Jankowska et al. 1996; Niedzwiecka et al. 2007).

In vitro synthesis of short oligonucleotides
and capping reaction

DNA templates for the generation of short RNAs of 16 and 34 nt
were prepared through XhoI or EcoRI cleavage of pSPluc+ plasmid
containing either the T7 class III promoter (ϕ6.5) or the class II pro-
moter (ϕ2.5). ppp-RNAs were transcribed in vitro with the T7 RNA
polymerase in the presence of four nucleotides, as described
by Strenkowska et al. (2016). TMG and TMA capped transcripts
were obtained by replacing GTP or ATP with 5:1 m3

2,2,7GpppG:
GTP or m3

2,2,7GpppA:ATP, respectively. m7Gppp-RNA and
Gppp-RNA were prepared through posttranscriptional capping of
ppp-RNA with the ScriptCap m7G Capping System (CellScript)

with or without S-adenosylmethionine (SAM) in accordance with
the manufacturer’s instructions. Briefly, 10 µg samples of RNA
were heat-denaturated at 65°C for 5min, cooled on ice, and incubated
with ScriptCap Buffer in the presence of 1mMGTP, 100 µMSAM, 10
U Vaccinia Capping Enzyme, and Script Guard RNase Inhibitor for
3 h at 37°C. Cap1-RNA was obtained through simultaneous capping
and 2′-O-Methylation from uncapped RNA, using ScriptCap m7G
Capping System and the ScriptCap 2′-O-Methyltransferase Kit.
RNAs were purified using the Oligo Clean-up and Concentration
Kit (Norgen Biotek) and analyzed through denaturing PAGE on
a 15% polyacrylamide/7 M urea containing gel. Small amounts of
n + 1 and n + 2 contaminations originated from the nontemplated
addition of nucleotides during in vitro transcription.

Protein expression and purification

Human Nudt16 (hNudt16, 1–199 aa, MW 22 kDa) was expressed in
E. coli Rosetta 2 (DE3) as a C-terminally His-tagged protein using a
peET16b_Nudt16 vector, where the coding sequence of Nudt16 was
cloned at the Ncol–BamHI restriction sites (verified further through
sequencing). A sequence encoding four additional histidine residues
introduced immediately after the two terminal histidine residues of
Nudt16 resulted in the formation of a 6× His C-terminal His-tag.
The complete protocol of hNudt16 preparation and purification
has been presented previously by Wojtczak et al. (2016). Fractions
of pure enzyme were dialyzed against 50 mM Tris-HCl pH 8.0,
150 mM KCl, and 20% glycerol. Aliquots of hNudt16 were supple-
mented with 1 mM DTT, frozen in liquid nitrogen, and stored at
−80°C until use.

Table 2. Hydrolysis of differently capped 16-nt RNAs by recombinant hNudt16

Cap analog at 5′ end
of 16-nt mRNA Nudt16 RNA:Nudt16

% of decapping after indicated time

5 min 15 min 30 min 60 min 180 min 24 h

GpppG (1 µM) 0.9 µM 1:0.9 21.45 ± 0.08 58.86 ± 1.45 72.14 ± 2.04 79.87 ± 1.71 – –

GpppG (1 µM) 18 µM 1:18 – 85.80 – 85.48 86.90 –

m7GpppG (1 µM) 18 µM 1:18 13.09 ± 1.16 39.40 ± 10.84 52.55 ± 2.85 82.63 ± 8.67 94.76 ± 6.78 –

m7Gpppm2′-OG (1 µM) 18 µM 1:18 14.50 ± 2.65 37.34 ± 4.72 60.89 ± 6.30 80.52 ± 6.57 – –

GpppA (1 µM) 0.9 µM 1:0.9 32.99 ± 15.75 48.45 ± 4.30 63.88 ± 13.43 89.75 ± 0.47 – –

m7GpppA (1 µM) 18 µM 1:18 – – – 4.62 ± 6.44 12.75 ± 12.15 45.19 ± 0.01

m7Gpppm2′-OA (1 µM) 18 µM 1:18 – – – 5.21 ± 2.29 15.07 ± 5.07 49.65 ± 2.63

TMG (1 µM) 18 µM 1:18 16.47 ± 4.47 28.54 ± 10.70 43.80 ± 4.86 82.62 ± 10.35 – –

Cap analog at 5′ end
of 34-nt mRNA Nudt16 RNA:Nudt16

% of decapping after indicated time

5 min 15 min 60 min 180 min

GpppG (0.23 µM) 1.7 µM 1:7.4 46.8 ± 10.84 70 ± 5.66 80.69 ± 2.51 81.44 ± 2.39

GpppG (0.23 µM) 9.6 µM 1:42 – 75.30 ± 3.35 – –

m7GpppG (0.23 µM) 9.6 µM 1:42 3.2 ± 1.58 8.77 ± 1.84 26.25 ± 5.15 51.85 ± 4.32

m7Gpppm2′-OG
(0.23 µM)

9.6 µM 1:42 1.04 ± 1.81 8.23 ± 2.02 27.14 ± 6.47 43.86 ± 15.00

The capped RNAs were prepared by in vitro transcription and incubated with hNudt16 during indicated time periods. The reaction mixtures
were analyzed on a sequencing gel and stained with fluorescent dye. The decapping percentage was calculated as the percentage loss in the
capped band, normalized by total quantity in the capped and decapped bands.
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Decapping assays

Enzymatic assays for dinucleotides were performed in 40 mM Tris
buffer (pH 7.9) containing 100 mM NaCl, 6 mM MgCl2 and
2 mM DTT. The concentration of investigated dinucleotides was
15 µM, and enzyme concentration was 0.9 µM for each substrate.
Decapping assays for short oligonucleotides were performed in
50 mM Tris buffer (pH 7.9) containing 10 mM NaCl, 6 mM
MgCl2, 10 mM DTT, and 1 mM spermidine.

Determination of hydrolytic susceptibility
of cap analogs

To investigate the hydrolytic susceptibility of dinucleotide cap ana-
logs, HPLC analysis was performed. Before each experiment, 1 mL
of buffer solution containing the analyte was incubated at 37°C

for 10 min. Hydrolysis was initiated through the addition of
recombinant hNudt16. After 10, 20, 30, 40, and 60 min of hydroly-
sis, 150-µL aliquots of the reaction mixture were withdrawn and
incubated at 97°C during 3 min to terminate the reaction through
heat inactivation of the enzyme. The samples were then subjected
to HPLC analysis (Agilent 1200 Series) with a reverse-phase
Supelcosil LC-18-T column and UV/VIS-detector. The substrate
and products were eluted at 20°C with a linear gradient of methanol
in 0.1MKH2PO4 (from 0% to 40%) over 15min at a flow rate of 1.0
mL/min. Changes in absorbance values at 260 nm were monitored
continuously during the analysis. Hydrolysis products were identi-
fied through comparison of their retention times with that of the
reference samples. The extent of decapping, determined as the per-
centage of hydrolyzed substrate, was calculated using area under the
chromatographic peak of respective compounds.

To assess the decapping of short oligonucleotides, 20 ng of capped
transcripts were digested with different amounts of hNudt16, at

A B C

Figure 4. Interactions between Nudt16 and its ligands. (A) (Upper panel) Visualization of the GTP-bound XL Nudt16 active site (PDB 2A8S).
Color codes for the protein, ligand, and metal ions are indicated. For clarity, only interactions with the base and selected residues are shown.
(Lower panel) Ligplot (Wallace et al. 1995) representation of the structure shown in the upper panel. (B) (Upper panel) Visualization of the XL
Nudt16 active site with m7GpppA. Color codes are the same as those in A. (C) (Upper panel) Visualization of the IMP-bound hNudt16 active site
(PDB: 2XSQ). (Lower panel) Ligplot representation of the structure shown in the upper panel.
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30°C. Reactions were terminated at different time points (15min, 30
min, 1 h, and 3 h) by cooling the reaction mixture on ice and adding
FORMAzol, followed by denaturation for 3 min at 55°C. The sub-
strates and products were separated on an RNA sequencing gel
(15% polyacrylamide, 7 M urea) stained with a fluorescent dye
(SYBR Gold Nucleic Acid Gel Stain, Life Technologies) and visual-
ized using a UV-transilluminator (ChemiDoc MP Imaging System,
Bio-Rad). The amount of capped substrates and decapped products
were determined through densitometric analysis, and the decapping
percentage was calculated as the percent loss in the capped band,
normalized by total quantity in the capped and decapped bands.
Quantity of material in individual bands was analyzed using
Image Lab Software (Bio-Rad).
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