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ABSTRACT:

Regulation of mRNA half-life is a crucial control point of gene
expression. Removal of the protective 5’ methylguanosine cap is a
committed step in the 5’-3’ decay pathway, which is carried out by the
decapping enzyme Dpc2. Although Dcp?2 is sufficient for decapping in
vitro, its activity is greatly increased by coactivators; here the
activation of Dcp?2 is explored through several means. A thorough
study of the chemistry of decapping is presented: multiple crystal
structures implicate specific active site residues of Dcp2 in catalysis
metal binding and enzyme Kkinetics identify key residues involved in
the acid/base chemistry of decapping. Further, a metal binding loop is
implicated in conformational changes coupled to Dcp?2’s catalytic cycle
using pH-dependent NMR spectroscopy and molecular dynamics
simulations. In addition we hypothesized and tested direct effects of
other potential regulators of decapping by in vitro assay and binding
studies.

In addition, two potential decapping activation pathways are
explored. First, a hypothesized interaction between the decapping
complex and nonsense-mediated mRNA decay factor Upf1 is explored
through GST pull-downs, and enzyme kinetics. Additionally, some
evidence suggests the possibility that an extended ribonucleoprotein
complex containing mRNA decay factors Patl/Lsml-7 and Xrnl may
directly affect the activity of Dcp2; this hypothesis is tested using an

in vitro decapping assay. However, future experiments are needed to
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fully characterize coactivator regulation of Dcp2 within the context of

the cell.
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CHAPTER 1

Introduction

Robin Aglietti, John Gross



INTRODUCTION

Central to the life of all organisms, from the simple single-celled
yeast to complex organisms such as humans or the giant sequoia, is
the ability to control gene expression. This ability allows organisms to
account for changing environmental conditions, respond to stimuli,
and even differentiate cells with the same genetic makeup into various
tissues and organs. The DNA sequence of a gene is transcribed into a
molecule of messenger RNA (mRNA), and this mRNA is translated into
protein, the machinery that runs a cell. Because a single molecule of
mRNA can be translated repeatedly, the regulation of an mRNA’s
lifespan and stability is a crucial control point for cellular gene
expression.

Eukaryotic mRNA molecules are equipped with two protective
elements that guard against degradation: the 5’ 7-methylguanosine
cap, and the 3’ poly-A tail. The 5’ cap is bound by the eukaryotic
translation initiation factor eIF4E within the cap-binding complex to
promote translation (Gross et al., 2003; Hodel et al., 1997; Lykke-
Andersen, 2002), while the poly(A) binding protein (PABP) binds to the
poly(A) tail. Deadenylation of this poly(A) tail is the first step in the
majority of mRNA decay pathways, which marks an mRNA for
destruction (Chen and Shyu, 2011). In 3’-5° mRNA decay,
deadenylation causes loss of PABP followed by degradation of the
mRNA via the exosome (Anderson and Parker, 1998; Houseley et al.,

2006; Mitchell et al., 1997). In other cases, deadenylation of the mRNA



promotes removal of the 5’ cap through a process known as
decapping, the committed step in 5’-3’ mRNA decay. Cleavage of the
cap yields m7GDP and a 5’ monophosphate RNA body, which is
further degraded by the conserved exonuclease Xrnl (Stevens and
Maupin, 1987).

Decapping was originally thought to be carried out by Dcpl, but
it is now well established that Dcp2 is the catalytic subunit of the
decapping holoenzyme Dcpl/Dcp2 (Beelman et al., 1996; Dunckley
and Parker, 1999). This decapping complex is at the center of a dense
network of protein-protein interactions that tune decapping activity in
both general and specific manners (Krogan et al., 2006; Li and
Kiledjian, 2010). In fact, Dcp2 has been implicated in multiple cellular
processes, including transcript quality control (Lykke-Andersen, 2002),
immune response (Li et al., 2012), differentiation (Sweet et al., 2012),
stress response (Hilgers et al., 2006), development (Schier, 2007),
transcription (Brannan et al., 2012), and translation (Hu et al., 2009).

The core of Dcp2 is comprised of two domains that are
conserved from yeast to humans, and in yeast has an additional C-
terminal extension (Piccirillo et al., 2003; She et al.,, 2006; She et al.,
2008). This extension is disordered and not required for general
decapping, although the first section is involved in binding to
decapping coactivator Edc3 (Fromm et al., 2012; Gaudon et al., 1999;
Harigaya et al., 2010). In addition, it has been observed that Dcp2 can

shuttle into the nucleus and this C-terminal extension can affect



transcription (Gaudon et al., 1999; Grousl et al., 2009; Haimovich et al.,
2013).

The conserved N-terminal domain of Dcp2 is regulatory in
function and binds to the decapping activator Dcpl to stimulate
catalysis 1,000 fold (Deshmukh et al., 2008; She et al., 2008). Dcpl
contains an EVH1 fold, a known protein-protein interaction platform,
and can serve as a scaffold for further coactivators of decapping to
modulate the catalytic activity of Dcp2 (Ball et al., 2002; Borja et al.,
2011; Braun et al., 2012; Lai et al., 2012a). Additionally, deletion of the
regulatory domain of Dcp2 gives rise to aberrant decapping products,
suggesting this domain is also involved in proper substrate
positioning (Piccirillo et al., 2003).

The conserved C-terminal domain of Dcp2 is the catalytic
subunit of the decapping holoenzyme. It is sufficient for minimal
decapping activity in vitro, and is a member of the Nudix hydrolase
family of enzymes, which catalyze hydrolysis of a nucleoside
diphosphate from another chemical group (Deshmukh et al., 2008;
Mildvan et al., 2005; She et al., 2006; She et al., 2008). This family of
enzymes contains the catalytic Nudix motif GX_EX REUXEEXGU (where
X is any residue and U is a bulky hydrophobic residue) and this motif
folds into a characteristic loop-helix-loop structure that forms the
active site (Mildvan et al., 2005). Not surprisingly, mutations in this
region of Dcp2 have disastrous effects on decapping activity both in
vitro and in vivo (Deshmukh et al., 2008; Dunckley and Parker, 1999;

She et al., 20006).



Structural and biophysical studies of Dcp2 have shown that the
two conserved domains of Dcp?2 exist as a bilobed structure that is
highly dynamic in solution and forms a composite active site (Floor et
al., 2012; Floor et al., 2010; She et al., 2006; She et al., 2008). Indeed,
the co-crystal structure of Dcpl/Dcp?2 has two different conformations
of the decapping holoenzyme in the asymmetric unit: an open
conformation where the two Dcp2 domains are far apart, and a
compacted, closed structure containing an ATP crystallization additive
(She et al., 2006). Given the observations that Dcp2 forms a composite
active site (Floor et al.,, 2010), that proline mutations in the linker
between the N- and C- terminal domains of Dcp2 inhibit decapping
activity (She et al.,, 2008), and the characterization of a gatekeeper
tryptophan that affects the coupling of the 2 domains of Dcp2 as well
as activity (Floor et al., 2012), it is clear that conformational changes
and closure of Dcp2 are crucial to its enzymatic activity.

The mechanism by which such conformational changes are
coupled to chemistry in the active site of Dcp2 are not immediately
obvious, however, and we therefore set out to understand the
chemistry of decapping. Using x-ray crystallography, we solved the
structure of wild-type and two mutant variants of the S. cerevisiae
Nudix domain of Dcp?2, which we used to pinpoint key active site
glutamates involved in both general base activity of the enzyme, and
binding of a catalytically essential metal ion. In addition, we used pH-
dependent enzyme Kinetics in an in vitro decapping assay to identify

active site residues involved in substrate positioning and the acid/base



chemistry of decapping. A series of methyl NMR spectroscopy pH
titrations further confirmed these observations, and identified
dynamics of an active site loop containing a catalytically essential
glutamate residue. Finally, molecular dynamics simulations suggest
this active site loop is coupled to the chemical cycle of Dcp2. These
studies provide a framework to explain stimulation of decapping by
the regulatory domain of Dcp2 and associated coactivators, and are
discussed in Chapter 2.

In addition to understanding how Dcp2 is regulated by
intramolecular conformational changes in a general way, we were also
interested in how Dcp?2 activity could be modulated in a more specific
manner by potential binding partners that associate with the
decapping machinery. In particular, the nonsense-mediated mRNA
decay (NMD) pathway targets mRNAs with premature termination
codons (PTC’s) for degradation. Substrates for this pathway often
arise from errors in transcription or processing (He et al., 1993), but
more recent evidence suggests a possible regulatory role for NMD as
well (Rehwinkel et al., 2006). Once an mRNA has been identified
through this pathway, it is degraded by multiple pathways, including
5’-3’ exonucleolytic decay (Hagan et al., 1995; Muhlrad and Parker,
1994, 1999) and exosome-mediated 3’-5’ decay (Cao and Parker, 2003;
Mitchell and Tollervey, 2003). Several key NMD factors, Upfl, Upf2,
and Upf3 have been shown to interact with the decapping machinery
(Lejeune et al., 2003; Lykke-Andersen, 2002) at least indirectly, and in

humans Upfl forms a complex with Dcpl and proline-rich nuclear



receptor co-regulatory protein 2 (PNRC2) (Cho et al., 2009; Lai et al.,
2012b). We therefore sought to investigate any direct interaction
between the yeast decapping machinery and Upfl. However, Upfl
proved to be a challenging protein for biochemical studies. Some
initial experiments showed an interaction between one domain of Upf1l
and Dcp?2 in pulldown assays, but no appreciable effect was observed
in a Dcp2 functional assay and further characterization was inhibited
by low expression yields and instability of Upfl. These experiments
are presented in Chapter 3.

Because NMD proved to be a limited avenue to explore
coactivator regulation of Dcp2, we turned to another system: the
Patl/Lsm1l-7 complex, which is required for normal mRNA decapping
rates in vivo (Bouveret et al., 2000; Tharun et al., 2000). Because Patl
interacts with the decapping complex (Braun et al., 2010; Nissan et al.,
2010; Ozgur et al., 2010; Pilkington and Parker, 2008) as well as the 5’-
3’ exonuclease Xrnl that degrades mRNAs after the decapping step
(Bouveret et al., 2000; Nissan et al., 2010), and Xrnl can bind to Dcpl
(Braun et al., 2012), it is very possible that the Patl/Lsml-7 complex
and/or Xrnl can modulate the decapping complex’s activity. Our
preliminary studies of this complex presented in Chapter 4
demonstrated successful annealing of Xrnl and Patl/Lsml-7 to RNA
using a gel shift assay. However, we failed to observe any increase of
Dcp2 activity using an in vitro decapping assay. Reconstitution of any

large protein complex is an arduous task, however, and it is entirely



possible that further work in this area could yield further insight into

the regulation of Dcp2 by coactivators.
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Active site conformational dynamics are coupled to catalysis in the

mMRNA decapping enzyme Dcp?2
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ABSTRACT

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 Dcpl 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 Dcp?2 that demonstrate binding of a catalytically essential metal ion,
and enzyme Kkinetics 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.
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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 Dcpl. Dcp2 activity is involved in bulk
mRNA decay (Beelman et 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).
Dcp?2 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, Upfl, Lsm 1-7, Patl, Dhhl)
(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
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(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 Dcp?2 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 Dcpl
(Deshmukh et al., 2008; She et al., 2006; She et al., 2008). Coactivators
of decapping Edcl and Edc2 can enhance Dcp?2 activity in vitro by
binding to Dcpl, possibly promoting the closed active form of Dcp?2
within the decapping holoenzyme (Borja et al., 2011; Floor et al., 2012).
Other Dcpl interaction partners such as Xrnl (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
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GX_EX REUXEEXGU, 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 Dcp?2.

Cap hydrolysis by Dcp?2 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 Dcpl/Dcp2 co-crystal structure containing an ATP
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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 general base can be
coupled to substrate binding (Gabelli et al., 2002). However, it is
unknown how these residues contribute to cap hydrolysis by Dcp?2.
Here, we provide insight into the catalytic cycle of Dcp2 by
integrating data from X-ray crystallography, pH-dependent enzyme
kinetics, nuclear magnetic resonance (NMR) spectroscopy, and
molecular dynamics simulations. The crystal structure of the catalytic
domain of S. cerevisiae Dcp2 with bound Mg*, 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 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.
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RESULTS

Essential metal binding site of Dcp2 revealed by Xray
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 A, respectively (Table
1 and Figure 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 (Figure 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 Dcp?2 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 (Figures 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 (Figure
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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 (Figures S1A, C; henceforth known
as the 190’s loop). The overall structures of both E198Q chains
superimpose to an average all-atom 0.374 A 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 A 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 Dcp?2
has 3 molecules in the asymmetric unit, which superimpose to an
average all-atom 0.253 A RMSD as compared to the wild-type structure
(Figure S1B, D). Interestingly, there is clear electron density for an
octahedrally coordinated Mg* in the E153Q structure, similar to wild-
type (Figure 1D), suggesting E153 is not necessary for metal binding

and may instead serve as the general base in the decapping reaction.

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 Dcpl/Dcp2 complexes as a function of pH. This approach has

been used to identify and determine the pKa of both the general acid
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and general base in the related Nudix enzyme MutT (Harris et al.,
2000; Waley, 1975). Single-turnover experiments were performed
under k  conditions ([E] >> K ) 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 (Figure 2A).
Between pH 5.5 and 7.5, log(k ) increases linearly by approximately
two log-units (Figure 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(k )-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 k__ for the
E153Q mutant (Figure 2B). Not surprisingly, E153Q was severely
catalytically compromised, with a reduction in k  of approximately

three log-units at pH 7.5 compared to wild-type. Notably, E153Q
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exhibited multiple products (Figures 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 (Figure 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 E1530Q 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 (Figure 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.
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To definitively identity the general acid, we reasoned that mutating
this residue should abolish the descending limb of the k _vs pH plot
at the higher pHs. To this end, we examined the pH dependence of k__
for the K135A mutant, which was previously shown to reduce catalysis
by 300-fold in vitro (Figure 2B) (Deshmukh et al., 2008). The K135A
mutant also displayed multiple products, and was analyzed as total
product formed (Figures 3C-E; Tables S1, S2) (Deshmukh et al., 2008).
The K135A mutation abolished the descending limb of the log(k )
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 (Deshmukh et al., 2008). The formation of
multiple products by the K135A variant suggests 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 *C NMR spectroscopy to indirectly
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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 “C methyl NMR
spectroscopy (Figure 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
BC-ILV HSQC spectrum is well-resolved with homogenous peak
intensity (Figure S3A) with the exception of 1199, which is addressed
below. Multiple peaks show chemical shift changes as a function of
pH, including those corresponding to residues V121, 1136, V195, and
1199 (Figure 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 1199 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 pKa  values of 7.3 £ 0.02
and 7.2 + 0.02 respectively (Figure 4C). Given the only histidine on this

domain is approximately 30 A from these residues in our wild-type
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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 1136 (data not shown). Interestingly, despite its
proximity to I199 and conservation across species (Figure S3B),
mutation at E198 had little effect besides marginal reduction of the
magnitude of chemical shift change (Figure 4D, ~3ppm to ~2ppm in
BC). Mutation of either glutamate 152 or 153 to glutamine strongly
attenuated all observed pH-dependent chemical shift changes (Figure
4E; data not shown for E152). Since either E149 or E198 mutation have
little effect, and E152 is not required for decapping by Dcp?2 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 “C HSQC
depend on the general base (E153) and are consistent with rapid
exchange between protonated and deprotonated forms of this residue
(Figure 4). One residue (I1199) has a large normalized chemical shift

change of around 1.5 ppm (~3ppm in "C; Figure 4B), which is
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consistent with a conformational change in the 190’s loop. Another
significantly perturbed residue (V121) is in the beta core of the protein
and close to E153. Linewidth changes result from fluctuations in the
magnetic environment that occur on the chemical shift timescale (ms-
usec). The only residue with significant pH dependent linewidth
changes is 1199 (Figure 5). Collinear chemical shift changes of 1199
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 (Figure S4). This suggests
the dynamics of the 190s loop is coupled to protonation of E153,
although we cannot 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
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(started from the crystal structure PDB 2A6T), which were qualitatively
similar (Figures 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 (Figure 6). Specifically, snapshots from the
simulations show that 1193 and V114 (S. cerevisiae 1198 and V121)
pack close together when E147 is protonated or mutated (Figure 6A).
Meanwhile, 1193 had a higher chance of being exposed when E147 was
charged (Figure 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 1193 was measured for each of three
states: E147 protonated (Figure 6C), E147Q (Figure 6D), and E147
charged (Figure 6E). These two residues were selected as they exhibit
large chemical shift changes across NMR pH titrations (Figure 4A;
V121 and I1199). For both E147 protonated and E147Q, the distance
histogram shows a single peak corresponding to close packing of V114
and 1193 for most of the simulation, with a few snapshots exhibiting
longer distances (Figures 6 C, 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
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separation of V114 and 1193 (Figure 6E). The observed conformational
changes are not sensitive to the choice of reference residue used to
calculate distance histograms (Figures S5 C, 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 shown to be involved in collective,
interdomain motions in Dcp?2 (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 Dcp?2. First, wild-type Dcp2 and the E153Q mutant bind metal in the
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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(k )
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 k _ (Deshmukh et
al., 2008) and the measured pKa of 8.1 is similar to catalytic acids for
other Nudix enzymes (Harris et al., 2000). In the S. pombe Dcpl/Dcp?2
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).
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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 Dcpl: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 Dcpl: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 A 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
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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 Dcp?2 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 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 also 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.
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ACESSION NUMBERS

The coordinates and structure-factor amplitudes of the wild-type,
E198Q and E153Q crystal structures of Dcp2 have been deposited in
the Protein Data Bank under accession codes under 4K6E (wild-type),

4KG4 (E1980Q), and 4KG3 (E153Q).
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FIGURES

Figure 1: Mg* coordination in the Dcp?2 catalytic domain. (A) Ribbon
diagram of Mg* coordination in the wild-type S. cerevisiae Dcp?2
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 Mg* is
shown as a black sphere. Colored in grey is the backbone carbonyl of
N243 in a symmetry related molecule. (B) Fo-Fc difference electron
density map of wild-type Dcp2 depicted as black mesh at an I/o cutoff
of 2.5. (C) Fo-Fc difference electron density map for the E198Q mutant
at an I/o 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 Dcpl/Dcp2 are
affected by pH. (A) Representative time courses of the fraction
m7GDP released and the corresponding first-order exponential fits to
obtain k  over a range of pH values for wild-type Dcpl/Dcp?2
decapping complex. (B) Plot of log (k_) versus pH for wild-type
decapping complex (green), K135A (yellow) and E153Q (purple).
Symbols are the 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 k _ on pH
(Harris et al., 2000). E153Q is fit to a line due to the linear dependence

of k _on pH.
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Figure 3: Active site mutations in Dcpl/2 complex result in multiple
decapping reaction products. (A) Representative TLC plate decapping
assay data for Dcpl/2 E153Q 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
(Figure S2E). (B) Representative time course of the fraction of each
E153Q 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 k for each product (see methods and Tables S1, S2).
(C) Distribution of each product formed in the decapping reactions of
wild-type, E153Q, and K135A 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 K135A
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 (Figure S2E). (E) Representative
time course for the fraction of each K135A product formed as a
function of time. Coloring is the same as in (B). Single exponential fits
were used to obtain the individual k , 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 ILV-
methyl “C-'"H 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 (Ad) for 1120, V121 and 1199 across the pH titration. Note that
the sidechain of L120 points in the opposite direction from V121.
Solid lines are sigmoidal fits, with pKaalop values of 7.3 + 0.02 and 7.2 +
0.02 for 1199 and V121, respectively. (D) “C-'H HSQC spectra of the
E198Q mutant Dcp?2 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 (D) are likely from residual contamination by
the GB1 solubility tag. (E) “*C-'H 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).

38



C

- ME198Q pH 5.0 . CIE153Q pH 5.5
[IE198Q pH 5.6 [IE153Q pH 6.6
#/lle199 |CE198QpH6.0 slle 199 EE153QpH 7.0
/ B E198Q pH 6.6 10 4 EE153QpH 7.6
[EE198Q pH 7.2 ME153Q pH 8.5
M E198Q pH 8.1
WE198Q pH 8.9 ]
% *
e o g g lle 136 ¢ .
lle 13613 _ < lle 1367 L o .
15 ¥ 15 - - 15 4 S &0
g g g
a Val 121 8 \ =
Q H o fj Val 121 o #Val 121
© Val 195 &3 . Il’.‘ = s
20 - g 20 20 4
Jl - valios -~ ® val195
T g . N
» Leu120 » Leu120 * Leu 120 ¢
s. s o - Q. LA . A ¢, .
o 2 o ')
54 °, ‘% s{ . % ] +, e
* o . -a . . ‘
L] . .
T T T T T T T T T T T T T T T
15 10 05 0 -05 -10 -15 15 10 05 0 -05 -10 -15 15 10 05 0 -05 -1.0 -15
'H (ppm) 'H (ppm) 'H (ppm)

39



Figure 5: Change in pH Induces Changes in Dynamics. (A) The “C
linewidth (FWHM) for residues 1199, V121 and L115 across the pH
titration. (B-E) Example fitted *C linewidths of 1199 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. 1193 (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 1193 solvent exposed in the final state of two out of
six simulations. Colors are the same as in (A). Histograms of the
distance between the terminal methyl groups of V114 and 1193
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 1193, V114
and E147 in S. pombe are S. cerevisiae 1199, V121 and E153,

respectively.
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TABLES

Table 1: Crystallographic Data and Refinement Statistics. Statistics

for highest-resolution shell are shown in parentheses.
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Wwild-type E198Q E153Q
Wavelength (A) 0.95372 1.11587 1.11587
Resolution range (A) 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 P1211 C121
85.054 85.054 57.352 47.804 140.789 49.27
Unit cell (A) 48.749 60.957 84.022
90 90 120 90 97.29 90 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/c 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 (%) o7 7 o7
Ramachandran
outliers (%) 0.7 1.1 0.24
Clashscore 3.33 3.89 3.23
Average B-factor 43.30 41.80 40.5



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 25,000¢g, 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 NaH PO, and 28.8 mM
Na HPO, (pH 7.0), 200 mM NaCl, 100 mM Na SO,, and 5 mM DTT in
H O. 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 HO M9 minimal media
supplemented with 10 mg biotin per liter, and forty minutes prior to
induction by 1mM IPTG, 50 mg L' of *C-methyl alpha-ketobutyric acid
and 100 mg L' of "“*C-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
Dcpl/Dcp2 decapping complex constructs GB1-t-Dcpl/Dcp2 (1-245)

were expressed in BL21 (DE3)-Rosetta cells, purified by nickel affinity
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chromatography and treated with 10 mM EDTA for 1 hour, followed by
gel filtration into Dcp2 storage buffer (50 mM HEPES, 100 mM NacCl, 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 Na SO, 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 A. 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 A 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 Cowtan, 2004; McCoy et al.,, 2007) and the
structures were refined in PHENIX (Adams et al., 2010) with the use of

TLS.
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Kinetic Assays: Decapping reactions were carried out at 4 “C on wild-
type or mutant budding yeast Dcpl/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 NH Cl, 0.01% NP-40, 1 mM
DTT, 5 mM MgCl, and either 50 mM Bis-Tris methane (pH 5.5 - 6.5), 50
mM Tris-HCI (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, Figures 3C-E). For
pH values 7.5- 9.5, KI135A data were fit to a single exponential curve
yielding k  (Figure 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 (Figure 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 k.
E153Q was also analyzed as fraction total product formed (see text,

Figures 3 A-E), by single exponential fit for pH values 8.0 - 9.5 (Figure
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S2C), and by initial rates for pH values lower than 8.0 (Figure S2D). For
wild-type and K135A decapping complexes, the k __ dependence on pH
was fit using previously established methods (Harris et al., 2000) to
obtain the general acid and general base pKa’s. Fitting the E153Q 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 "“*C-'H 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 uM and 200 uM 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: Adc =(A5(°C)/2)’ + (ASCH))’ NMR data were processed using
NMRPipe (Delaglio et al., 1995) with apodization, linear prediction and

low-frequency deconvolution to remove residual HO. Peak shapes
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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
Dcp?2 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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Active site conformational dynamics are coupled to catalysis in the

mMRNA decapping enzyme Dcp?2

Robin Aglietti, Stephen Floor, Chris McClendon, Matthew Jacobson and

John Gross
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Figure S1. Dcp2 mutant crystal structure comparisons to wild-type
Dcp2 catalytic domain. Related to Figure 1. (A) Active site overlay of
the two chains in the crystal structure of E198Q with the wild-type
crystal structure. Chain A is shown in navy, chain B is shown in light
blue, and wild-type is in green with the Mg2+ ion in black. The four
active site glutamates E149, E152, E153, and E198 (or E198Q in the
mutant structures) and K135 are shown as sticks. (B) Overlay of the
wild-type Dcp2 structure with the three chains in the asymmetric unit
of the E153Q structure. Wild-type Dcp2 is colored green, and chains
A-C of the E153Q structure are colored in dark purple, amethyst and
lavender respectively. Each magnesium ion is shown as a sphere in
the corresponding color. Residues E149, E152, E153 (or E153Q), E198,
and K135 are shown as sticks. (C) Comparison of the 2 chains in the
E198Q structure to the wild-type structure. The c-alpha root-mean-
square deviation (RMSD) for E198Q as compared to the wild-type
structure is plotted by residue number, with chain A in navy and chain
B in light blue. (D) Comparison of the 3 chains in the E153Q structure
with the wild-type structure. The c-alpha root-mean-square deviation
(RMSD) for each residue of E153Q as compared to wild-type is plotted
by residue number. Chain A is shown in dark purple, chain B is shown

in lavender, and chain C is shown in grey.

55



190’s
loop

RMSD (A)

RMSD (A)

B Chain A
I Chain B

LhuuH““hud”LJHHuH"

190’s loop

hll“lllll.llll“llllull||I|||”““ugllll“”llllll|

—

“huuﬂhJ“ \““hhHHHJ”“

56

100 120 140 160 180 200 220 240
Residue
s Chain A
s Chain B
6 1w ChainC
4 -
2 A 190’s loop
‘ f_lﬂ
0 i ) | ‘ | | ‘
100 120 140 160 180 200 220 240
Residue




Figure S2. Representative decapping assay data for Dcp?2 catalytic
domain mutants. Related to Figure 3. (A) Representative timecourse
for K135A data at pH 9.0, plotted as the fraction of total product
released and the corresponding fit to obtain kobs. (B) Representative
timecourse for K135A data at pH 6.5, plotted as the fraction of total
product formed. Data was fit linearly and divided by an average
endpoint for K135A at high pH to calculate k, . (C) Representative
timecourse for E153Q data at pH 9.0, plotted as the fraction of total
product formed and the corresponding fit to obtain k,6 . (D)
Representative timecourse for E153Q at pH 7.0, plotted as the fraction
of total product formed. Data was fit linearly and divided by an
average endpoint for E153Q at high pH to calculate k. (E) Incubation
of decapping reaction products with nucleoside diphosphate kinase
(NDPK), which catalyzes the conversion of nucleoside diphosphates to
nucleoside triphosphates, identifies the middle spot as m7GDP and
bottom spot as m7GTP. (F) Representative TLC plate for E198Q
showing multiple products formed, indicated by 3 arrows. (G)
Representative time course of the fraction of each E198Q product
formed as a function of time. Bottom product is in green, middle
product is in blue, top product is in black, and combined total product
formed is in red. Fits shown are the single exponential fits used to

obtain the individual k , for each product.
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Figure S3. Conserved residue 1199 is dynamically active.

Related to

Figure 4. (A) “C-'H HSQC of the Dcp2 catalytic domain methyl labeled

on Ile, Leu and Val residues at pH 7.0 is well resolved with

homogenous peak intensity with the exception of 1199. (B) A sequence

alignment of the 190’s loop (including 1199 in S. cerevisiae) of Dcp2

from seven organisms and fellow Nudix family members NUDT16,

ADPRP and MutT showing conserved residues unique to Dcp?2.
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Figure S4. Catalytic glutamate mutants are intermediates between the
neutral and low pH states. Related to Figure 5. (A) Overlay of four
13C-1H HSQC spectra: wild-type Dcp2 at pH 7.1 (grey), wild-type Dcp2
at pH 5.0 (green), E198Q Dcp2 at pH 7.0 (blue), and E153Q Dcp2 at pH
7.0 (purple). Small deviations form the collinearity observed between
wild-type, E198Q, and E153Q may reflect chemical shift changes
caused by the point mutation itself. (B) The difference in chemical
shift between wild-type Dcp2 at pH 7.0 and wild-type Dcp2 at pH 5.0
(green), Dcp2 E153Q (purple), and Dcp2 E198Q (blue). Collinear peaks
are indicated by arrows, while 1110, 1136, and L235 are only affected

by pH but not mutation.
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Figure S5. Molecular dynamics simulations show the 190’s loop
conformation is coupled to the protonation state of the general base.
Related to Figure 6. (A-B) Shown are snapshots from the final state of
each of six simulations of S. cerevisiae Dcp2 catalytic domain with
protonated (A) or charged (B) E153. In each panel 1199 is blue and
V121 is red. Qualitatively, the 190’s loop is more flexible in the
simulation where E153 is charged, consistent with the S. pombe results
in Figure 6. However, these simulations were less stable than the S.
pombe simulations as evident from the poor alignment of the Nudix
helix (green) and the 200’s helix responsible for RNA binding in back,
which led to issues in quantification. (C-D) Histograms of the distance
between the alpha-carbons of either E147 and E192 (C) or E147 and
1193 (D) when the general base 147 is protonated (low pH), mutated to
glutamine (E147Q), or charged (high pH) for S. pombe Dcp?2. The
ordinate of all histograms is probability density per bin; n ~ 600,000
per histogram. Residues E147, E192, and 1193 in S. pombe are S.

cerevisiae E153, E198 and 1199 respectively.
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TABLES

Table S1: Product ratios of Dcpl/Dcp2 mutations. Relative
percentages were calculated by averaging all endpoints for each
mutation across all pH values fit using a single exponential to

calculate k. Standard deviation is shown in parenthesis. Related to

Figure 3.
% m7GTP % m7GDP %m7GMP
K135A 20.6 (0.9) 52.6 (1.5) 26.9 (0.6)
E153Q 61.6 (1.3) 32.5 (1.2) 6.0 (0.6)
E198Q 22.8 (2.3) 63.1 (3.3) 15.4 (5.1)
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Table S2: Mutation of active site residues results in multiple products
formed at the same rate. The mean individual rates of each product
formed by K135A, E153Q and E198Q at pH 9.0. Standard deviation for
at least 3 separate experiments is shown in parenthesis. Related to

Figure 3.

k  m7GTP k., m7GDP Kk m7GMP Kk combined
(min*) (min) (min) (min*)
K135A 0.035 (3.6e-3) 0.037 (1.4e-3) 0.034 (2.3e-3) 0.036 (1.6e-3)

E153Q 0.010(5.3e-3) 0.010(4.6e-3) 0.012(1.4e-2) 0.010(4.9e-3)

E1980Q 0.012 (0.8e-3) 0.011 (2.2e-3) 0.005 (2.5e-3) 0.010 (0.8e-3)
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Multiple Sequence Alignments: Sequences for Dcp2 and other Nudix
hydrolases were retrieved from the NCBI and aligned using MUSCLE
(Edgar, 2004). Alignments were visualized using JALVIEW (Waterhouse
et al., 2009). Alignments were performed with Dcp2 from S. cerevisiae,
S. pombe, Caenorhabditis elegans, Arabidopsis thaliana, Drosophila
melanogaster, Homo sapiens, Xenopus laevis, Mus musculus and Danio
rerio, along with NUDT16 from H. sapiens, ADP-ribose

pyrophosphatase from S. cerevisiae and MutT from E. coli.

Molecular Dynamics: Simulations were prepared using Maestro
(Maestro-Desmond Interoperability Tools, version 2.4, Schrodinger,
New York, NY, 2010). Preparation included addition of hydrogens and
closure of missing loops using Schrodinger’s PRIME software, which
provided a front-end interface to the PLoP software package.
Simulations were 100 ns in duration each and performed using
Desmond (Bowers et al.,, 2006) on the Texas Advanced Computing
Center’s Ranger supercomputer. Molecular dynamics simulations in
explicit solvent used the OPLS-AA/SPC forcefield (Berendsen et al.,
1981; Kaminski et al., 2001). An orthorhombic simulation box was
used with a buffer of 10 A on each side. Na* and Cl ions were added to
neutralize the system, then 0.5 M NaCl was added. After minimization
and equilibration, six replicate production runs of 100 ns with

different random seeds were performed on each system using the
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Martyna-Tobias-Klein integrator (Martyna et al., 1994) at 300 K (Nose-
Hoover thermostat (Hoover, 1985)) and 1 atm. Snapshots were output
every 1.002 ps. All bonds involving hydrogens were constrained. A 2 fs
time step for the bonded and short-range nonbonded interactions was
used, and long-range nonbonded interactions were updated every 6 fs
using the RESPA multiple time step approach (Tuckerman et al., 1992).
Short-range coulombic and van der Waals nonbonded interactions
were cut-off at 9.0 A, and long-range electrostatics were computed
using the smooth particle-mesh Ewald method. Pairlists were
constructed using a distance of 10.5 A and a migration interval of 12
ps. Results from the six replicate simulations were combined to

generate the interatomic distance histograms using R.
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CHAPTER 3

Exploring the link between mRNA decapping machinery and Upf1

Robin Aglietti, John Gross
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INTRODUCTION

Nonsense mediated decay (NMD) is a major quality control
pathway for eukaryotic cellular mRNAs, which targets mRNAs with a
premature stop codon (PTC) for degradation. Substrates of NMD are
often aberrant transcripts that have acquired nonsense mutations
through errors in processing or transcription (He et al., 1993). Not
only does this preserve cellular resources and avoid dominant negative
effects of translating truncated versions of proteins, but there is some
evidence of NMD being involved in more general cellular processes
such as post-transcriptional regulation of gene expression and axon
guidance (Colak et al., 2013; Lejeune and Maquat, 2005; Rehwinkel et
al.,, 2006). NMD requires both general mRNA decapping machinery
and the NMD specific factors Upfl, Upf2, and Upf3 (He et al.,, 1997;
Serin et al., 2001), in addition to active mRNA translation (Amrani et
al., 2006; Maquat, 2005). The Upf proteins directly interact to form the
surveillance complex that is at the core of protein-protein interactions
required for NMD (Figure 1).

In mammalian cells, NMD is thought to be triggered by a
“pioneer round” of translation, dependent on recognition of the exon
junction complex (EJC) by the Upf proteins (Ishigaki et al., 2001;
Kurosaki and Maquat, 2013; Maquat, 2005). Consistent with this idea,
Upf3 directly interacts with EJC components and is thought to bridge
the surveillance complex to the EJC (Fribourg et al., 2003; Gehring et

al., 2003; Kim et al., 2001; Lykke-Andersen et al., 2001; Singh et al.,
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2007). However, the idea that the EJC and a pioneer round of
translation play a crucial role in triggering NMD is not supported in D.
melanogaster, C. elegans, or yeast (Gatfield et al., 2003; Longman et al.,
2007).

Rather, at least for yeast, the distinction between normal and
aberrant termination codons seems to be determined by the distance
between the termination codon and the 3’ mRNP, named the faux 3’
UTR model (Amrani et al., 2004). This is supported by the report that
mRNAs with extended 3’ UTR’s are substrates for NMD (Muhlrad and
Parker, 1999). Furthermore, ribosomes encountering a PTC pause, fail
to release, and reinitiate at upstream AUG sequences, suggesting that
terminating ribosomes require a properly configured 3’-UTR to
disengage and terminate translation (Amrani et al.,, 2004). Indeed,
mRNAs with PTC’s are stabilized if PAPB (Poly-A Binding Protein,
normally found at the 3’ end of mRNASs) is tethered downstream of the
PTC, but this effect is lost in Upfl knockout strains (Amrani et al.,
2004). The faux-3’ UTR model is not without faults, however: NMD has
been observed to be independent of both an mRNA poly-A tail and the
poly-A binding protein (Meaux et al., 2008).

Recently, a more universal hypothesis has been proposed with
elements of both the EJC and faux 3’-UTR models, coined the “unified
3’ UTR model” (Singh et al., 2008). In this model, recognition of a PTC
is based on a balance between two opposing forces that affect the
recruitment of the Upf surveillance complex to terminating ribosomes:

factors that stimulate recruitment such as the EJC, and factors that
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antagonize Upf protein recruitment like PABP. Such a balance between
multiple, potentially redundant factors suggests a much more unified
NMD mechanism across evolution and merges many of the conflicting
observations between species.

Upfl, arguably the core NMD factor, consists of two main
domains: an N terminal zinc finger domain (cysteine-histidine-rich CH
domain), and a C terminal domain that is both a group 1 RNA helicase
and an ATPase (Figure 2) (Czaplinski et al., 1995). Additionally, Upf1
associates with ribosomes through interaction with release factors to
promote translational repression (Czaplinski et al., 1998; Ivanov et al.,
2008; Kashima et al.,, 2006). The activity of Upfl seems to be
modulated by NMD factor Upf2, which binds to the Upfl ring domain
in a bipartite binding regime, suggesting a two-step binding mode
consisting of both a high-affinity and low-affinity interaction (Clerici et
al., 2009). The lower-affinity interaction is mutually exclusive with
Upfl intramolecular interactions between the ring domain and
helicase domain observed in a recent Upfl/RNA co-crystal structure
(Chakrabarti et al., 2011). When coupled with the observation that the
Upfl ring domain has a cis-inhibitory effect on the helicase domain
activity, this suggests that Upf2 functions at least in part to stimulate
the activity of the Upfl helicase domain by alleviating inhibition via
the ring domain (Chakrabarti et al., 2011; Chamieh et al., 2008; Kadlec
et al., 2006). The specific role of Upfl’s helicase/ATPase activity is not

entirely clear, but it is required for functional NMD (Weng et al., 1996).
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Once the Upf proteins target an mRNA for NMD, it is degraded
by multiple pathways, including exosome-mediated 3’-5’ decay (Cao
and Parker, 2003; Mitchell and Tollervey, 2003) and 5’-3’
exonucleolytic decay (Hagan et al., 1995; Muhlrad and Parker, 1994,
1999). Along these lines, several observations suggest a link between
decapping and NMD factors. First, it has been reported that Upfl,
Upf2, and Upf3 coimmunoprecipitate with several 5’-3’ decay factors
including the decapping enzyme Dcp2, decapping activator Dcpl, and
5’-3’ exonuclease Xrnl (Lejeune et al.,, 2003; Lykke-Andersen, 2002).
Secondly, down regulation of Dcp2 in mammalian cells abrogates NMD
(Lejeune et al.,, 2003). Furthermore, human proline-rich nuclear
receptor co-regulatory protein 2 (PNRC2) has been shown to interact
with both hUpfl and Dcpl, linking NMD and decapping in mammals
(Cho et al., 2009; Lai et al.,, 2012). However, such a link remains
elusive in yeast.

Here, a direct interaction between the yeast decapping
machinery and Upfl is investigated. Multiple constructs of both S.
cerevisiae and S. pombe Upfl were generated and tested for
expression. Soluble constructs were used to observe a preliminary
direct interaction in GST pull-downs between the decapping machinery
and the Upfl ring domain, although attempts to map this interaction
were not informative and did not seem to appreciably affect in vitro
decapping rates. A 2-domain construct of S. cerevisiae Upf1 failed to
corroborate the initial interaction in a specific, reproducible manner

and was limited by low purification yields of Upfl. While it is possible
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that a direct interaction between the decapping machinery and Upfl
exists in yeast, further biochemical studies with well-behaved, well-

expressing constructs are needed.

RESULTS AND DISCUSSION

Design, Expression, and Purification of Upfl CH Ring Domain
Constructs

To undertake any biochemical interaction study requires one to
have well-behaving stable constructs of the proteins in question.
Thus, a series of constructs of both the S. cerevisiae and S. pombe
Upf1 ring domain were cloned (Table 1). Three tagging strategies (6x-
Histadine, Glutathione-s-transferase, and Thioredoxin) and multiple
boundaries were chosen and tested for expression (Table 1). All
constructs tested were observed at relatively low levels regardless of
the solubility of the expressed protein, and most were insoluble and
observed only in the pellet fractions of the expression tests.
Additionally, some of the S. pombe constructs were tested for
coexpression with Dcp2 (5. pombe constructs were chosen as S.
cerevisiae Dcp2 cannot be expressed on it own), but none of the
combinations tested yielded soluble protein (Table 2). The two most
promising constructs, S. cerevisiae GST- (9-219) and GST- (9-223), were
scaled up to a full purification (Figures 3, 4). The GST- (9-223)
construct was slightly cleaner upon purification (as judged by

coomassie staining) and was chosen to proceed with.
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Functional Studies of S. cerevisiae CH Ring Domain

To test the idea that Upfl might affect decapping rates by
binding to Dcp2, we first turned to in vitro pull-downs to directly
observe any potential interaction between the two proteins. Since
Upfl was conveniently GST tagged, it was used as bait in a series of
GST pull-downs. First we tested the S. cerevisiae decapping complex
Dcpl/Dcp2 (1-315), which was eluted upon addition of reduced
glutathione only in the presence of the Upfl ring domain (Figure 5).
Since the C-terminal helix of Dcp2 has been shown to be important for
coactivator binding (Harigaya et al.,, 2010), we also tested the
decapping complex Dcpl/Dcp2 (1-245) and found it behaved similarly
to the longer construct (Figure 6). Interestingly, no interaction was
observed with either the Nudix domain (100-245) or regulatory domain
of Dcp?2 (1-102), or with Dcpl alone (Figures 7-9).

To ask what affect this interaction might have on Dcp2 activity,
we compared Dcpl/Dcp2 activity with and without Upfl using an in
vitro decapping assay. However, very little effect was observed upon
addition of the Upfl ring domain (Figure 10). Since Dcpl binding to
Dcp2 seemed to be mutually exclusive with Upfl binding (Figures 5,6),
we hypothesized that any affect of Upfl would be inhibited by
increasing amounts of Dcpl to yield a dosable response. We therefore
repeated the decapping assay with Dcp2 and Upfl with increasing
amounts of Dcpl, but no effect was observed (data not shown). Given

that these preliminary experiments were done using a single domain
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of Upfl, we hypothesized that perhaps we needed both domains of
Upf1 to affect decapping. We therefore turned our attention to more

complete constructs of Upfl.

Design, Expression, and Purification of Upfl CH-Helicase Constructs

Upfl has a large helicase domain in addition to the CH ring
domain, and it is possible that intra-molecular interactions or allostery
between the two domains may affect any interactions with Dcp2. To
account for this possibility, we took advantage of a generous gift from
Dr. Elena Conti’s lab at the Max Planck Institute of two constructs of S.
cerevisiae Upfl, one containing both the CH domain and helicase
domain (54-851) fused with a GST solubility tag, and a second
construct consisting of just the helicase domain (221-851) and GST
tag. These constructs were expressed and purified in a similar manner
to previous publications (see experimental procedures; Chakrabarti et
al.,, 2011). The purification was consistent but inefficient, and
typically yielded a substantial fraction of improperly folded Upfl that

was separated via heparin resin (Figures 11-16).

Functional Studies of S. cerevisiae 2-Domain Upfl Constructs

To directly assay the binding of the two-domain construct of
Upfl to Dcp2, we performed GST pull-downs with Upfl (GST-Upfl 54-
851) as bait and the decapping complex Dcpl/Dcp2 (1-315) as prey
(Figure 17). However, unlike the pull-downs with the Upf1 ring domain

in isolation (Figures 5, 6), no interaction was observed. Since it is
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possible the helicase domain might have multiple conformations with
varying affinities for Dcp2, we repeated the experiment in the presence
of 2 mM ATP, but again no interaction was observed (Figure 18).

Because a negative pulldown result could mask an interaction
with only a small portion of Upfl/Dcp2 caused by a low affinity, we
turned to a functional assay to look for any affect of Upfl binding on
Dcp?2 activity. We monitored decapping activity on an RNA with a **P
labeled 5’-cap in the presence of increasing amounts of either the Upfl
2-domain construct (GST-Upfl 54-851) or the helicase domain (GST-
Upfl 221-851) as a negative control for Upfl ring-domain binding to
Dcp2 (Figure 19). Although a dose-dependent effect was observed on
the endpoint of these reactions, it was not specific to the presence of
the ring domain, and is most likely a non-specific RNA-binding effect.
These experiments were repeated in the presence of ATP, but the
decapping reaction was inhibited even in a control without Upfl, and
was not conclusive (data not shown).

Since the N-terminal boundary of the 2-domain construct (GST-
Upfl 54-851) was significantly shorter than the ring domain construct
used for the initial interaction studies, we cloned, expressed, and
purified a longer 2-domain construct of Upfl that included the N-
terminal residues (GST-Upfl 9-851). This construct was expressed and
purified using the same protocol as the GST-Upfl (54-851) construct,
but was not stable without the GST-solubility tag (data not shown), so
the tag was left on for subsequent purifications. Even with the

solubility tag, it was consistently much dirtier and more prone to
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degradation than either the 2-domain construct (GST-Upfl 54-851) or
the helicase domain (GST-Ufpl 221-851) (Figures 20, 21), consistent
with the Upfl ring domain’s instability and poor behavior in isolation.
We repeated the GST pull-downs with Dcpl/2 (1-315) and this longer
Upfl construct, and observed a faint band for Dcp2 via coomassie
staining (Figure 22). Western blotting revealed a band of Dcp?2 in the
elution fraction, but was also observed in a control pulldown using the
Upf1l helicase domain construct as well as at longer exposures of the
Dcpl/2 negative control (Figure 23).

The observation that Dcp2 appears in the elutions of these
controls suggests that the positive pulldown result is likely non-
specific. Since Dcp2 and both constructs of Upfl all bind RNA, it is
quite possible that the observed interaction is RNA mediated.
Repeating the pulldown experiments here with RNase would answer
this question. And even if the interaction is RNA dependent, there is
likely a link between NMD factors and the decapping complex in yeast,
whether mediated through a PNRC2-like protein or another as-of-yet

undiscovered mechanism.
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FIGURES

Figure 1: Schematic representation of the Upf proteins in the NMD
surveillance complex. Upfl is comprised of two domains: a ring
domain that binds to Upf2 and an ATPase/helicase domain. Upf2 has
three MIF4G domains and binds to both Upfl and Upf3, while Upf3 has

an RNA binding domain (RBD) and binds to Upf2.
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Figure 2: Crystal structure of Upfl and Upf2 complex illustrating Upf1
domain architecture. The two domains of Upfl are shown in purple
with the 3 ring domain zinc ions as black spheres. Fragments of Upf2
are shown in grey bound to the ring domain of Upfl. Adapted from

pdb entry 2W]JV (Clerici et al., 2009).
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Figure 3: Coomassie stained expression test SDS page gel of GST-Upf1
(9-219) and GST-Upf1 (9-223) with molecular weights of 50 and 51 kDa
respectively.  Shown are the supernate and pellet fractions of
uninduced cells, 15 °‘C induction, and 37 °C induction of both

constructs.
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Figure 4: Coomassie stained SDS page gel of nickel purification
fractions of GST-Upfl (9-219) and GST-Upfl (9-223) (50 and 51 kDa
respectively) from a 1 L prep. FT = flow through, W = wash, and E =

elution fractions.
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Figure 5: GST pulldown with Upfl ring domain and decapping
complex. (A) Coomassie stained SDS-page gel of a pulldown with 3 uM
GST-Upfl (9-223) and 60 uM Dcpl/2 (1-315) shows a Dcp2 band upon

elution. (B) Negative control with 60 uM Dcpl/2 (1-315) only.
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Figure 6: GST pulldown with Upfl ring domain and decapping
complex. (A) Coomassie stained SDS page gel of 3 uM GST-Upfl (9-
223) and 60 uM Dcpl/2 (1-245) pulldown shows elution of Dcp2 with
Upfl ring domain. (B) Negative control with 60 uM Dcpl/2 (1-245)

only.
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Figure 7: GST pulldown with Upfl ring domain and Dcp2 catalytic
Nudix domain shows no interaction. (A) Coomassie stained SDS page
gel of pulldown with 3 uM GST-Upfl (9-223) and 60 uM Dcp2 (100-

245). (B) Negative control with 60 uM Dcp2 (100-245) only.
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Figure 8: GST pulldown with Upfl ring domain and Dcp?2 regulatory
domain shows no interaction. Pictured is a coomassie stained SDS
page gel of a GST pulldown with 3 uM GST-Upfl (9-223) and 60 uM
Dcpl/Dcp?2 (1-102).
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Figure 9: GST pulldown with Upfl ring domain and Dcpl. (A)
Coomassie stained SDS page gel of 3 uM GST-Upfl (9-223) and 60 uM

Dcpl pulldown shows no interaction. (B) Negative control with 60 uM

Dcpl only.
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Figure 10: Upfl ring domain shows no affect on Dcp?2 activity. In vitro
decapping assay with 50 nM Dcpl/Dcp2 (1-315) and 1 uM Upf1 (9-219)

as visualized on a TLC plate.
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Figure 11: Coomassie stained SDS page gel of purification and
cleavage of GST-Upfl (54-851). Briefly, GST-Upfl was purified by
GST-affinity resin, separated from the GST solubility tag by TEV

protease, and further purified over a heparin column (see Figure 12,

Experimental Procedures).
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Figure 12: Heparin FPLC trace of cleaved GST-Upfl (54 - 851). The

first peak contains properly folded Upfl, while the second peak

contains a Upfl population that is prone to aggregation upon

concentration for size exclusion (see Figure 13).
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Figure 13: Size exclusion of the two peaks observed during heparin

purification of cleaved GST-Upfl (54 - 851). (A) Size exclusion

chromatography trace of the first heparin peak. (B) Coomassie stained

SDS page gel of fractions from (A). (C) Size exclusion chromatography

trace of the second heparin peak. See Figure 12.
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Figure 14: Coomassie stained SDS page gel of the purification and
cleavage of the Upf1 helicase domain. Briefly, GST-Upf1 (221-851) was
purified by GST-affinity resin, separated from the GST solubility tag by
TEV protease, and further purified over a heparin column (see Figure

15, Experimental Procedures).
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Figure 15: Heparin purification of GST-Upfl (221- 851) helicase

domain (see Figure 14 and Experimental Procedures).
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Figure 16: Size exclusion of cleaved GST-Upfl (221 - 851). (A) G200
preparatory size exclusion run of heparin fractions B7-C10 yields a

monodispersed peak at 68 mls. (B) Coomassie stained SDS page gel of

fractions in (A). (C) G200 preparatory size exclusion run of heparin

fractions C12- E7. See Figures 14, 15 and Experimental Procedures.
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Figure 17: GST pulldown with Upfl 2-domain construct and
decapping complex. (A) Coomassie stained SDS page gel of 3 uM GST-
Upfl (54-851) with 60 uM Dcpl/2 (1-315). (B) Coomassie stained SDS
page gel of 60 uM Dcpl/2 (1-315) control. (C) Coomassie stained SDS

page gel of 3 uM GST-Upf1l (54-851) control.
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Figure 18: Upfl decapping complex pulldown in the presence of 2 mM
ATP. (A) Coomassie stained SDS page gel of 3 uM GST-Upfl (54-851)
and 60 uM Dcpl/2 (1-315) pulldown in the presence of 2mM ATP. (B)
Coomassie stained SDS page gel of 60 uM Dcpl/2 (1-315) and 2 mM
ATP control. (C) Coomassie stained SDS page gel of 3 uM GST-Upfl

(54-851) and 2 mM ATP control.
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Figure 19: Upfl effects on decapping assay. (A) Comparison time-
courses of percentage m7GDP released in the presence of 50 nM
Dcpl/2 (1-315) and either O nM Upf1 (54-851) or O nM Upfl (221-851).
Lines shown are single exponential fits used to calculate k . (B) Same
as A, but with 500 nM Upfl (54-851) or 500 nM Upfl (221-851). (C)
Same as A, but with 5000 nM Upfl (54-851) or 5000 nM Upfl (221-
851). (D) Fitted rates for experimental data in A-C. (E) Fitted
endpoints for experimental data in A-C show a reduction in decapping
reaction endpoint correlated with Upfl concentration, regardless of

the construct tested.
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Figure 20: GST and heparin purification of GST-Upfl (9-851) without
cleavage. (A) Coomassie stained SDS-page gel of the GST-affinity and
heparin purification of GST-Upfl (9-851). (B) Heparin FPLC trace of

GST-Upf1 (9-851) after GST affinity purification.
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Figure 21: Size exclusion of uncleaved GST-Upfl (9 - 851). (A) G200
preparatory size exclusion run of the first peak from the heparin
purification (see Figure 20) yields a monodispersed peak. (B) Size
exclusion run of the second peak from heparin purification is mainly
eluted in the void. (C) SDS-page gel of peak fractions in A. (D) SDS-

page gel of peak fractions in B.
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Figure 22: GST pulldown with longer Upfl 2-domain constructs and
decapping complex. (A) Coomassie stained SDS page gel of 3 uM GST-
Upfl (9-851) and 60 uM Dcpl/2 (1-315) pulldown. (B) Coomassie
stained SDS page gel of 3 uM GST-Upfl (54-851) control. (C)

Coomassie stained SDS page gel of 60 uM Dcpl/2 (1-315) control.
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Figure 23: Anti-his western blot of GST-Upfl pull-downs of Dcpl/2.
(A) A 30 second exposure of 3 uM GST-Upfl (9-851) with 60 uM
Dcpl/2 (1-315). Dcp?2 is eluted with Upfl. (B) A 30 second exposure of
3 uM GST-Upfl (221-851) and 60 uM Dcpl/2 (1-315). Note that GST-
Upfl (221-851) has no His-tag. Dcp2 is observed in the elution,
suggesting the pulldown result in (A) is non-specific. (C) A 60 second

exposure of 60 uM Dcpl/2 (1-315) control.
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TABLES

Table 1: Solubility of yeast Upfl ring domain constructs generated.
“Pellet” denotes construct was located in the pellet fraction of
expressions tests, while constructs at least partially in the supernate

are labeled as “soluble”. Constructs left blank were not tested for

expression.
Upfl Boundary GST His TRX
31-204 Pellet Pellet
31-212 Pellet
31-270 Pellet Pellet
§ pombe 37-204 Pellet  Pellet  Pellet

37-212 Pellet
37-270 Pellet Pellet
9-219 Soluble
9-223 Soluble
54-219 Pellet Pellet

S cerevisiae 54-223 Pellet
56-219 Pellet Pellet Pellet
56-223 Pellet Pellet
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Table 2: Co-expression tests of S. pombe Upfl constructs with S.
pombe Dcp2 constructs. Coexpression tests that resulted in insoluble
Upfl are marked “Pellet”, and combinations not tested are left blank.

None of the tested combinations yielded soluble Upf1.

Upfl Boundary Upfl Tag Dcp?2 (1-243) Dcp?2 (1-266)

His Pellet
31-204 GST Pellet

TRX Pellet Pellet

His Pellet Pellet
31-212

GST Pellet Pellet
31-270 His Pellet Pellet

His Pellet Pellet
37-204

GST Pellet

GST Pellet Pellet
37-212

TRX Pellet Pellet

His Pellet Pellet
37-270

GST Pellet Pellet
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EXPERIMENTAL PROCEDURES

Upfl Cloning: All ring domain sequences of Upfl (both S. cerevisiae
and S. pombe) were amplified via PCR using cDNA as a template.
Constructs were inserted into pETDuet vector backbones using EcoR1
and Xhol, C-terminal to either a 6x-His, GST, or TRX tag. Constructs

were then verified by sequencing before use.

Expression Tests: E. coli cultures were grown in 50 ml of LB media at
37 "C to an OD of 0.6. 1 ml of cell culture was then harvested via
centrifugation, and the supernate and pellet fractions saved for SDS-
page analysis as the uninduced samples. The remaining culture was
split into two cultures. One culture was cooled induced with 0.5 mM
IPTG for 3 hours at 37 °C, and the second culture was cooled to 15 "C
for 30 minutes, and then induced with 0.5 mM IPTG for 18 hours for
16 “C. After induction, the cells were diluted with LB at the induction
temperature to an OD of 0.6 and 1 ml of diluted cell culture was
harvested by centrifugation. Pelleted cells were resuspended in 1 ml
of lysis buffer, lysed via sonication and centrifuged at 13,000 rpm at 4
“C for 15 minutes to separate the supernate and pellet fractions. The
pellet was then resuspended in 1 ml of lysis buffer. All samples were

then assessed for protein expression by SDS-page analysis.

Protein Purification: Wild-type S. cerevisiae Dcpl/2 constructs were

expressed and purified as described (Deshmukh et al., 2008) using a
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hexahistidine affinity tag and Ni-NTA followed by size exclusion
chromatography. Purified decapping complex was concentrated and
flash frozen in decapping complex storage buffer (50 mM HEPES, 100
mM NaCl, 20 % glycerol, 5 mM DTT pH 7.5) and stored at -80 "C.

The ring domain of S. cerevisiae Upfl was expressed with a GST
solubility tag followed by a TEV protease site and the coding region of
Upf1 residues 9-223 in E. coli Rosetta cells and induced for 18 hours at
16 "C. Cells were harvested at 5000g, resuspended in lysis buffer (20
mM HEPES, 300 mM NaCl, 10 mM BME, 0.5 % NP-40), lysed via
sonication, clarified at 25,000 for 30 min, and purified by Ni-NTA
affinity chromatography. Further purification via size exclusion
chromatography was not successful, as the protein precipitated upon
concentration prior to injection onto the column.

The longer constructs of Upfl (S. cerevisiae GST- Upfl 54 - 851,
221-851 and 9-851) were expressed in BL21 (DE3) gold pLysS cells.
Cultures were grown in 18 liters of Terrific Broth up to an OD of 3.0 at
37 °C, cooled for 1 hour at 4 °C, and then induced with 0.5 mM IPTG
for 18 hours at 4 ‘C. Cells were then harvested at 5000g and
resuspended in 1 L of lysis buffer (20 mM Tris pH 7.5, 1 M NaCl, 10%
glycerol, 1 mM DTT, 1 mM MgCl, 1 uM ZnCl). The resuspended pellet
was lysed via micro-fluidizer, and then clarified for 1 hour at 25,000
rpm at 4 °C. The resulting supernatant was briefly sonicated for 15
seconds to shear DNA, and then loaded onto 10 ml bed volume of
packed glutathione-sepharose resin at a flow rate of 1 ml/min

overnight. The resin was then washed with 80 ml of lysis buffer,
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followed by 200 ml of Chaperone Wash Buffer (20 mM Tris pH 7.5, 1 M
NaCl, 50 mM KCl, 10% glycerol, 10 mM DTT, 2 mM ATP, 10 mM MgCl,,
1 uM ZnCl), 50 ml of Buffer A (20 mM Tris pH 7.5, 100 mM NacCl, 10%
glycerol, 1 mM DTT, 1 mM MgClZ, 1 uM ZnClz) and finally eluted in 1.1
column volumes of Buffer B (20 mM Tris pH 7.5, 100 mM NaCl, 10%
glycerol, 1 mM DTT, 1 mM MgCl, 1 uM ZnCl, 20 mM reduced
Glutathione). The sample was then diluted to 1.5mg/ml in Buffer A,
incubated for 16-18 hours at 4°C with TEV protease, spiked with 0.5X
TEV protease and incubated at room temperature for 3 hours, and
then loaded onto a 5 ml HiTrap Heparin HP column (GE
Healthsciences). The column was washed with 30 ml of Buffer A1 (20
mM Tris pH 7.5, 100 mM NaCl, 10% glycerol, 1 mM DTT) and a gradient
was run from 0-100% Buffer B1 (20 mM Tris pH 7.5, 1 M NaCl, 10%
glycerol, 1 mM DTT) over 20 column volumes. Two peaks were
observed during the heparin elution both comprised of Upfl. The first
peak was collected and further purified via gel (filtration
chromatography using Buffer A1 and a Superdex 200 column. The
second peak did not typically yield a monodispersed peak upon size
exclusion chromatography and was discarded. This second heparin
fraction typically co-eluted with a protein of approximately 70 kDa,
consistent with a chaperone-Upfl complex. Purified Upfl after sizing

was collected concentrated to 7-8 mg/ml, and flash frozen.

GST Pull-downs: Pull-downs were carried out by gravity flow with 250

ul bed-volume Glutathione Sepharose 4 Fast Flow resin purchased
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from Amersham Biosciences. Proteins were mixed and pre-incubated
for 30 minutes at 4 °C, loaded onto the column, washed with wash
buffer (20 mM HEPES pH 7.5, 300 mM NaCl) and eluted with elution
buffer (20 mM HEPES pH 7.5, 300 mM NaCl, 50 mM reduced
glutathione). Samples were analyzed by SDS page. In some cases,
samples were further analyzed by western blot using an anti-his

primary antibody at 1:500, and an anti-mouse secondary at 1:5000.

Decapping Assays: Decapping reactions were carried out on ice as
previously described (Jones et al, 2008) under single turnover
conditions. For assays done with Upfl constructs, stored protein was
thawed on ice, and the decapping complex was allowed to pre-incubate
on ice with Upfl for 1 hour in 1X reaction buffer and at 3X final
protein concentration. The decapping reaction was then initiated by
adding the protein in a 1:2 ratio to 2X RNA substrate in 1X reaction
buffer. Timecourses were then fit to a single exponential equation to

calculate the fitted k , and endpoints.
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Investigating coactivation of Dcp2 by Xrnl and the Patl/Lsml-7

complex
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INTRODUCTION

A nexus of evidence suggests the possibility that an extended
ribonucleoprotein (RNP) complex containing known mRNA decay
factors Lsm1-7, Patl, and/or Xrnl (described below) may function in a
concerted manner to directly affect the activity of the decapping
enzyme Dcp2. Evidence for these interactions is scattered through
various organisms, though conclusive proof of a direct mechanism of
decapping activation remains to be found. Interestingly, however, the
identification of short linear motifs with elevated conservation in both
S. cerevisiae and S. pombe suggests the possibility that the decapping
machinery exists in conserved complexes, even if the details of
specific interactions change (Fromm et al., 2012; Gaudon et al., 1999;
Neduva and Russell, 2005).

The Lsm (Like Sm) family of proteins is involved in numerous
aspects of RNA biology within the cell, and is so named for its shared
structural motif with the Sm family of proteins. Sm proteins have two
unique motifs linked by a variable region (Hermann et al., 1995) and
fold into a characteristic structure that is sufficient for binding RNA
(Kambach et al.,, 1999; Khusial et al.,, 2005). The Lsm family of
proteins typically exists as ring shaped complexes with 6-7 members,
and Lsm proteins 1-8 are highly conserved members of the family
(Beggs, 2005; Tharun, 2009; Wilusz and Wilusz, 2005). Lsm1-7 form a
ringed cytoplasmic complex in vivo, with Lsml serving as the key

factor that differentiates the cytoplasmic mRNA decay-associated
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Lsm1-7 complex from the U6 snRNP-associated nuclear complex Lsm2-
8 (Achsel et al.,, 1999; Bouveret et al., 2000; Ingelfinger et al., 2002;
Mayes et al., 1999; Tharun, 2009; Tharun et al., 2000).

Patl is another mRNA decay factor (Bonnerot et al.,, 2000;
Bouveret et al., 2000; Hatfield et al., 1996; Marnef and Standart, 2010)
which was initially discovered in the nucleus as a protein associated
with topoisomerase II (Wang et al., 1996). However, there has been
much focus on its cytoplasmic role in mRNA decay, as it has been
shown to bind the decapping complex Dcpl/Dcp2 (Braun et al., 2010;
Nissan et al., 2010; Ozgur et al., 2010; Pilkington and Parker, 2008). In
addition, disruption of the Patl gene in yeast results in deadenylated,
capped RNA, further implicating Patl in decapping activity (Bouveret
et al., 2000; Hatfield et al., 1996). Furthermore, Patl binds to another
decapping activator Dhhl, and appears to be related to translational
repression (Coller and Parker, 2005).

The Lsml-7 complex binds to Patl in vivo to form a complex
required for normal mRNA decapping rates in the 5’-3’ mRNA decay
pathway (Bouveret et al., 2000; Chowdhury and Tharun, 2009; Garneau
et al., 2007; Sharif and Conti, 2013; Tharun et al., 2000). This complex
preferentially binds to substrate RNA with an oligo(A) tail, and has
been shown to protect the 3’ end of mRNA in vivo (Boeck et al., 1998;
Chowdhury et al., 2007; He and Parker, 2001; Tharun et al., 2005). The
observation that Patl interacts with the decapping complex (Braun et
al,, 2010; Nissan et al., 2010; Ozgur et al., 2010; Pilkington and Parker,

2008) suggests that Patl/Lsm1l-7 could form a higher-order complex
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with Dcpl/Dcp2 to promote the 5-3° mRNA decay pathway through
activation of Dcp?2 activity.

Another possibility is that a complex of Dcpl/2 and Patl/Lsml-
7 requires an additional factor to promote decapping, as suggested by
the observation that the ability of the Patl/Lsml-7 complex to
assemble onto an mRNA is necessary but not sufficient for decapping
in vivo (Chowdhury and Tharun, 2009). In this case, a likely candidate
is Xrnl, the 5’-3’ exonuclease responsible for degradation of the RNA
body following decapping in the 5’-3’ mRNA decay pathway (Stevens
and Maupin, 1987), as Xrnl is reported to bind to the Patl/Lsml-7
complex as well as the decapping machinery (Bouveret et al., 2000;
Braun et al., 2012; Nissan et al., 2010).

In this chapter, we set out to test these ideas by characterizing
any effect of Patl/Lsml-7 and/or Xrnl on Dcp2 activity. Through a
collaboration with Dr. Tharun Sundaresan’s lab, we obtained
Patl/Lsml-7 complex purified from S. cerevisiae. We were able to
demonstrate the RNA binding functionality of this complex, as well as
S. cerevisiae Xrnl, using a gel shift assay. However, we did not
observe any major changes in Dcp2 activity upon addition of either of

these reagents in an in vitro decapping assay.

RESULTS AND DISCUSSION

Before beginning any biochemical studies, the purity of both the

Xrnl and Patl/Lsml-7 used in these studies was confirmed using a
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silver-stained SDS-page gel (Figure 1). To assess the functionality of
the reagents and ability of the Xrnl and purified Patl/Lsm1-7 complex
to bind RNA, a gel shift assay was performed with Xrnl, Patl/Lsm1l-7,
and Xrnl + Patl/Lsml-7. The proteins were pre-annealed to yeast
MFA2 RNA 100 nucleotides long with both a 5’ cap and a short oligo-A
3’ end (Figure 2) using a previously published annealing protocol
(Chowdhury et al., 2007). Xrnl bound the majority of the RNA as a
single species, in contrast to the Patl/Lsml-7 complex, which only
occupied a fraction of the RNA. Addition of both Xrnl and
Patl/Lsml-7 yielded an even slower migrating species, consistent with
a large ribonucleoprotein (RNP) complex comprised of RNA, Xrnl, and
Patl/Lsml-7. It should be noted that these results were not
reproducible by another lab member, potentially due to differences in
protein preparations.

To assess any effect addition of Xrnl or Patl/Lsml-7 might
have on decapping rates, a functional assay to measure in Vitro
decapping rates was used. Because the annealing protocol of binding
Xrnl or Patl/Lsml-7 to substrate RNA involves heating and cooling, it
was first necessary to determine whether such a temperature cycle
would have any effect on secondary structure of the substrate RNA, as
such structures could affect the measured decapping rates even in the
absence of any potential activators of the decapping complex. To this
end, time-courses were taken for both wild-type and K135A variants of
the decapping enzyme comparing decapping activity using a mock-

annealed RNA (that was subjected to the annealing protocol, see
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Experimental Procedures) and unannealed RNA (Figure 3, Table 1). In
all cases tested, the annealing protocol had no effect on measured
Dcp?2 activity.

We next asked whether addition of Xrnl or Patl/Lsm1l-7 have
any effect on decapping rates in our in vitro decapping assay. AS
observed with the annealing controls, there was a slight biphasic
quality to even the wild-type Dcpl/Dcp?2 activity, most likely due to
secondary structure of the RNA (Figure 4A, see Experimental
Procedures). Addition of either Xrnl or Xrnl + Patl/Lsm1l-7 resulted
in a slight decrease in decapping rate and observed endpoint (Figure
4B-D, Table 2) as compared to Dcpl/Dcp2 alone. However, this effect
was small and probably a non-specific artifact of RNA-binding
proteins, as it was also observed with addition of Upf1 (see Chapter 3).

To rule out a lack of effect due to slow binding kinetics of Xrnl
to the decapping complex, Dcpl/Dcp2 was pre-incubated with Xrnl
and RNA, and then the decapping reaction was initiated by addition of
magnesium.  Wild-type Dcpl/Dcp2 pre-annealed to RNA in this
manner shows an even stronger biphasic behavior (Figure 5) than
when the RNA was subjected to a mock-annealing (Figure 5, Table 3).
Addition of Xrnl does not change k  appreciably, while the endpoint
is only slightly decreased (Figure 5, Table 3). This biphasic behavior is
possibly due to some population equilibrium between two different
states of the enzyme, but further characterization is needed before

any definitive statements can be made.
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FIGURES

Figure 1: Silver stain of the purified reagents used in gel shift and

kinetic assays reported here.
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Figure 2: Gel shift binding assay. Xrnl binds to the RNA completely,
while the Patl/Lsml-7 complex does not completely shift the RNA
alone. However, addition of both Xrnl and Patl/Lsml-7 shows a
complete shift of the RNA to a slowly migrating RNP complex. GST-
Upfl (9-851) is shown as a positive RNA-binding control, which
probably is partially oligomerized as a large RNP complex (see Chapter

3).
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RNA alone
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Figure 3: Annealing controls for wild-type and K135A Dcpl/2. (A)
Time-courses of wild-type Dcpl/Dcp2 (1-245) with and without a mock
annealing step for the RNA substrate. Fit lines shown are single
exponential fits. (B) Time-courses of the Dcpl/Dcp2 K135A mutant
with and without a mock annealing step for the substrate RNA. Fit

lines shown are single exponential fits.
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Figure 4: Comparison of decapping activity with Dcpl/2 and Xrnl and
Patl/Lsml-7. (A) Data plotted is a time course of % m7GDP released
by 12.5 uM Dcpl/2. The red line is a single exponential fit used to
calculate the endpoint and kobs, and the blue line is a double
exponential fit. (B) Time-course of m7GDP released by 12.5 uM
Dcpl/2 in the presence of 100 nM Xrnl. Colored fit lines shown are
the same as (A). (C) Time course of m7GDP released by 12.5 uM
Dcpl/2 in the presence of 100 nM Xrnl and 100 nM Patl/Lsml-7.
Colored fit lines are the same as in (A). (D) Overlay comparison of the
data points from A-C. Addition of either Xrnl or Xrnl+ Patl/Lsml-7

lowers the observed endpoint of the decapping reaction. See Table 2.
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Figure 5: Comparison of decapping activity with Dcpl/2 and Xrnl
when the decapping reaction is initiated with magnesium. (A) Time-
course of 12.5 uM wild-type Dcpl/2 (1-245), initiated by addition of
magnesium. The blue line is a single exponential fit, and the green
line is a double exponential fit. (B) Comparison time-courses of wild-
type Dcpl/2 with and without Xrnl. Fit lines shown are double

exponential fits. See Table 3.
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TABLES

Table 1: Annealing controls for wild-type and K135A Dcpl/2. A
comparison of the observed k , on substrate RNA that has or has not
been annealed shows the annealing protocol has no effect on

decapping rates.

k (min™) Endpoint
WT annealed 3.08 0.62
WT not annealed 3.15 0.60
K135A annealed 0.05 0.54
K135A not annealed 0.05 0.54
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Table 2: Comparison of decapping rates and endpoints for Dcpl/2 in

the presence of Xrnl and Patl/Lsml-7.

Fit kobs (min?) Endpoint
Double A 2.02 0.50
Wild-type Double B 0.15 0.40
Dcpl/2 Single 1.02 0.78
Double A 1.12 0.45
WT + Xrnl Double B 0.11 0.31
Single 0.65 0.66
Double A 1.01 0.42
WT + Xrnl Double B 0.14 0.30
+Patl/Lsml-7 Single 0.57 0.65
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Table 3: Comparison of decapping rates and endpoints for Dcpl/2 in

the presence of Xrnl when the decapping reaction is initiated with

magnesium.
Fit Endpoint kobs (min?)
Double A 0.21 3.25
Wild-type
Double B 0.49 0.19
Dcpl/2
Single 0.63 0.48
Double A 0.27 3.63
WT + Xrnl
Double B 0.49 0.17
Single 0.65 0.64
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EXPERIMENTAL PROCEDURES

Protein Purification: S. cerevisiae Dcpl/2 constructs were expressed
and purified as described (Deshmukh et al., 2008). Briefly, constructs
were purified using a hexahistadine affinity tag and Ni-NTA resin
followed by size exclusion chromatography into Dcp2 storage buffer
(50 mM HEPES pH 7.5, 100 mM NaCl, 5 % glycerol, 5 mM DTT), flash
frozen and stored at -80 "C. The S. cerevisiae Xrnl was purchased
from New England Biolabs, Inc and stored at -20 "C. The Patl/Lsml-7
complex used in these studies was supplied by Tharun Sundaresan’s

lab and purified as described previously (Tharun, 2008).

RNA Transcription and Preparation: Transcription of the MFA 100-A5
RNA was done using T7 polymerase in a 1 ml reaction consisting of 40
mM HEPES KOH pH 8.1, 2 mM spermidine, 0.01 % Triton X-100, 50
mg/ml PEG 8000, 20 mM DTT, 8 mM GTP, 5 mM each UTP, ATP and
CTP, 40 mM MgCl, 2 U/ml thermostable inorganic pyrophosphatase
(TIPP), 0.1 mg T7 RNA polymerase and 500 nM template DNA.
Reaction was incubated at 37 °C for 3 hours and then treated with
RNase-free DNase for 30 minutes to remove the template DNA, and
then the reaction was quenched by addition of EDTA to a final
concentration of 50 mM. The quenched reaction was mixed with 1 ml
of formamide, heated to 85 °C for 10 min and gel purified using UV
shadowing followed by a phenol-chloroform extraction and ethanol

precipitation. Purified RNA was diluted to 20 uM and stored at -20 °C
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for capping reactions. Incorporation of alpha-*’P GTP as the 5’ cap was

carried out as described previously (Jones et al., 2008).

Gel Shift Assay: Proteins for the gel shift assay were pre-annealed to
the **P-capped MFA2 100-A5 RNA in gel shift buffer (10 mM HEPES-
KOH pH 7.5, 100 mM KCl, 0.5 mM EDTA, 1 mM DTT, 10 % glycerol, and
50 ug/ml yeast tRNA from Life Technologies) by heating to 30 "C for
45 minutes, and then cooling to 4 ‘C for 15 minutes. The non-
denaturing acrylaminde gel was run at 4 °C in TBE running buffer,
dried at 85 °C, and visualized using a phosphorus sensor screen.
Protein concentrations were as follows: 100 nM Xrnl, 100 nM

Patl/Lsml-7, 25 uM Upf1l.

Decapping Assay: Dcpl/Dcp2 (1-315) was diluted to 1X reaction
buffer (50 mM NH Cl, 0.01% NP-40, 1 mM DTT, 5 mM MgCl, and 50 mM
Tris-HC] pH 8.0) and 3X final protein concentration, and added to the
substrate RNA mixture to initiate the reaction. Substrate RNA was pre-
annealed to potential decapping effectors (Xrnl or Patl/Lsm1l-7) at 2X
final protein concentration in 1X reaction buffer by heating to 30 °C
for 45 minutes, and then allowed to cool to the assay temperature of 4
°C for 15 minutes before the reaction was initiated (Chowdhury et al.,
2007). Protein concentrations were as follows: 12.5 uM Dcpl/Dcp2,
100 nM Xrnl, 100 nM Patl/Lsml-7. Decapping reactions were
analyzed as previously described (Jones et al., 2008). In the case of

initiation by magnesium, all proteins and RNA were annealed as above
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but in 1X reaction buffer without MgCl,, and the reaction was started
by addition of 15 mM MgCl, in 50 mM NH Cl, 0.01% NP-40, 1 mM DTT,
and 50 mM Tris-HCI pH 8.0, yielding a final magnesium concentration

of 5 mM.
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