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Two-headed tetraphosphate cap analogs are inhibitors
of the Dcp1/2 RNA decapping complex
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ABSTRACT

Dcp1/2 is the major eukaryotic RNA decapping complex, comprised of the enzyme Dcp2 and activator Dcp1, which removes the
5′ m7G cap frommRNA, committing the transcript to degradation. Dcp1/2 activity is crucial for RNA quality control and turnover,
and deregulation of these processes may lead to disease development. The molecular details of Dcp1/2 catalysis remain elusive, in
part because both cap substrate (m7GpppN) and m7GDP product are bound by Dcp1/2 with weak (mM) affinity. In order to find
inhibitors to use in elucidating the catalytic mechanism of Dcp2, we screened a small library of synthetic m7G nucleotides (cap
analogs) bearing modifications in the oligophosphate chain. One of the most potent cap analogs, m7GpSpppSm

7G, inhibited
Dcp1/2 20 times more efficiently than m7GpppN or m7GDP. NMR experiments revealed that the compound interacts with
specific surfaces of both regulatory and catalytic domains of Dcp2 with submillimolar affinities. Kinetics analysis revealed that
m7GpSpppSm

7G is a mixed inhibitor that competes for the Dcp2 active site with micromolar affinity. m7GpSpppSm
7G-capped

RNA undergoes rapid decapping, suggesting that the compound may act as a tightly bound cap mimic. Our identification of
the first small molecule inhibitor of Dcp2 should be instrumental in future studies aimed at understanding the structural basis
of RNA decapping and may provide insight toward the development of novel therapeutically relevant decapping inhibitors.

Keywords: Dcp1/Dcp2; RNA metabolism; decapping enzymes; inhibitors; mRNA cap

INTRODUCTION

Regulation of mRNA stability plays a vital role in develop-
ment (Alonso 2012; Barckmann and Simonelig 2013), cell
proliferation (Mazzoni and Falcone 2011), immune system
adaptation (Carpenter et al. 2014), stress response (Romero-
Santacreu et al. 2009), transcript localization (Walters and
Parker 2014), andquality control (Inada2013).The twomajor
cellular RNA degradation pathways that are responsible
for mRNA stability are 5′-to-3′ decay and 3′-to-5′ decay.
In 5′-to-3′ RNA decay, hydrolysis of the 5′ m7G RNA cap
structure (Supplemental Fig. S1A) is an irreversible step that
commits the transcript to degradation by the conserved 5′-
to-3′ exonuclease Xrn1 (Hsu and Stevens 1993). Dcp2 is the
major RNA decapping enzyme in eukaryotes, and Dcp2-me-
diated cap hydrolysis is important in numerous 5′-to-3′

mRNA decay pathways, including bulk 5′-to-3′ decay (Wang
et al. 2002; Balagopal et al. 2012), ARE-mediated decay
(Fenger-Gron et al. 2005; von Roretz et al. 2011), nonsense-

mediated decay (NMD) (Kervestin and Jacobson 2012;
Popp and Maquat 2013), miRNA-induced decay (Guo et al.
2010; Wilczynska and Bushell 2015), and 3′-poly(U)-trig-
gered decay (Rissland and Norbury 2009; Su et al. 2013; Lee
et al. 2014). Efficient decapping byDcp2 requires the essential
activator Dcp1 and inmetazoans the scaffolding protein Edc4
(Fenger-Gron et al. 2005; She et al. 2006; Eulalio et al. 2007;
Chang et al. 2014). Coactivator proteins that further activate
decapping and may target the decapping complex to specific
RNAdecaypathwayshave also recently been characterized, in-
cluding the enhancer of decapping proteins (Edc1-3) and
PNRC2 (Borja et al. 2010; Fromm et al. 2011; Lai et al.
2012). The Dcp1/2 decapping complex functions as part of a
highly evolved network of protein–protein interactions that
regulates cap hydrolysis and the degradation of mRNA.
In addition to Dcp2, several other classes of cap-degrading

enzymes have been described. Scavenger decapping enzymes,
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including DcpS and Aph1/FHIT, are members of the HIT
pyrophosphatase family that can degrade free cap molecules
(m7GpppN) or short capped oligonucleotides that are rem-
nants of the 3′-to-5′ mRNA decay pathways (Liu et al. 2002,
2004; Wang et al. 2002; Taverniti and Seraphin 2015).
There are no reports indicating that scavenger decapping en-
zymes are able to hydrolyze them7G cap structure attached to
an RNA chain longer than several nucleotides (Milac et al.
2014). Recent evidence suggests that in mammals, many
Nudix hydrolase family enzymes (Nudt2, 3, 12, 15, 16, 17)
may have decapping activity in addition to Dcp2 (Taylor
and Peculis 2008; Song et al. 2010, 2013; Li and Kiledjian
2011; Lu et al. 2011). Finally, the DXO family of enzymes
possess pyrophosphohydrolase, decapping, and 5′-3′ exonu-
clease activities, and participates in quality control of pre-
mRNA in the nucleus (Chang et al. 2012; Jiao et al. 2013;
Jurado et al. 2014).
Dcp2 is a bilobed enzyme composed of an evolutionarily

conserved N-terminal portion containing a regulatory do-
main (residues 1–94 in Schizosaccharomyces pombe), which
binds the activator Dcp1, and a catalytic domain (residues
95–243) belonging to theNudix hydrolase superfamily, which
carries out cap hydrolysis and contains a positively charged
channel for RNA binding (Mildvan et al. 2005; She et al.
2006, 2008; Deshmukh et al. 2008). The extended C-terminal
portion of Dcp2 (residues 244–741) is highly divergent, large-
ly disordered, and appears to contain protein–protein interac-
tion modules that can recruit additional coactivators of
decapping (Fromm et al. 2011; He and Jacobson 2015).
Structural and kinetic studies suggest
that Dcp2 uses a composite active site in
which residues on both the regulatory
and catalytic domains bind the 5′ cap
structure and contribute to the catalysis
of cap hydrolysis (Floor et al. 2010,
2012). These observations, alongwith dy-
namics studies of Dcp2, suggest that con-
formational transitions in the decapping
complex play an important role in cataly-
sis and may be used to regulate Dcp2 ac-
tivity. Despite extensive structural and
biochemical studies, it is unclear how
the domains of Dcp2 come together to
form the composite active site and bind
and hydrolyze the 5′-terminal m7G cap.
A major obstacle to understanding cap

recognition by Dcp2 is that all previously
studied m7GpppN cap analogs bind the
enzyme with very weak (millimolar) af-
finities. We have previously identified
several phosphate-modified cap analogs
which, after incorporation at the 5′ termi-
nus ofmRNAs,make themmore resistant
to Dcp2-mediated decapping (Grudzien-
Nogalska et al. 2013; Ziemniak et al.

2013a). The modifications include bridging substitution at
the α/β-position of the cap (O-to-CH2 or methylenebi-
sphosphonate; O-to-NH or imidodiphosphate) (Grudzien
et al. 2006; Su et al. 2011) or nonbridging substitution at the
β-phosphate (O-to-S or phosphorothioate; O-to-BH3 or bor-
anophosphate) (Supplemental Fig. S1B; Li et al. 2007; Su et al.
2011). The Dcp2-resistant transcripts are more stable than
transcripts with corresponding unmodified caps both in vitro
and in vivo. Some of the analogs thatmademRNA resistant to
Dcp2 also bound the translational cap-binding protein eIF4E
with higher affinity and, consequently, produced mRNAwith
both increased cellular half-life and increased translational ef-
ficiency. These cap-modified transcripts have found applica-
tion in experimental mRNA-based therapies (Kuhn et al.
2010; Ziemniak et al. 2013a; Sahin et al. 2014).
In the current work, we sought cap analogs that would

bind Dcp2 tightly and inhibit decapping activity without
the need for incorporation into an RNA transcript. Identifi-
cation of such compounds would not only be useful in struc-
tural and biochemical studies on Dcp2 activity and cap
binding, but would also potentially allow identification of in-
hibitor binding sites and pave the way for the development of
novel Dcp2 inhibitors. Recent studies link Dcp2 activity to
spinal muscular atrophy (Shukla and Parker 2014) and the
interferon response (Li et al. 2012) in mammalian cells, sug-
gesting that development of selective Dcp2 inhibitors may be
medically useful.
Accordingly, we screened a library of synthetic, modified

cap analogs for inhibition of Dcp1/2 decapping and

FIGURE 1. Cap analogs included in the screened library. Section (§) indicates compounds con-
taining a single stereogenic center on phosphorus atom, which consequently exist as a pair of di-
astereomers. Double section (§§) indicates compounds containing two stereogenic phosphorus
atoms, which exist as a mixture of three diastereomers.
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identified several compounds with inhibitory activity at mi-
cromolar concentrations. The most potent of these,
m7GpSpppSm

7G (12b), was further characterized in bio-
chemical and structural studies and found to bind with 20-
fold tighter affinity than native m7GpppN cap to specific
cap-binding surfaces on both the regulatory and catalytic do-
mains of Dcp2. We propose a model of inhibition where 12b
acts as a cap-mimic and binds tightly to the composite active
site of Dcp2.

RESULTS

Screening a synthetic nucleotide library identifies
Dcp1/2 inhibitors

A library consisting of 29 m7G nucleotide derivatives was
screened in order to find potential inhibitors of the Dcp1/2
decapping complex (Fig. 1). The library contained several
classes of phosphate-modified cap analogs, namely m7GDP

(compounds 1–5, Fig. 1) and m7GTP derivatives (com-
pounds 6–11) as well as tri- and tetraphosphate dinucleotide
cap analogs (compounds 12–17). Several phosphate-unmod-
ified parent compounds (1, 6, 16–17) as well as the common
nucleotides ATP (18) and GTP (19), were also included in the
inhibitor screen for comparison. The synthetic mononucleo-
tide derivatives 1–11 possess either single or multiple modi-
fications at bridging (CH2, NH) or nonbridging (S, BH3, F)
positions of the phosphate chain. Dinucleotide derivatives,
or “two-headed” cap analogs, 12–15 possess two m7G moie-
ties, a lengthened tetraphosphate bridge, phosphorothioate,
or boranophosphate substitution at the α and δ positions
in the phosphate chain, and some have a methylene bridge
between the β and γ phosphate groups. Previous studies on
cap-interacting proteins including eIF4E (Grudzien et al.
2006; Grudzien-Nogalska et al. 2007), DcpS (Kalek et al.
2006; Kowalska et al. 2008), and Dcp2 itself (Grudzien-
Nogalska et al. 2007; Su et al. 2011), suggest that introduction
of these chemical modifications into the phosphate chain can

FIGURE 2. Decapping inhibition screening assay. (A) Analysis of representative sequencing gels. In the absence of inhibitors, RNA transcripts are
rapidly hydrolyzed by SpDcp1/2, only transcripts containing m2

7,2′-OGppCH2pG are resistant to degradation. In the presence of cap analogs 12a-b or
15a-c, a significant fraction of capped oligonucleotides is intact after 30 min treatment by the enzyme. (B) Inhibition properties of tested cap analogs
(see Supplemental Table S1 for details). Phosphorothioate analogs of m7Gppppm7G (12a-b) are significantly more potent inhibitors than either
m7GDP (1) (the product of Dcp2-mediated decapping reaction) or unmodified cap analog m2

7,3′-OGpppG (16). The data represent mean values
from triplicate experiments ±SEM.
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significantly alter cap–protein interactions (Jemielity et al.
2010; Ziemniak et al. 2013b).
Incorporation of phosphorothioate and boranophosphate

groups into the phosphate chain results in cap analogs which
are isostructural, (pseudo)isoelectronic and retain the same
negative net charge as unmodified counterparts. Both mod-
ifications lead to a slightly longer P–X bond as compared
to the native P–O bond. The O-to-S substitution results in
a higher preference for soft divalent metal cations, whereas
the O-to-BH3 substitution generally decreases affinity to
metal cations and reduces H-bond acceptor properties (Sti-
vers and Nagarajan 2006; Li et al. 2007; Guga and Koziol-
kiewicz 2011). The O-to-F substitution at the terminal
phosphate results in a smaller net negative charge and
impairs H-bonding (Baranowski et al. 2015). The bridging
O-to-CH2 substitution provides resistance to hydrolysis since
the P–C bonds are remarkably stable, however, the inability
to form H-bonds can deteriorate affinity to some proteins
(Klein et al. 2002; Grudzien et al. 2006). The bridging imido-
diphosphate modification is also highly resistant to hydroly-
sis by pyrophosphatases and better emulates the electronic
properties of unmodified phosphatases, such as their charge
distribution and H-bond accepting ability due to the higher
electronegativity of nitrogen (Yount et al. 1971).
We used a radioactivity-based RNA-decapping assay to

screen the synthetic nucleotide library for inhibition of
Dcp1/2 activity (Supplemental Fig. S2A). A short (48 nt) ra-
diolabeled RNA oligomer bearing an anti-reverse cap analog
(ARCA), m2

7,3′-OGpppN at the 5′ end was incubated with S.
pombe Dcp1/2 for either 15 or 30 min in the presence of
200 μM nucleotide analog. Capped (m2

7,3′-O GpppRNA)
and decapped (pRNA) transcripts were resolved by high-res-
olution SDS-PAGE and quantified by autoradiography.
During the reaction, decapped transcripts accumulate and
lead to an increase in intensity of the gel band that contains
both decapped and uncapped RNA (pppRNA; Fig. 2A;
Supplemental Fig. S2B).
Uncapped mRNA represents the ∼10% of mRNAs for

which a cap dinucleotide is not incorporated during in vitro
transcription (Grudzien et al. 2013).
The results of the inhibition screen

are given in Figure 2B and Supplemental
Table S1, from which we can draw sev-
eral broad conclusions about the inhi-
bitory properties of the cap analogs
tested. Cap analogs without any modifi-
cations, such as m7GDP (1), m7GTP (6),
and m2

7,3′-OGpppG (16), as well as ATP
(18) and GTP (19), were found to be
poor Dcp1/2 inhibitors (Fig. 2B). The in-
hibitory effect was also minimal if the
phosphate chain was simply elongated
to tetraphosphate (m7GppppG, 17).
These results are consistentwith an earlier
NMR-based study in which Kd values for

several nucleotide–Dcp2 complexes were found to be in the
range of 10–30 mM, indicating weak interaction of nucleo-
tides with Dcp2 (Floor et al. 2010; see Supplemental Table
S2 for selected data from this publication). Moreover, we
found that there are no statistically significant differences be-
tween two previously studied cap analogs, m7GDP and m2

7,3′-

OGpppG, with regard to their inhibitory potential (Student’s
t-test, P = 0.659). On the other hand, two-headed cap analogs
(compounds 12–15) were generally found to be more potent
Dcp2 inhibitors (Fig. 2). In particular, the diastereomers
of m7GpSppppSm

7G, compounds 12a (a mixture of D1 and
D2 diastereomers) and 12b (D3 diastereomer), were found
to be among the strongest inhibitors within the library (Figs.
2, 3). The greater inhibitory potency of m7GpS ppppSm

7G
(D3 diastereomer) (12b) compared to m7GDP (1) or m2

7,3′-O

GpppG (16) is highly significant (Fig. 2B; P-values 0.003
and<0.001, respectively). Introduction of amethylene bridge,
to either S- or BH3-modified two-headed cap analogs (13 and
15), resulted in no apparent enhancement of their inhibitory
properties. We chose one of the most potent inhibitors of
Dcp1/2 decapping activity identified in the inhibitor screen,
cap analog 12b, for more detailed kinetic and structural stud-
ies aimed at verifying the potency of inhibition and under-
standing the mechanism of Dcp2 inhibition.

Cap analog 12b is a mixed inhibitor of Dcp1/2

To determine the mechanism of inhibition for 12b we used a
single-turnover kinetic assay with 32P-labeled native-capped
RNA (29 nt) to measure decapping kinetics (kobs) at varying
enzyme and inhibitor concentrations (Fig. 4A). Single-turn-
over conditions allow for direct measurement of the rate
constant for the catalytic step (kmax) in response to inhibitor,
in contrast to multiple-turnover conditions in which mea-
sured rates depend on both the rate of catalysis and product
release. We used a synthetic, unstructured 29-nt RNA sub-
strate bearing an unmodified 5′ m7G cap for these experi-
ments because we have previously characterized kinetic
constants for S. pombe Dcp2 and the Dcp1/2 complex with
this substrate (Deshmukh et al. 2008; Floor et al. 2010).

FIGURE 3. Representative sequencing gels showing the time course of in vitro decapping at two
RNA concentrations in the presence or absence of 12b. In the first case, the decapping reaction is
rapid—the substrate is degraded within several minutes. Addition of 200 μM 12b to the mixture
blocks the decapping reaction.
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Fits of kobs versus enzyme concentration with different
amounts of inhibitor revealed that the apparent KM increases
by fivefold and the kmax for Dcp1/2 decapping decreases by
threefold in the presence of 1 mM 12b inhibitor (Fig. 4A;
Supplemental Fig. S3; Supplemental Tables S3, S4). The
same trend in KM

app and kmax was found for SpDcp2 alone,
in the absence of activator Dcp1 (Supplemental Fig. S4;
Supplemental Table S5). This identifies 12b as a mixed inhib-
itor that can both (i) reversibly bind to the free enzyme and
compete for RNA substrate binding (increasing KM) and also
(ii) bind to the enzyme–substrate complex (decreasing kmax).

In order to estimate the affinity of 12b for the free enzyme
(KI), we measured kobs for decapping at different inhibitor
concentrations while keeping the enzyme concentration be-
low the KM for RNA substrate binding, where the vast major-
ity of enzyme is not bound by substrate and inhibitor will be
bound only to free enzyme. In this subsaturing enzyme re-
gime, under single-turnover kinetics conditions, a normal-
ized plot of kobs versus inhibitor concentration can be fit to
Equation 1 to extract KI (Fig. 4B; Supplemental Figs. S5, S6;
see Supplemental Information for derivation of Equation
1). For the Dcp1/2 complex, the KI for 12b is 65 ± 7 μM,
and for Dcp2 alone, the KI for 12b is 121 ± 16 μM (Fig. 4C).
Compound 12b binds 20-fold more tightly to Dcp1/2 than
the unmodified m7GpppG, which has a KI of 1400 ± 300 μM.

kobs
kobs([I = 0]) =

1

1+ [I]
KI

( )
.

(1)

Because 12b is a mixed inhibitor of Dcp1/2, the compound
also has an independent affinity for the enzyme–substrate
complex (KI

′), which can in principle be measured by follow-
ing kobs versus inhibitor concentration under saturating en-
zyme conditions where all substrate is bound as enzyme–
substrate complex. However, under these conditions at high
enzyme concentration, hydrolysis of 12b by Dcp1/2 occurs
on a similar timescale as RNA decapping, preventing accurate

determination of KI
′ (Supplemental Fig.

S7). No hydrolysis of 12b was observed
under the conditions used to measure
KI at subsaturating enzyme. In summary,
decapping kinetics experiments with na-
tive-capped RNA show that the two-
headed O-to-S modified cap analog 12b
is a mixed inhibitor of Dcp2 decapping
that binds reversibly with mid-micromo-
lar affinity to the free enzyme. 12b binds
∼20-fold more tightly than cap analog
m7GpppG, and is a significantlymore po-
tent inhibitor of Dcp2 than any previous-
ly tested cap analog or other nucleotide.

NMR titrations map binding of
12b to specific surfaces of Dcp2

To structurally map the interaction between 12b and Dcp2
we carried out NMR titrations on the isolated regulatory (res-
idues 1–94) and catalytic (residues 95–243) domains of
SpDcp2. Isolated domains were used in these experiments
because conformational dynamics in the two domain Dcp2
construct (1–243) leads to significant peak broadening that
allows only partial assignment of Dcp2 resonances, whereas
the isolated domains have the majority of resonances as-
signed (Floor et al. 2010). Increasing amounts of 12b were
added to either the 15N-labeled regulatory or catalytic
domain of Dcp2 and 15N HSQC NMR spectra were recorded
at 12b concentrations up to 2 mM. For both the regulatory
and catalytic domains of Dcp2, we observed selective chem-
ical shift perturbations and peak broadening upon addition
of 12b (Fig. 5). NMR titrations of the regulatory domain
indicate that 12b binds the same surface as m7GDP (Floor
et al. 2010), strongly perturbing residues W43 and D47 on
the conserved 31–52 helix of the regulatory domain
(Fig. 5B–D; Supplemental Figs. S8, S9). Chemical shift versus
cap analog concentration data are nicely fit by a two-state
binding model to extract the Kd for ligand binding to the reg-
ulatory domain (Supplemental Fig. S10; Supplemental Table
S2). Importantly, the affinity of 12b to the Dcp2 regulatory
domain is about 0.8 mM, more than 10-fold tighter than
any previously tested nucleotides (Floor et al. 2010), which
bind with 10–40 mM affinity.
12b is also recognized by a specific surface on the catalyt-

ic domain of Dcp2 with 0.5 mM affinity (Fig. 5E–H; Sup-
plemental Fig. S8, S11). This is in contrast to all previously
measured nucleotides, including m7GDP, that weakly bind
the catalytic domain with 10–20 mM affinity (Floor et al.
2010), and appear to interact with many different surfaces
of the domain nonspecifically. In the case of 12b the only sig-
nificant chemical shift perturbations to the Dcp2 catalytic
domain occur on clustered residues of adjacent loops (the
120s loop: residues G116, W117, K118, G122, are shifted
and/or broadened and the 190s loop: residue E192 is shifted

FIGURE 4. Single-turnover inhibition kinetics of 12b with SpDcp1/2 and a 29-nt native-capped
RNA substrate. (A) Fits to determine KM

app and kmax at different inhibitor concentrations; KM
app in-

creases by fivefold and kmax decreases by threefold in the presence of 1 mM inhibitor, demonstrat-
ing that 12b is a mixed inhibitor of Dcp1/2 (see Supplemental Table S1). (B) Fits to Equation 1 of
normalized rate data versus inhibitor concentration to determine KI under subsaturating enzyme
concentrations. (C) Bar graph of determined KI values for 12b with Dcp1/2 or Dcp2 and
m7GpppG with Dcp1/2; nucleotide 12b binds with ∼20-fold tighter affinity than m7GpppG.
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and broadened; Fig. 5A), indicating that the compound binds
tightly and specifically to a single surface on the catalytic
domain. Notably, unlike m7GDP, 12b does not significantly
perturb E146, the catalytic glutamate on the Nudix helix
of the catalytic domain of Dcp2 (Fig. 5I). Compound 12a,
a mixture of the D1 and D2 diastereomers of m7GpS
pppSm

7G, is also recognized by the same surfaces of the
Dcp2 regulatory and catalytic domains as the D3 diaster-
eomer 12b (Supplemental Fig. S12, S13), suggesting that
the stereochemistry of the phosphate modifications is not
critical for 12 binding Dcp2.

m7GpSpppSm
7G-capped RNA transcripts

can be decapped by Dcp1/2

To investigate whether there is a correlation between the in-
hibitory properties of compounds 12–15 and their suscepti-
bility to decapping, we synthesized 48-nt RNA transcripts
incorporating these cap analogs at the 5′ end and tested the
ability of Dcp1/2 to hydrolyze the cap-modified transcripts.
Since bacterial or viral RNA polymerases are unable to dis-
criminate between G and m7G for addition to the growing
polynucleotide chain, 30%–50% of the RNAs are capped in
the reverse orientation [i.e., Gpppm7GpNp(Np)n] if unmod-
ified cap structures are used (Contreras et al. 1982). This can
be prevented by replacement of conventional cap analogswith
anti-reverse cap analogs (ARCAs) that contain modifications

at either the 2′- or 3′-positions of m7G preventing them from
being incorporated in the wrong orientation (Stepinski et al.
2001). Because 12–15 are composed of two symmetric m7G
nucleotides, they can be attached to the 5′ end of RNA from
either nucleotide, avoiding the need to incorporate additional
2′ or 3′ modifications. The efficiencies for incorporation of
12–15 into short (48 nt) RNA transcripts by T7 RNA poly-
merase were tested as described before (Ziemniak et al.
2013b), and ranged from 27%–80% for all cap analogs (Sup-
plemental Table S6).
Decapping assays with analog 12–15-capped RNA were

carried out as previously described, using recombinant
S. pombe Dcp1/2 decapping complex (Ziemniak et al.
2013b). Transcripts containing analogs 12–15 at the 5′ termi-
nus were incubated for 15 or 30minwithDcp1/2, then the re-
action was quenched, and capped versus decapped (and
uncapped) transcripts were separated by gel electrophoresis
then quantified by autoradiography. The percentage of
capped RNA is calculated from the ratio of capped RNA to
the total RNA, and decapping is expressed as the decrease in
this percentage (Supplemental Table S6).
All RNA transcripts capped with diastereomers of com-

pound 12were degraded significantly faster than those capped
with an unmodified ARCA analog (Fig. 6). This result was
surprising since our previous studies on sulfur-modified
cap analogs suggested that introduction of two nonbridging
sulfur atoms in the phosphate chain should increase or

FIGURE 5. Interaction of m7GpSpppSm
7G (12b) with the regulatory and catalytic domains of SpDcp2. (A) Structure of the Dcp1/2 complex with

regions strongly perturbed by 12b (PDB 2QKM); Dcp1 is yellow, Dcp2 regulatory domain (1–94) is purple, Dcp2 catalytic domain (95–243) is green
with the catalytic Nudix helix in red. (B) Regulatory domain of Dcp2 colored by chemical shift perturbation upon addition of 2 mM 12b; aligned as in
A. (C,D) Overlay of 15N-HSQC spectra for residue W43 (C) or D47 (D) during titration of 12b from 0 mM (red) to 2 mM (purple). (E) Catalytic
domain of Dcp2 colored by chemical shift perturbation upon addition of 12b, resonances that undergo significant broadening (e.g., G122 as in G) are
colored blue; aligned as inA. (F–I) Overlay of 15N-HSQC spectra for residue G116 (F), G122 (G), E192 (H), or E146 (I), during titration of 12b from 0
mM (red) to 2 mM (purple). NMR spectra for residues W117 and K118 are shown in Supplemental Figure S8.
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have a neutral effect on cap analog stability (Grudzien-
Nogalska et al. 2007). Cap analog 13, which introduces a
methylene bridge into the O-to-S modified two-headed cap,
is cleaved from RNA at a rate similar to the unmodified
m2

7,3′-OGpppG. RNA capped with boranophosphate cap ana-
logs with (15) and without (14) a bridging methylene substi-
tution is cleaved at rates slower than unmodified ARCA. In
particular, the D3 diastereomers 14c and 15c are strongly re-
sistant to cleavage by Dcp1/2. The exception to this trend is
14b, a diastereomer of the boranophosphate-substituted
two-headed cap analog, which is cleaved much faster than
the other diastereomers of 14 orunmodified cap, similar to 12.

Modified cap analogs 12–13 incorporated at the 5′ end of
RNA transcripts, like the free dinucleotide 12b (see above and
Supplemental Fig. S7), are recognized as good substrates by
Dcp1/2 and hydrolyzed, whereas boranophosphate analogs
14–15, with the exception of 14b, are partially resistant to

cleavage. These results indicate a lack of
correlation between inhibitory properties
of free cap analogs 12–15 and their sus-
ceptibility to decapping upon incorpora-
tion into RNA.

DISCUSSION

The decapping enzyme Dcp2 recognizes
and cleaves the m7G cap at the 5′ end of
mRNA, committing the transcript to
degradation. Dcp2-mediated catalysis is
a crucial step in many different 5′-to-3′

RNA decay pathways that control gene
expression and transcript quality control
in the cell. Despite several available crys-
tal structures of Dcp2, and extensive
biochemical and biophysical characteri-
zation, we still do not have a clear struc-
tural picture of how the enzyme binds
and hydrolyzes substrate. This may in
large part be due to the fact that Dcp2
weakly binds native cap structures
(m7GpppN) with onlymM affinity, mak-
ing structural characterization of the
Dcp2-cap interaction difficult. Here we
have identified a chemically modified
cap analog, m7GpSpppSm

7G (12b),
from a library of synthetic nucleotides
that binds and inhibits Dcp2 ∼20-fold
more strongly than native cap structures
or any previously tested cap analogs.
Our data suggest that 12b competes for
the active site of Dcp2 and may act as a
tightly bound mimic of the 5′ cap, paving
the way for future structural studies and
the development of potent, selective in-
hibitors of Dcp2.

Observations made during our initial screening of the syn-
thetic nucleotide library for Dcp2 inhibition are consistent
with earlier reports concerning the influences of structural al-
terations of nucleotide phosphate chains on cap–protein in-
teractions (Kowalska et al. 2008, 2014; Rydzik et al. 2012).We
find that the introduction of charge-retaining nonbridging
modifications (S−, BH3

−) into cap analogs seemed to generally
have higher impact on Dcp2 decapping activity than the
bridging (CH2 and NH) modifications. The more pro-
nounced effect of nonbridging modifications in the phos-
phate chain on cap analog binding and inhibition of Dcp2
is also in line with detailed studies of other Nudix hydrolases,
which have shown that nonbridging oxygen atoms in the
phosphate chain often make important contacts with enzyme
residues or metal ions (Mildvan et al. 2005).
NMR titrations of 12b with the isolated regulatory and cat-

alytic domains of Dcp2 showed that the modified cap analog

FIGURE 6. (A) In vitro Dcp2-mediated hydrolysis of oligonucleotides capped by a standard
ARCA cap (m2

7,3′-OGpppG) and analogs 12–15. After treatment with SpDcp1/2 for the indicated
times, samples were loaded on a 16% RNA sequencing gel. Upper band represents capped tran-
scripts whereas lower band represents a mixture of decapped and uncapped transcripts. (B)
Susceptibility of cap analogs 12–15 to Dcp2-mediated degradation, compared to both a standard
ARCA analog (m2

7,3′-OGpppG) and a Dcp2-resistant analog (m2
7,2′-OGppCH2pG). 12b is rapidly

hydrolyzed by Dcp2 when attached to 5′ mRNA terminus.
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binds tightly to specific surfaces on each domain (Fig. 5). On
the regulatory domain of Dcp2, 12b significantly perturbs
residues on the 31–52 helix, particularly the catalytically im-
portant residues W43 and D47, similar to m7GDP (a product
of mRNA decapping) or other native cap structures, but with
∼20-fold tighter affinity. On the catalytic domain of Dcp2,
12b selectively perturbs residues on the 120s and 190s loop,
in contrast to m7GDP and ATP, which are bound much
more weakly and appear to nonspecifically perturb many dif-
ferent surfaces of the catalytic domain at high concentrations.
The importance of the 120s loop for catalysis has not been
previously tested, however residues in this loop are perturbed
by addition of RNA in NMR experiments (Deshmukh et al.
2008) and lie at the terminus of the predicted RNA binding
channel on the catalytic domain of Dcp2, suggesting the
120s loop may play a role in binding nucleotides at the 5′

end of the RNA body. In the ATP-bound crystal structure
of Dcp1/2 (She et al. 2008) the 120s loop forms part of the
pocket occupied by ATP, suggesting that ATP may be mim-
icking a 5′ nucleotide of RNA and that one of the m7G moi-
eties in 12b may do the same (Fig. 7; She et al. 2006).
On the 190s loop, E192, whose resonance is shifted and

broadened upon addition of 12b to Dcp2, is a catalytically
important residue that coordinates Mg2+ metal in the Dcp2
active site and has been shown to undergo pH-dependent
motions that are likely coupled to the catalytic cycle
(Aglietti et al. 2013). The detected perturbations of E192 can-
not be the result of 12b interfering with metal binding in the
active site however, since the NMR titrations are carried out
with an excess of Mg2+ (5 mM, 20-fold excess over 12b) and
the cap analog was co-titrated along with two equivalents of
Mg2+. Additionally, NMR titrations adding only Mg2+ to the

Dcp2 catalytic domain resulted in little to no visible chemical
shift changes (data not shown). These data suggest that the
dynamic, active site residue E192 is involved in binding of
12b. Alternatively, the chemical shift changes could result
from a ligand induced conformational change near E192.
Finally, E146, a catalytic glutamate on the Nudix helix in-
volved in metal binding and catalysis that is significantly per-
turbed upon m7GDP addition (Floor et al. 2010), was not
perturbed by 12b. One might interpret the lack of perturba-
tions on the catalytic helix of Dcp2 as evidence that 12b binds
to the active site of Dcp2 in a different, and catalytically in-
competent mode than product m7GDP, however because
12b can be hydrolyzed by Dcp2 at high enzyme concentra-
tions (Supplemental Fig. S7) and RNA transcripts capped
with 12b undergo rapid decapping (Fig. 6), it is clear that
the bound 12b can indeed access catalytically relevant confor-
mations in solution.
Nucleotide analog 12b appears to act as a more tightly

bound mimic of 5′ m7G cap based on the following observa-
tions: (i) single-turnover kinetic assays show 12b reversibly
inhibits Dcp2 and competes with substrate binding to the ac-
tive site, with a KI ∼20-fold tighter than m7GpppG, (ii) NMR
titrations show that 12b binds tightly to specific surfaces of
both the regulatory and catalytic domains of Dcp2 that are
important for RNA binding and catalysis, and (iii) 12b is hy-
drolyzed by Dcp2 when bound as either the dinucleotide, or
when incorporated at the 5′ end of RNA, demonstrating it is a
viable substrate of the decapping enzyme that can bind the
active site in a catalytically competent conformation. Dcp2
can adopt different conformations in solution (Fig. 7), and
our combined data are consistent with a closed structure of
the enzyme in which 12b contacts both domains of Dcp2.

This might occur by one of the m7Gmoi-
eties of 12b binding in the ATP binding
site of the closed conformation of
Dcp2, similar to the structure observed
in PDB 2QKM (Fig. 7B), and the other
m7G group extending back toward the
31–52 helix. However, we have previous-
ly shown that this conformation of Dcp2
is incompatible with catalysis (Floor
et al. 2010) and thus favor a model of
12b binding in which one of the m7G
moieties of 12b binds in a similar posi-
tion on the catalytic domain of Dcp2 as
ATP in Figure 7C, mimicking the 5′ nu-
cleotide of RNA, and the other m7G
group of 12b contacting the 31–52 helix
of the regulatory domain in a different,
closed conformation in which the reg-
ulatory domain positions W43 and the
m7G cap closer to the catalytic helix of
Dcp2. We favor the latter interpretation
because our data show that 12b can
bind to Dcp2 in a catalytically competent

FIGURE 7. Analysis of 12b binding to the open and closed structures of Dcp1/2. Chemical shift
perturbations (coloring as in Fig. 5B,E) of 12b binding to the isolated regulatory and catalytic do-
mains of Dcp2 were mapped onto the structures of the open (A; PDB 2A6T) and closed, ATP-
bound (B,C; PDB 2QKM) conformations of Dcp1/2. ATP is shown in red. Based on the location
of observed chemical shift perturbations, it may be the case that one of the m7G moieties of 12b
mimics cap and perturbs the 31–52 helix of the regulatory domain, which is known to be critical
for cap binding and catalysis, while the other m7Gmoiety of 12b may bind the catalytic domain in
a similar location as ATP in the closed conformation of Dcp1/2 (B,C), mimicking the 5′-most
nucleotide of RNA.
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conformation both as the free nucleotide and when incorpo-
rated on the 5′ end of RNA; hydrolysis of 12b is inconsistent
with the nucleotide analog binding Dcp2 in a closed confor-
mation as depicted in Figure 7B, because the catalytic helix is
positioned very far from the phosphate chain. Future struc-
tural studies will be aimed at using 12b as a tightly bound
cap mimic to understand substrate recognition and catalysis
by Dcp2.

Since analogs of all cap analogs, including m7Gppppm7G,
could potentially interfere with translational machinery and
DcpS-associated processes, their use for in vivo decapping
studies may be limited (Ziemniak et al. 2015). Another obsta-
cle to in vivo experiments is delivery of nucleotide analogs to
the cytoplasm. Due to their negative charge, cap analogs are
incapable of being transported across the cell membrane.
However, some recent reports suggest that artificial delivery
systems could overcome this encumbrance (Brudno et al.
2014; Howard et al. 2014; Zochowska et al. 2015). In spite
of these difficulties the compounds described here can be
further applied to biophysical and biochemical studies on
Dcp1/2 and larger protein assemblies including coactivators
of decapping. Ongoing structural studies involving X-ray
crystallography are expected to unravel the detailed mecha-
nism of binding, allowing the design of more efficient inhib-
itors of Dcp2. The structures of identified inhibitors may also
serve as a starting point for the design of molecular probes to
test Dcp2 binding or activity in high throughput format.
Interestingly, recent studies have implicated Dcp2 in some
diseases related to SMN assembly (Shukla and Parker 2014)
and interferon response (Li et al. 2012). These findings sug-
gest that small molecules targeting Dcp2may also be interest-
ing from a pharmacological point of view, and biophysical
and biochemical insight into Dcp2 structure and function
gained from studies using the tightly bound cap analogs de-
scribed here may be important for the development of ther-
apeutically relevant Dcp2 inhibitors.

MATERIALS AND METHODS

Compound library

mRNAcap analogs used forDcp2 screening (Fig. 1) were synthesized
as previously described: compound 2 (Kalek et al. 2005), compound
3 (Rydzik et al. 2012), compounds 4a, 4b (Strenkowska et al. 2012),
compound 5 (Baranowski et al. 2015), compounds 9–11, 12–15
(Ziemniak et al. 2015), compounds 1, 6, 16, 17 (Jemielity et al. 2003).

Compounds 7 and 8 were prepared using the same methods as
described in Strenkowska et al. (2012). The structure and purity
for all compounds was confirmed by RP HPLC analysis, HRMS,
and NMR before biological experiments. ATP and GTP were pur-
chased from Sigma-Aldrich.

In vitro synthesis of RNA transcripts

Capped RNA transcripts were synthesized by in vitro transcription
of plasmid pluc-A60 digested with NcoI, which yielded a capped

RNA corresponding to the first 48 nt of firefly luciferase mRNA.
All ribonucleotides were obtained in the presence of given cap ana-
logs and 10 μCi/µL [α-32P] GTP (PerkinElmer) as described previ-
ously (Su et al. 2011). Reaction mixtures were extracted with phenol
and chloroform; RNAs were separated from small-molecule impu-
rities with NucAway spin columns (Ambion). The concentrations of
RNAs were determined via measuring Cerenkov radiation in a scin-
tillation counter (Beckman).

Dcp1/2 inhibitor screen

SpDcp1/2 was expressed and purified as described previously (Floor
et al. 2010). Capped 32P-labeled 48-nt oligonucleotides were sub-
jected to digestion with GST-SpDcp1/2 at 37°C for 30 min in a buff-
er composed of 50 mM Tris–HCl (pH 8 at 25°C), 50 mM NH4Cl,
0.01% NP-40, 1 mM DTT, and 5 mM MgCl2. In each case 200
μM of the synthetic nucleotide to be tested was added to the
reaction. Reactions were quenched by adding two volumes of
Precipitation/Inactivation Buffer III (Ambion). RNAs were precipi-
tated at −20°C overnight, collected by centrifugation at 13,000g at
4°C for 20 min, purified by washing in 70% ethanol and collected
again by centrifugation at 9000g at 4°C for 5 min. The quantity of
RNA in the precipitated samples was determined via measurement
of Cerenkov radiation in a scintillation counter (Beckman). The
samples were resuspended in Sequencing Gel Loading Buffer
(Ambion) and denatured at 95°C for 5 min. RNA sequencing gels
(10% polyacrylamide) were run at 45–70 W for 3.5 h on a Base
Runner Nucleic Acid Sequencer apparatus (International Biotech-
nologies). Gels were fixed in 5% acetic acid, 5% methanol for
10–15 min, dried onto Whatman 3MM filter paper (Fisher Scien-
tific). Radioactivity in individual bands was quantified by analyzing
scanned film using Quantity One program (Bio-Rad). Percentage of
inhibition was defined as follows:

%inhibition =
RNAdeg − RNAdeg+Inh

RNAdeg
× 100%, (2)

where RNAdeg indicates the fraction of decapped RNA in a given
time point without inhibitor, and RNAdeg+Inh indicates the fraction
of decapped RNA in a given time point when an inhibitor is present.
Student’s t-tests to compare inhibitory potential of cap analogs were
calculated in SigmaPlot 11.0 software (Systat Software Inc.).

Single-turnover kinetic inhibition assays

General procedure. Single-turnover decapping assays were carried
out as previously described (Deshmukh et al. 2008). SpDcp1/
21-243 or SpDcp21-243 and inhibitor were combined at 3× concentra-
tion in the decapping reaction buffer (50 mM Tris–Cl [pH 8 at
25°C], 50 mM NH4Cl, 0.01% NP-40, 1 mM DTT, and 5 mM
MgCl2). Thedecapping reactionwas initiatedby adding 30µL capped
32P-labeled 29 nt RNA substrate at 1.5× concentration in decapping
reaction buffer to 60 µL 3× protein + inhibitor at 4°C. Final protein
concentrations ranged from 0.8–25 μM; final inhibitor concentra-
tions ranged from 0.03–1 mM; final RNA concentration was <100
pM. Time points were quenched by addition of excess EDTA, RNA
was separated from m7GDP product by thin layer chromatography,
and the fractionof capped versus decapped transcriptswasquantified
using a GE Typhoon scanner and ImageQuant as previously de-
scribed (Deshmukh et al. 2008). Plots of fraction m7GDP product
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versus timewere fit to a first order exponential to extract kobs; plots of
kobs versus enzyme concentration were fit to the Michaelis–Menten
equation: kobs = kmax[E]/KM + [E], to extract kmax and KM.
Measuring kinetic constants with inhibitor 12b. KM

app and kmax were
first measured for SpDcp1/2 and SpDcp2 in the presence of different
concentrations of 12b, in order to determine the type of inhibition.
Two different preparations of 29-nt RNA (denoted a and b) were
used during these experiments, and these differed somewhat in their
kinetic constants with Dcp1/2 and Dcp2 (For Dcp1/2, Fig. 4A;
Supplemental Table S3 are preparation a; Supplemental Fig. S3;
Supplemental Table S4 are preparation b). Importantly, both 29-
nt RNA preparations showed the same trends in kinetic constants
with added 12b, and gave the same KI for 12b (see above). For
both SpDcp1/2 and SpDcp2, KM

app increases and kmax decreases in
the presence of nucleotide analog 12b, identifying the compound
as a mixed inhibitor of Dcp2 decapping.

15N-HSQC NMR titration experiments

The regulatory (1–94) and catalytic (95–243) domains of SpDcp2
were purified as described previously (Floor et al. 2010). NMR
experiments were carried out in 150 mM NaCl, 2 mM MgCl2,
5 mM DTT, and 50 mM HEPES (pH 7.0) at 25°C. Titrations on
the regulatory domain were performed at 250 μM protein in a vol-
ume of 500 μL by addition of increasing amounts of nucleotide an-
alogs and the simultaneous addition of two equivalents of
magnesium chloride. Titrations on the catalytic domain were iden-
tical except that 360 μM protein was used. All titration experiments
were conducted on a Bruker Avance 800 MHz spectrometer outfit-
ted with a cryogenic probe. The NMR data were processed using
NMRPipe software package and visualized using Sparky (version
3.114). Composite chemical shift perturbations were calculated ac-
cording to the equation:

dobs =
��������������������������������������������������������
(dHapo− dHbound)2 + dNapo− dNbound

5

( )2

.

√
(3)

Chemical shift perturbations were fit to a quadratic two-state bind-
ing model to extract Kdusing SigmaPlot 11.0 software (Systat
Software Inc.):

dobs = dmax
(KD + [L]0 + [P]0) −

������������������������������������
(KD + [L]0 + [P]0)2 − (4[P]0[L]0)

√
2[P]0

(4)
where [L]0 is a ligand concentration, [P]0 is a protein concentration, and
δmax is the maximal perturbation of the chemical shift.

In vitro synthesis of capped transcripts

Capped RNA transcripts containing modified cap analogs were syn-
thesized by in vitro transcription of plasmid pluc-A60 digested with
NcoI using T7 RNA polymerase, which yielded a capped RNA cor-
responding to the first 48-nt of firefly luciferase mRNA. All tran-
scripts were obtained in the presence of given cap analogs and
10 µCi/µL [α-32P] GTP (PerkinElmer) as described previously
(Su et al. 2011). Reaction mixtures were extracted with phenol
and chloroform; RNAs were separated from small-molecule impu-
rities with NucAway spin columns (Ambion). The concentrations of

RNAs were determined via measuring Cerenkov radiation in a scin-
tillation counter (Beckman).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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