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Summary
Removal of the 5′ cap structure by Dcp2 is a major step in several 5′–3′ mRNA decay pathways.
The activity of Dcp2 is enhanced by Dcp1 and bound coactivators, yet the details of how these
interactions are linked to chemistry are poorly understood. Here we report three crystal structures
of the catalytic Nudix hydrolase domain of Dcp2 that demonstrate binding of a catalytically
essential metal ion, and enzyme kinetics are used to identify several key active site residues
involved in acid/base chemistry of decapping. Using NMR and molecular dynamics, we find that a
conserved metal binding loop on the catalytic domain undergoes conformational changes during
the catalytic cycle. These findings describe key events during the chemical step of decapping,
suggest local active site conformational changes are important for activity, and provide a
framework to explain stimulation of catalysis by the regulatory domain of Dcp2 and associated
coactivators.

Introduction
Eukaryotic mRNAs contain a 7-methylguanosine cap at the 5′ end that promotes different
steps in the mRNA lifecycle, including splicing, export, translation and decay (Moore,
2005). Removal of this 5′-cap is the committed step in 5′-to-3′ mRNA decay, resulting in
exposure of the 5′ terminal phosphate on an RNA that is recognized and degraded by a
conserved 5′–3′ exonuclease (Stevens and Maupin, 1987). Decapping is carried out by
several enzymes (Chang et al., 2012; Ghosh et al., 2004; Jiao et al., 2010; Liu et al., 2002;
Song et al., 2010; Wang and Kiledjian, 2001), including the Nudix hydrolase Dcp2 and its
obligate in vivo activator Dcp1. Dcp2 activity is involved in bulk mRNA decay (Beelman et
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al., 1996; Dunckley and Parker, 1999; Wang et al., 2002) as well as multiple specific
pathways including nonsense mediated decay (Amrani et al., 2004; Isken and Maquat,
2007), miRNA-induced decay (Behm-Ansmant et al., 2006; Chen et al., 2009; Eulalio et al.,
2007), AU-rich element-mediated decay (Chen et al., 1995; Fenger-Gron et al., 2005), and
3′-uridylation (Heo et al., 2009; Rissland and Norbury, 2009; Shen and Goodman, 2004;
Song and Kiledjian, 2007). Dcp2 is at the core of a large network of protein-protein
interactions involving multiple decapping factors that can act in either a generic or pathway
specific manner (e.g. Edc 1–3, Upf1, Lsm 1–7, Pat1, Dhh1) (Arribas-Layton et al., 2012).
These decapping complexes have been implicated in many cellular processes including
stress response (Hilgers et al., 2006), development (Schier, 2007), transcription (Brannan et
al., 2012), translation (Hu et al., 2009), immune response (Li et al., 2012), differentiation
(Sweet et al., 2012), and transcript quality control (Lykke-Andersen, 2002).

Dcp2 has two conserved domains that exist as a bilobed structure which is thought to
undergo an open to closed transition to form a composite active site upon activation of the
enzyme (Floor et al., 2012; Floor et al., 2010; She et al., 2006; She et al., 2008). The
decapping activity of Dcp2 is located in its catalytic Nudix domain, which is functionally
active in vitro, although addition of the N-terminal regulatory domain of Dcp2 enhances
decapping activity dramatically, in part by binding the essential activator Dcp1 (Deshmukh
et al., 2008; She et al., 2006; She et al., 2008). Coactivators of decapping Edc1 and Edc2 can
enhance Dcp2 activity in vitro by binding to Dcp1, possibly promoting the closed active
form of Dcp2 within the decapping holoenzyme (Borja et al., 2011; Floor et al., 2012).
Other Dcp1 interaction partners such as Xrn1 (Braun et al., 2012) and PNRC2 (Lai et al.,
2012) may activate decapping in a similar manner. In addition, Dcp2 binding partners can
also enhance decapping (Fromm et al., 2012; Harigaya et al., 2010). However, the
mechanistic details about how coactivators can accelerate decapping by coupling
conformational changes to the chemical step remains unclear.

Some clues about the chemical mechanism of Dcp2 can be taken from studies of related
Nudix enzymes (Mildvan et al., 2005). Nudix enzymes catalyze hydrolysis of a nucleoside
diphosphate from another chemical group and contain the catalytic Nudix motif
GX5EX7REUXEEXGU, where X is any residue and U is a bulky hydrophobic residue
(Mildvan et al., 2005). This motif folds into a characteristic loop-helix-loop structure that
forms the active site. Hydrolysis typically occurs by nucleophilic substitution at the substrate
phosphorus and requires a variable number of divalent cations. Several conserved
glutamates within the Nudix motif coordinate metal, and one usually serves as a general
base in the catalytic cycle, though the identity and location of the general base varies
between family members. A general acid near the active site often enhances catalysis by
stabilizing departure of the leaving group. Additional insertions or domains outside the
canonical Nudix hydrolase fold can make specific contacts with the substrate and position it
for catalysis (Gabelli et al., 2002). However, due to the large variation in substrates for this
family of enzymes, these features are tailored to each family member to provide specificity
in substrate recognition, and the potential for regulation by protein interactions in the case of
Dcp2.

Cap hydrolysis by Dcp2 results in formation of an m7GDP product and 5′ monophosphate
RNA body. Four conserved glutamates are crucial for decapping activity both in vivo and in
vitro (Deshmukh et al., 2008; Dunckley and Parker, 1999; She et al., 2006). Three of these
glutamates are located on the Nudix helix (S. cerevisiae E149, E152, and E153), while a
fourth (E198) is located on a loop near the active site that changes conformation in the open,
unliganded and closed, liganded Dcp1/Dcp2 co-crystal structure containing an ATP
crystallization additive (She et al., 2006). The latter finding echoes observations made for
other Nudix enzymes that conformational rearrangements of metal binding loops or the
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general base can be coupled to substrate binding (Gabelli et al., 2002). However, it is
unknown how these residues contribute to cap hydrolysis by Dcp2.

Here, we provide insight into the catalytic cycle of Dcp2 by integrating data from X-ray
crystallography, pH-dependent enzyme kinetics and NMR spectroscopy, and molecular
dynamics simulations. The crystal structure of the catalytic domain of S. cerevisiae Dcp2
with bound Mg2+, along with structures of two mutants, implicate distinct glutamate
residues in metal binding and general base activity, including a glutamate located on a loop
near the active site. Kinetic studies are employed to determine which glutamate is the
general base and further identify a cationic general acid important for substrate positioning
and leaving-group stabilization. Methyl-NMR spectroscopy and molecular dynamics
simulations suggest that in a loop containing the fourth essential glutamate changes
conformation depending on protonation of the general base. These findings provide roles for
conserved catalytic residues of the Nudix domain of Dcp2, document how a local
conformational change in a metal binding loop is coupled to protonation of the general base,
and suggest a mechanism of how protein interactions with Dcp2 could be linked to efficient
decapping chemistry.

Results
Essential metal binding site of Dcp2 revealed by X-ray crystallography

To determine which residues in the active site of Dcp2 are involved in metal binding and
acid/base chemistry, we determined crystal structures of the wild-type, and E198Q and
E153Q catalytic glutamate mutants of the Dcp2 Nudix domain (S. cerevisiae 100–245).
These structures were solved to 2.1, 1.8 and 1.7 Å, respectively (Table 1 and Fig. 1). For the
wild-type Nudix domain, there is one molecule of Dcp2 in the asymmetric unit, which has
an overall conformation very similar to the previously reported structure (She et al., 2006;
She et al., 2008). Density for an octahedrally coordinated metal ion was clearly visible in the
wild-type structure (Fig 1B). Since the crystallization buffer contained magnesium formate
as the sole source of divalent metal and Dcp2 is known to be a Mg-dependent enzyme
(Steiger et al., 2003), we conclude the metal ion bound to Dcp2 is magnesium. Three
conserved glutamates coordinate the magnesium ion through a water mediated contact
(E152, E153, and E198), while a fourth (E149) directly contacts the metal, implying E149
plays a crucial role in metal binding (Figs. 1A,B).

In contrast to the structure of wild-type Nudix domain, the E198Q mutant lacked clear
density for a metal ion in the active site and failed to crystallize in the presence of any
divalent cation (Fig. 1C). The final structure has two molecules of Dcp2 in the asymmetric
unit that differ in the position of loops near the catalytic Nudix helix, including a loop
harboring E198Q (Fig. S1A,C; henceforth known as the 190’s loop). The overall structures
of both E198Q chains superimpose to an average all-atom 0.374 Å root-mean-square
deviation (RMSD) as compared to the wild-type structure. The E198Q 190’s loops in
isolation have an elevated average all-atom root-mean-square deviation of 0.519 Å as
compared to the wild-type 190’s loop, and importantly, this change in conformation is not
mediated by crystal contacts. These observations suggest that E198 is important for metal
binding and that the conformation of the 190’s loop is altered in the absence of metal.

In contrast, the crystal structure of the E153Q mutant of Dcp2 had 3 molecules in the
asymmetric unit, which superimpose to an average all-atom 0.253 Å RMSD as compared to
the wild-type structure (Fig. S1B,D). Interestingly, there is clear electron density for an
octahedrally coordinated Mg2+ in the E153Q structure, similar to wild-type (Fig. 1D),
suggesting E153 is not necessary for metal binding and may instead serve as the general
base in the decapping reaction.
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Discovery of the catalytic general base and general acid of Dcp2
To determine the function of residues known to be essential to catalysis by Dcp2, we
performed kinetic studies for wild-type and mutant Dcp1/Dcp2 complexes as a function of
pH. This approach has been used to identify and determine the pKa of both the general acid
and general base in the related Nudix enzyme MutT (Harris et al., 2000; Waley, 1975).
Single-turnover experiments were performed under kmax conditions ([E] ≫ KM) to monitor
the effect of pH on all steps that occur after substrate binding but before product release.
Because product release is fast, kmax corresponds to kcat measured under multiple-turnover
conditions (Deshmukh et al., 2008). As expected, decapping activity is dramatically affected
by pH (Fig. 2A). Between pH 5.5 and 7.5, log(kmax) increases linearly by approximately two
log-units (Fig. 2B), with a maximum occurring between pH 7.5 and 8.0. This is typical
behavior for an enzyme utilizing a general base, which should have a near-neutral pKa in
order to efficiently abstract a proton from water during catalysis. The decrease in decapping
rates between pH 8.0–9.5 indicates the presence of a general acid: a positively charged
residue that is deprotonated at high pH and unable to stabilize the negatively charged
leaving group, resulting in decreased decapping activity. Fitting the log(kmax)-versus-pH
dependence of wild type Dcp2 yields a general base pKa of 7.7 ± 0.5 and a general acid pKa
of 8.1 ± 0.7, in good agreement with other Nudix enzymes (Harris et al., 2000).

Our wild-type and mutant Dcp2 crystal structures led us to hypothesize that E153 serves as a
general base in the decapping reaction, and so we first examined the pH dependence of kmax
for the E153Q mutant (Fig. 2B). Not surprisingly, E153Q was severely catalytically
compromised, with a reduction in kmax of approximately three log-units at pH 7.5 compared
to wild-type. Notably, E153Q exhibited multiple products (Fig. 3A–C). Incubation of
E153Q decapping reaction products with Nucleoside Diphosphate Kinase (NDPK) identified
the major product as m7GTP (as compared to the wild-type product m7GDP) and the two
other products as m7GDP and m7GMP (Fig. S2). Such loss of specificity of the cleavage
site is consistent with a severe positioning defect of either the substrate or the attacking
nucleophile. Because each product formed at the same rate and the endpoint ratios did not
vary with pH or enzyme concentration, data were analyzed for total product formed over
time (Table S1, S2; see Methods and Discussion). The E153Q mutant displayed a linear
dependence on pH over the range studied (pH 7–9.5). Decapping data for E153Q at pH
values lower than pH 7.0 were not consistent, most likely due to enzyme instability over the
longer time courses needed for the slower reaction. However, the linear behavior observed
from pH 7 to 9.5 for E153Q is consistent with E153 functioning as the general base. A
similar analysis was performed for the E198Q mutant, which also gave rise to multiple
products, consistent with its altered metal binding properties (Fig S2). However, decapping
rates were extremely variable, likely due to protein instability under the assay conditions
used.

Additionally, we sought to use this same approach to identify the general acid of the Dcp2
chemical step. K135 of S. cerevisiae Dcp2 is conserved, and is important for decapping in
yeast and in vitro, but its role in catalysis is unclear (Deshmukh et al., 2008; She et al.,
2008). Therefore, we suspected it might function as a catalytic general acid. To definitively
identity the general acid, we reasoned that mutating this residue should abolish the
descending limb of the kmax vs pH plot at the higher pHs. To this end, we examined the pH
dependence of kmax for the K135A mutant, which was previously shown to reduce catalysis
by 300-fold in vitro (Fig. 2B) (Deshmukh et al., 2008). The K135A mutant also displayed
multiple products, and was analyzed as total product formed (Fig. 3C–E; Tables S1, S2)
(Deshmukh et al., 2008). The K135A mutation abolished the descending limb of the
log(kmax) versus pH profile, indicating it plays the role of general acid, likely by stabilizing
the departure of the 5′ monophosphate RNA leaving group as suggested previously
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(Deshmukh et al,. 2008). The formation of multiple products by the K135A variant suggest
K135 may also play a role in positioning substrate relative to the attacking water and general
base within the active site of Dcp2.

Measurement of catalytic glutamate pKa values by NMR spectroscopy
To directly monitor the electrostatic environment in the active site of Dcp2 during a pH
titration, we turned to NMR spectroscopy. NMR allows pKa measurements to be determined
with site-specific resolution (Markley, 1975; Oda et al., 1994; Zhang and Vogel, 1993).
Typically, side chain chemical shifts of acidic or basic amino acids are monitored as a
function of pH but indirect methods such as monitoring the effect of backbone amide
chemical shifts are also employed. We used methyl group 13C NMR spectroscopy to
indirectly detect titration of protonatable groups in Dcp2, since these probes allow for
sensitive and robust detection of NMR signals in proteins at low concentration, and relevant
regions of Dcp2 are unresolved by backbone nitrogen HSQC experiments (data not shown;
Floor et al 2010). We reasoned that during a pH titration, methyl groups near the general
base should exhibit a change in chemical shift due to changes in the protonation state of the
general base. In Dcp2, Ile, Leu and Val (ILV) residues are well distributed near the active
site, enabling indirect monitoring of the chemical environment using 13C methyl NMR
spectroscopy (Fig. 4A). We focused on the catalytic Nudix domain of Dcp2 to observe
chemical shift changes due to protonation events only and eliminate confounding effects of
large scale domain reorientation in solution (Floor et al., 2012). At neutral pH, the Dcp2
Nudix domain 13C-ILV HSQC spectrum is well-resolved with homogenous peak intensity
(Fig. S3A) with the exception of I199, which is addressed below. Multiple peaks show
chemical shift changes as a function of pH, including those corresponding to residues V121,
I136, V195, and I199 (Fig. 4B). That only a small set of residues are perturbed over five pH
units indicates the fold of the enzyme is relatively insensitive to pH. To determine the
apparent pKa (pKaapp) of the environment surrounding I199 and V121 as representative
residues near the active site, the total chemical shift change was plotted as a function of pH
and fitted to a sigmoidal function, yielding pKaapp values of 7.3 ± 0.02 and 7.2 ± 0.02
respectively (Fig. 4C). Given the only histidine on this domain is approximately 30 Å from
these residues in our wild-type crystal structure and the titration was qualitatively similar in
the presence of excess magnesium (data not shown), these data suggest that the titratable
group belongs to the catalytic general base.

To determine which residues are responsible for the observed chemical shift changes, we
systematically mutated the Nudix motif glutamates 149, 152, 153 and 198 of Dcp2 to
glutamine and repeated the pH titration. Mutation of E149Q had little effect on pH-sensitive
chemical shift changes, with the exception of abrogating the perturbation at I136 (data not
shown). Interestingly, despite its proximity to I199 and conservation across species (Fig.
S3B), mutation at E198 had little effect besides marginal reduction of the magnitude of
chemical shift change (Fig 4D, ~3ppm to ~2ppm in 13C). Mutation of either glutamate 152
or 153 to glutamine strongly attenuated all observed pH-dependent chemical shift changes
(Fig. 4E; data not shown for E152). Since either E149 or E198 mutation have little effect,
and E152 is not required for decapping by Dcp2 in vivo (Dunckley and Parker, 1999), we
conclude that E153 is the general base, as predicted by our kinetic data.

General base protonation remodels a conserved metal binding loop
The pH dependent chemical shift changes in the 13C HSQC depend on the general base
(E153) and are consistent with rapid exchange between protonated and deprotonated forms
of this residue (Fig. 4). One residue (I199) has a large normalized chemical shift change of
around 1.5 ppm (~3ppm in 13C; Fig. 4B), which is consistent with a conformational change
in the 190’s loop. Another significantly perturbed residue (V121) is in the beta core of the
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protein and close to E153. Linewidth changes result from fluctuations in the magnetic
environment that occur on the chemical shift timescale (ms-μsec). The only residue with
significant pH dependent linewidth changes is I199 (Fig. 5). Collinear chemical shift
changes of I199 suggest protonation of E153 by lowering the pH or by removing a titratable
group by conservative mutation to glutamine could bias the conformation of the 190s loop
into one state (Fig. S4). This suggests the dynamics of the 190s loop is coupled to
protonation of E153, although we can not exclude the possibility that the linewidth effects
are due to structural dynamics of nearby residues that are not detected in our ILV labeling
scheme. Accordingly, the pH dependent spectral changes could be due to change in
electrostatic environment from protonation of E153, a coupled conformational transition or a
combination of both effects.

To explore the structural consequences of protonation of E153 we performed a series of
molecular dynamics simulations of the catalytic domain of Dcp2 from both S. cerevisiae and
S. pombe. We simulated wild-type Dcp2 with E153 (S. pombe E147) deprotonated to
emulate high pH, E153 with one of the terminal oxygens protonated to emulate low pH, and
E153 mutated to glutamine (for S. pombe only). The starting structure for the S. cerevisiae
simulations was the NMR structure of Dcp2 100–245 (PDB 2JVB), which partially unfolded
during the simulations; we focused instead on the results from S. pombe (started from the
crystal structure PDB 2A6T), which were qualitatively similar (Fig. S5A,B). Residue
numbers for the remainder of this section therefore refer to S. pombe. When E147 (S.
cerevisiae E153) was protonated or mutated to glutamine we observed increased association
of the 190’s loop with a beta strand adjacent to the catalytic Nudix helix (Fig. 6).
Specifically, snapshots from the simulations show that I193 and V114 (S. cerevisiae I198
and V121) pack close together when E147 is protonated or mutated (Fig. 6A). Meanwhile,
I193 had a higher chance of being exposed when E147 was charged (Fig. 6B). The
simulations suggest that uncharged E147 hydrogen bonds with the backbone amide of K127,
while charged E147 can alternatively interact with cationic residues in the 190’s loop,
leading to a conformational change in the 190’s loop.

To quantitatively assess the effect of protonation of E147 on the conformation of the 190’s
loop, the distance between the terminal methyl groups of V114 and I193 was measured for
each of three states: E147 protonated (Fig. 6C), E147Q (Fig. 6D), and E147 charged (Fig.
6E). These two residues were selected as they exhibit large chemical shift changes across
NMR pH titrations (Fig. 4A; V121 and I199). For both E147 protonated and E147Q, the
distance histogram shows a single peak corresponding to close packing of V114 and I193
for most of the simulation, with few snapshots exhibiting longer distances (Figs. 6C,D). In
contrast, when E147 is negatively charged, a second peak emerges in the distance histogram
corresponding to a second conformation of the 190’s loop with greater separation of V114
and I193 (Fig. 6E). The observed conformational changes are not sensitive to the choice of
reference residue used to calculate distance histograms (Fig. S5C,D). We conclude that the
conformation of the 190’s loop is coupled to the protonation state of the general base E147
(E153 in S. cerevisiae).

Discussion
Using a suite of complementary techniques we have defined the role of multiple conserved
glutamate residues in the mRNA decapping enzyme Dcp2, and identified loop motions that
are coupled to protonation of the general base, a key step that occurs during the catalytic
cycle. NMR spectroscopy and pH-dependent kinetics show that E153 is the catalytic general
base, while a trio of crystal structures demonstrate that metal is coordinated by E149, E152
and E198. Additionally, using molecular dynamics simulations and NMR, we show that
protonation of the general base influences the catalytic 190’s loop, which was previously
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shown to be involved in collective, interdomain motions in Dcp2 (Floor et al., 2012). This
work describes the role of catalytic residues in Dcp2 for the first time, uncovers dynamics
associated with the catalytic cycle, and suggests an alternative mechanism by which closure
of Dcp2 could stimulate enzyme activity.

Several observations suggest E153 plays the role of general base in Dcp2. First, wild-type
and the E153Q mutant bind metal in the same manner, yet decapping complexes harboring
substitutions at E153 are still somehow severely catalytically compromised both in vitro and
in vivo (Dunckley and Parker, 1999; She et al., 2006). Second, the E153Q mutation
abolishes the ascending limb of the log(kmax) versus pH profile. Third, NMR pH titrations
detect a residue with a near neutral pKa that is abolished by the E153Q mutation.
Furthermore, the change in major product from m7GDP to m7GTP of the E153Q variant is
consistent with a general base mutation, leaving the enzyme dependent on ambient
hydroxide ions in the active site to serve as a nucleophile. Taken together, these data identify
E153 as the general base in decapping, and explain why E153 has been shown to be critical
for decapping both in vitro and in vivo (Dunckley and Parker, 1999; She et al., 2006).

The identification of K135 as a cationic residue responsible for stabilizing the leaving group
is reminiscent of other Nudix enzymes that utilize a general acid to promote catalysis (Harris
et al., 2000; Legler et al., 2002; Maksel et al., 2001; Mildvan et al., 2005). This offers an
explanation for its previously reported effect on kmax (Deshmukh et al., 2008) and the
measured pKa of 8.0 is similar to catalytic acids for other Nudix enzymes (Harris et al.,
2000). In the S. pombe Dcp1/Dcp2 closed crystal structure, K129 (K135 in S. cerevisiae) is
poised near the phosphates of the crystallization additive ATP, suggesting it may play a role
in contacting one of the phosphates of cap (She et al., 2008), consistent with the multiple
products formed in the K135A decapping reaction (Deshmukh et al., 2008).

The 190’s loop of Dcp2, and E198 in particular, exhibits a spectrum of conformations: in the
crystal structure of S. pombe Dcp2, E192 (the S. cerevisiae E198 equivalent) is pointed
towards solvent, whereas in the crystal structure of the ATP-bound S. pombe Dcp1:Dcp2
complex, this side chain is pointed towards the catalytic center (She et al., 2006; She et al.,
2008). Additionally, in the open form of the S. pombe Dcp1:Dcp2 complex crystal structure,
the 190’s loop is unresolved (She et al., 2008). Our results are consistent with the observed
flexibility of the 190’s loop and specifically E198. Apparently, ILV methyl labeling can be
used to detect protonation states of titratable residues in proteins in addition to reflecting
slower exchange processes. This approach may be of broad utility for investigating pH
dependent processes in enzymes, molecular machines and ion channels because methyl-
TROSY NMR can be applied on assemblies as large as 0.5 MDa (Sprangers and Kay, 2007).

What is the functional role of flexibility in the 190’s loop? Loop conformational changes
involving a catalytic residue are reminiscent of the mechanism of Nudix hydrolase ADP-
ribose pyrophosphatase (ADPRP), which contains a loop that undergoes an open-to-closed
transition of a full 10 Å over the course of the catalytic cycle, bringing the general base into
position (Gabelli et al., 2002). Though our experiments show Dcp2 differs from ADPRP in
the location of the general base, changing conformations of the 190’s loop in Dcp2 could aid
in product release following catalysis. Alternatively, motions of E198 and the 190’s loop
could contribute to metal coordination changes over the catalytic cycle, analogous to the
metal hand-off role E98 plays in E. coli MutT (Harris et al., 2000).

It was proposed that the closed form of Dcp2 is the more active form of the enzyme because
the regulatory domain and catalytic domain both bind cap using a composite active site, and
that coactivators can affect this domain closure to stimulate decapping (Floor et al., 2010;
She et al., 2008). The results reported here are consistent with this notion, but also suggest
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two possible mechanisms for how Dcp2 activity might be fine-tuned by coactivators
affecting conformational dynamics. If inter-domain closure stimulates catalysis by Dcp2 via
substrate positioning, then mutations in both the regulatory and catalytic domains should
result in aberrant cleavage events; indeed, we observe multiple products upon mutation of
catalytic residues, and deletion of the regulatory domain gives rise to multiple products
(Piccirillo et al., 2003). There is a second possible route for catalytic rate enhancement:
coupled inter-domain and catalytic loop motions of Dcp2. Regions adjacent to the catalytic
helix are involved in collective motions in apo Dcp2 (Floor et al., 2012), and here we find
that the conformation of the 190’s loop is influenced by the catalytically essential glutamates
E153 and E198. While it is possible that that global conformational changes may be coupled
to both changes in substrate positioning and local rearrangements of the 190’s loop,
definitive proof requires future structural work with substrate RNA.

Experimental Procedures
Protein expression and purification

Wild type and mutant S. cerevisiae Nudix domain constructs were expressed with an N-
terminal GB1 tag (Card and Gardner, 2005) followed by a hexahistidine affinity tag, a TEV
protease site and the coding region of S. cerevisiae Dcp2 residues 100–245 in Escherichia
coli BL21-Star cells (Invitrogen). Proteins for crystallography were purified from cells
grown in LB media with an induction lasting 18 hours at 20°C. Cells were harvested at
5000g, sonicated, clarified at 25,000g, purified using Ni-NTA affinity chromatography, and
cleaved overnight at room temperature with TEV protease. Purification proceeded by Ni-
NTA backpass to remove the His-GB1 tag followed by gel filtration chromatography into
NMR buffer: 21.1 mM NaH2PO4 and 28.8 mM Na2HPO4 (pH 7.0), 200 mM NaCl, 100 mM
Na2SO4, and 5 mM DTT in H2O. Samples were used promptly following purification and
were > 95% pure as judged by coomassie staining. Protein samples for NMR were obtained
from cells expressed in H2O M9 minimal media supplemented with 10 mg biotin per liter,
and forty minutes prior to induction by 1mM IPTG, 50 mg L−1 of 13C-methyl alpha-
ketobutyric acid and 100 mg L−1 of 13C-dimethyl alpha-ketoisovaleric acid (Cambridge
Isotopes) were added directly to the media. Purification proceeded as above. For kinetic
assays, the wild-type and mutant S. cerevisiae Dcp1/Dcp2 decapping complex constructs
GB1-t-Dcp1/Dcp2(1-245) were expressed in BL21(DE3)-Rosetta cells, purified by nickel
affinity chromatography and treated with 10 mM EDTA for 1 hour, followed by gel
filtration into Dcp2 storage buffer (50 mM HEPES, 100 mM NaCl, 20 % glycerol, 5 mM
DTT pH 7.5), flash frozen and stored at −80°C.

X-ray Crystallography
After purification S. cerevisiae Dcp2 (100–245) was buffer exchanged into 10 mM HEPES
pH 7.0, 1 mM DTT, 50 mM NaCl, 100 mM Na2SO4 and then mixed with an equal volume
of crystallization conditions and grown at room temperature by the hanging drop vapor
diffusion method. Wild-type protein was mixed with 0.1 M Mg Formate, 0.1 M sodium
acetate pH 4.4, 20% PEG 3350; E198Q protein was mixed with 0.25 M Na Acetate, 0.1 M
Na cacodylate pH 6.5, 20% PEG 3350; and E153Q was mixed with 0.1 Mg Formate, 0.1 M
HEPES pH 7.4, 20% PEG 3350. The wild-type data was collected at room temperature at a
wavelength of 0.95372 Å. The E198Q and E153Q crystals were transferred to the well
solution containing 20% glycerol and then flash frozen before data collection at a
wavelength of 1.11587 Å and 100 K. All data was collected at ALS (Advanced Light
Source) 8.3.1, and indexed, integrated and scaled using HKL2000 (Otwinowski and Minor,
1997). Phasing was done via molecular replacement using the previously solved S. pombe
structure with loops 189–202 and 213–219 removed (PDB 2A6T) (She et al., 2006) using
Phaser in PHENIX, model building was performed in Coot (Adams et al., 2010; Emsley and
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Cowtan, 2004; McCoy et al., 2007) and the structures were refined in PHENIX (Adams et
al., 2010) with the use of TLS.

Kinetic Assays
Decapping reactions were carried out at 4 °C on wild-type or mutant budding yeast Dcp1/2
complexes as previously described (Jones et al., 2008) under saturating single-turnover
conditions for all constructs tested. Saturation was verified by doubling the enzyme
concentration at pH values 5.5, 7.5, and 9.5. The final buffer concentration used was 50 mM
NH4Cl, 0.01% NP-40, 1 mM DTT, 5 mM MgCl2 and either 50 mM Bis-tris methane (pH
5.5–6.5), 50 mM Tris-HCl (pH 7.0–8.0), or 50 mM Bis-Tris propane (pH 8.5–9.5). Stored
protein (see protein purification) was diluted to 3X final concentration in 1X decapping
reaction buffer, incubated at 4 °C for 15 minutes to allow for complete temperature and pH
equilibration, and then the reaction was initiated by addition of RNA substrate in 1X
reaction buffer. Kinetic data were processed and fit as previously described (Jones et al.,
2008). The data for the K135A mutation were analyzed as fraction total product formed (see
text, Fig. 3C–E). For pH values 7.5–9.5, K135A data were fit to a single exponential curve
yielding kobs (Fig. S2A). For pH values lower than 7.5, the reaction rates were too slow to
reliably obtain data that could be fit exponentially and instead initial rates were measured
(Fig. S2B). The initial linear rate of the reaction (no more than 30% complete) was divided
by an endpoint of 0.75, which was an average of all endpoints for K135A timecourses fit
with a single exponential to obtain kobs. E153Q was also analyzed as fraction total product
formed (see text, Fig. 3A–E), by single exponential fit for pH values 8.0–9.5 (Fig. S2C), and
by initial rates for pH values lower than 8.0 (Fig. S2D). For wild-type and K135A decapping
complexes, the kmax dependence on pH was fit using previously established methods (Harris
et al., 2000) to obtain the general acid and general base pKa’s. Fitting theE153Q data in this
manner was not successful, while a linear model of E153Q kmax pH dependence had better
agreement with the experimental results.

NMR spectroscopy
NMR experiments were performed using the gradient-enhanced 13C-1H HSQC (Kay et al.,
1992) on either a Varian Inova 600 MHz or Bruker Avance 800 MHz spectrometer, both
outfitted with cryogenic four-channel probes. Assignments are BMRB entry 7325
(Deshmukh et al., 2008). Changes in pH were performed by direct addition of NaOH or HCl
to the sample while monitoring pH with a micro-electrode. Titrations were performed with
protein concentrations between 100 μM and 200 μM at 298K. A mild amount of
precipitation was observed at pH extrema. Experiments over pH 9 or less than pH 5.5 that
showed global chemical shift changes, indicative of unfolding, were discarded. Structure
figures were generated with PyMOL (http://pymol.org) and NMR spectra figures were
generated with Sparky (T.D. Goddard and D.G. Kneller, UCSF). Changes in chemical shift
were calculated according to the total chemical shift change:

 NMR data were processed using NMRPipe (Delaglio et al.,
1995) with apodization, linear prediction and low-frequency deconvolution to remove
residual H2O. Peak shapes were fit using FuDA (D.F. Hansen; http://
www.biochem.ucl.ac.uk/hansen/fuda) by a mixed Lorentzian and Gaussian curve.

Molecular dynamics
100 ns simulations of S. cerevisiae Dcp2 wild-type and with protonated E153 from PDB
2JVB, along with S. pombe Dcp2 wild-type, E153 protonated, and E153Q from PDB 2A6T
were performed with the OPLS forcefield (Kaminski et al., 2001) and SPC water (H.J.C.
Berendsen, 1981) as previously described, except with 0.5 M NaCl (Rapp et al., 2013).
Additional details can be found in the supplemental info.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Glu153 serves as the general base in Dcp2 decapping reaction

• Methyl group NMR can report on protonation states in proteins

• Protonation state of general base E153 controls conformation of a catalytic loop

• This conformational change may be coupled to protein interactions with
coactivators
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Figure 1. Mg2+ coordination in the Dcp2 catalytic domain
(A) Ribbon diagram of Mg2+ coordination in the wild-type S. cerevisiae Dcp2 catalytic
Nudix domain at the catalytic helix. Four conserved glutamates (E149, E152, E153, E198)
and K135 are shown as sticks in green. Water molecules are shown as blue spheres, and the
Mg2+ is shown as a black sphere. Colored in grey is the backbone carbonyl of N243 in a
symmetry related molecule. Distances between atoms are shown in Å.
(B) Fo−Fc difference electron density map of wild-type Dcp2 depicted as black mesh at an I/
σ cutoff of 2.5.
(C) Fo−Fc difference electron density map for the E198Q mutant at an I/σ cutoff of 2.0.
(D) Fo−Fc difference electron density map of E153Q mutant at an I/sigma cutoff of 3.0.
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Figure 2. Decapping rates for wild-type and mutant Dcp1/Dcp2 are affected by pH
(A) Representative time courses of the fraction m7GDP released and the corresponding first-
order exponential fits to obtain kobs over a range of pH values for wild-type Dcp1/Dcp2
decapping complex.
(B) Plot of log (kmax) versus pH for wild-type decapping complex (green), K135A (yellow)
and E153Q (purple). Symbols are mean of at least 3 independent experiments and error bars
shown are standard deviation. Wild-type and K135A are fit using the 4-parameter equation
used to model the dependence of kmax on pH (Harris et al., 2000). E153Q is fit to a line due
to the linear dependence of kmax on pH.
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Figure 3. Active site mutations in Dcp1/2 complex result in multiple decapping reaction products
(A) Representative TLC plate decapping assay data for Dcp1/2 K135A decapping complex
at pH 8.0. Arrows point out the location of RNA substrate (black), m7GTP (green), m7GDP
(blue) and m7GMP (red) as identified by incubation with NDPK (Fig. S2E).
(B) Representative time course of the fraction of each K135A product formed as a function
of time. m7GTP, m7GDP, and m7GMP are shown in green, blue, and red respectively. Total
product formed is shown in black. Single exponential fits were used to obtain the individual
kobs for each product (see methods and Tables S1, S2).
(C) Distribution of each product formed in the decapping reactions of wild-type, K135A,
and E153Q variants, calculated by an average ratio of endpoints for each product across all
pH values fit using a single exponential (Table S1).
(D) Representative TLC plate for E153Q showing multiple products. Arrows point out the
location of RNA substrate (black), m7GTP (green), m7GDP (blue) and m7GMP (red) as
identified by incubation with NDPK (Fig. S2E).
(E) Representative time course for the fraction of each E153Q product formed as a function
of time. Coloring is the same as in (B). Single exponential fits were used to obtain the
individual kobs for each product (see methods and Tables S1, S2).
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Figure 4. Methyl NMR pH titrations confirm E153 is the general base
(A) Select Ile, Leu and Val residues on the catalytic domain of S. cerevisiae Dcp2 are
highlighted in blue with catalytic glutamates E149, E152, E153 and E198 highlighted in
green and the Nudix helix in red. Residues are visualized on PDB 2JVB.
(B) A superposition of 13C-1H HSQC spectra of wild-type scDcp2 (100–245) at pH 4.5
(red), 5.5 (orange), 6.5 (lime), 7.1 (green), 7.6 (cyan), 8.0 (magenta) and 9.0 (purple).
(C) Quantification of the normalized chemical shift change (Δδ) for L120, V121 and I199
across the pH titration. Note that the sidechain of L120 points in the opposite direction from
V121. Solid lines are sigmoidal fits, with pKaapp values of 7.3 ± 0.02 and 7.2 ± 0.02 for
I199 and V121, respectively. Standard error of the fit parameter is indicated.
(D) 13C-1H HSQC spectra of the E198Q mutant Dcp2 catalytic domain collected at pH
values of 5 (red), 5.6 (orange), 6.0 (lime), 6.6 (green), 7.2 (cyan), 8.1 (magenta) and 8.9
(purple). Weak peaks in (B) are likely from residual contamination by the GB1 solubility
tag.
(E) 13C-1H HSQC spectra of the E153Q mutant Dcp2 catalytic domain collected at pH
values of 5.5 (orange), 6.6 (lime), 7.0 (green), 7.6 (cyan) and 8.5 (purple).
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Figure 5. Change in pH Induces Changes in Dynamics
(A) The 13C linewidth (FWHM) for residues I199, V121 and L115 across the pH titration.
(B–E) Example fitted 13C linewidths of I199 at pH values indicated. The experimental data
is in points with the mixed Gaussian-Lorentzian fit as a line. Intensity is in units of signal-to-
noise (S:N) with noise measured in NMRPipe.
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Figure 6. Molecular dynamics simulations show qualitative and quantitative conformational
changes between S. pombe Dcp2 with charged or protonated E147
(A) Simulations with protonated E147 to mimic the low pH state show relatively little
flexibility in the 190’s loop. I193 (I199 in S. cerevisiae) is shown in blue sticks, V114 in red
sticks, and the Nudix helix is colored green.
(B) Simulations with charged E147 to mimic the high pH state show increased flexibility
with I193 solvent exposed in the final state of two out of six simulations. Colors are the
same as in (A).
(C) Histograms of the distance between the terminal methyl groups of V114 and I193 when
E147 is protonated to mimic the low pH state (C), when E147 is mutated to glutamine (D),
or when E147 is charged to mimic the high pH state (E). The ordinate of all three histograms
is probability density per bin; n ≈ 600,000 per histogram. Residues I193, V114 and E147 in
S. pombe are S. cerevisiae I199, V121 and E153, respectively.
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Table 1
Crystallographic Data and Refinement Statistics

Statistics for highest-resolution shell are shown in parentheses

Wild-type E198Q E153Q

Wavelength (Å) 0.95372 1.11587 1.11587

Resolution range (Å) 50–2.1 (2.14–2.1) 50–1.8 (1.83–1.8) 50-1.7 (1.75–1.7)

Space group P 62 P 1 21 1 C 121

Unit cell (Å) 85.054 85.054 48.749 90 90 120 57.352 47.804 60.957 90 97.29 90 140.789 49.27 84.022 90 91.37 90

Molecules/ASU 1 2 3

Total Reflections 86873 53880 81472

Unique reflections 11889 29454 54478

Multiplicity 7.3 (7.3) 1.8 (1.8) 10.4 (11.0)

Completeness (%) 99.97 (99.92) 96.48 (94.68) 85.69 (60.92)

I/σ 26.8 (3.5) 28.6(2.7) 20.5 (1.4)

Wilson B-factor 28.33 27.42 20.84

R-merge 0.081 (0.557) 0.04 (0.383) 0.099 (0.447)

R-work 0.1530 (0.1903) 0.1871 (0.2359) 0.1770 (0.3545)

R-free 0.1910 (0.2442) 0.2140 (0.2836) 0.2127 (0.4151)

RMS (bonds) 0.007 0.007 0.007

RMS (angles) 1.09 1.16 1.11

Ramachandran favored (%) 97 95 97

Ramachandran outliers (%) 0.7 1.1 0.24

Clashscore 3.33 3.89 3.23

Average B-factor 43.30 41.80 40.5
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