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ABSTRACT  

The decapping complex is a dynamic enzyme that is involved in dynamic processes of 

development and environment stress responses.  In vivo, and to some extent in vitro, decapping has been 

shown to be modulated by numerous cellular cofactors; including Dhh1 and Pat1:Lsm1-7, which help 

define the timing of decapping.  Additional coactivating sequences contained in lineage specific proteins 

allow for plasticity in recruiting the complex to novel pathways.  Recently, great progress has been made 

in describing the structured, core domains of the various 5’ decay factors and the decapping structure has 

been solved in multiple forms that represent various conformations along its enzymatic trajectory; 

including coactivator bound.  Much less is known about the intrinsically disorder regions (IDRs) of these 

proteins.  In vivo results have implicated that there could be a negative regulatory element in the 

decapping complex.  Following this insight, I have discovered and subsequently characterized an 

autoinhibitory region of the fungal Dcp2 IDR.  Additionally, this autoinhibitory complex reveals a 

potentially larger role for Edc3 in cytoplasmic decay that had previously been unappreciated.  This 

autoinhibition provides new possibilities for our understanding of mRNA decay and this system provides 

the opportunity to resolve differences between in vivo and in vitro decapping results.  Finally, our 

biochemical and structural insights into the core Dcp1:Dcp2 activation have resulted in an enzyme that 

may prove useful for RNA cloning methods.  
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INTRODUCTION 

Cells are dynamic in nature and need to be able to adapt rapidly to changes in their environment; 

be they stressors, cell division or differentiation.  Cells have evolved to be able to change their genetic 

program through several often-redundant pathways.  This can be accomplished at the DNA level by 

changes in nucleosomes that can lead to alterations in the accessibility of the transcription machinery 

(Narlikar et al. 2002; Tsompana and Buck 2014; Rudnizky et al. 2017); at the RNA level by shuttling 

transcripts in and out of processing bodies (Decker and Parker 2012) or through 5’ or 3’ RNA decay 

(SGrudzien-Nogalska and Kiledjian 2017) or other specialized pathways (Lykke-Andersen and Jensen 2015; 

Cho et al. 2015); or at the protein level by alterations in localization (Bauer et al. 2015) or turnover by the 

proteasomal machinery (Ravid and Hochstrasser 2008).  Cellular machinery and in particular proteins are 

also dynamic in nature.  Enzymes often exhibit millisecond to microsecond conformational fluctuations 

during catalytic cycles (Henzler-Wildman and Kern 2007) and these dynamics are often influenced by 

interactions with other cellular factors: protein cofactors, ligands, etc.  The 5’ bulk decay pathway, where 

the decapping complex (Dcp1:Dcp2) plays a major role is nicely at this intersection of a dynamic cellular 

pathway with dynamic proteins.  

     5’-3’ decay plays a role during the dynamic multi-cellular process of development, and this role 

appears to be somewhat conserved.  In C. elegans, RNAi knockdown of the cytoplasmic exoribonuclease, 

Xrn1, results in a significant ventral closure defect (Newbury and Woollard 2004).  In D. melanogaster, 

suppression of Xrn1 results in maldevelopment of the testes among other morphological defects such as 

a cleft thorax (Nagarajan et al. 2013).  Finally in humans, mutations in DcpS (the cap scavenging enzyme) 

and Edc3 have been implicated in neurological development defects (Ahmed et al. 2014).  The Decapping 

protein 2 (Dcp2) is abundantly expressed in both male and female reproductive organs, suggesting that 5’ 

- 3’ decay could be important at some stage of reproductive development.  Although more work with 
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differentiated patient stem-cells would have to be performed to more carefully test of the decapping 

activity is important for these maldevelopment.    

 Since 5’-3’ decay is an important cellular process, in S. pombe decapping appears to be essential, 

organisms have evolved a series of additional cofactors that can serve to alter the decapping complex’s 

activity or its recruitment to specific RNA substrates (Nissan et al. 2010; Jonas and Izaurralde 2013).  In 

general decapping dependent cytoplasmic bulk decay, Dhh1 and Pat1:Lsm1-7 are critical regulators of this 

process (Coller and Parker 2005; Chowdhury and Tharun 2008).  Lesions in either results in the 

accumulation of deadenylated, capped transcripts consistent with a defect in decapping.  Additionally, 

Dhh1 is critical for maintaining the polarity of codon-optimality dependent mRNA half-lives 

(Radhakrishnan et al. 2016).  Outside of bulk transcript decay, Dcp2 activity can be controlled by its 

interaction with specialized cofactors.  Edc3 in S. cerevisiae regulates the stability of only two transcripts, 

whereas it is unknown how many transcripts it regulates in S. pombe.  In D. melanogaster, Edc3 recruits 

the decapping complex to the miRNA mediated gene silencing pathway (Eulalio et al. 2007).  There also 

appear to be Edc1-like decapping activators in most eukaryotes where the activator peptide sequence is 

conserved, but the remainder of the protein is species/lineage specific.  This plasticity allows for lineage 

specific recruitment of the decapping complex (Jonas and Izaurralde 2013).  Finally, there are a variety of 

boutique decay pathways spanning: Non-sense mediated decay, glucocorticoid receptor mediated mRNA 

decay (GMD), and Pumilio and FBF (PUF) dependent decay.  The multitude of pathways makes for a very 

complex and dynamic process.    

 Our lab has focused primarily on deciphering how the decapping holoenzyme (Dcp1:Dcp2), in 

particular its structured catalytic core is regulated.  We have shown that the enzyme is dynamic in the 

absence of substrate and that these dynamics can be modulated by mutations to residues at the interface 

between the regulatory domain (RD) and the catalytic domain as well as by co-activators.  Previous lab 

members have shown that the RD, Dcp1, Edc1-like activators and W43 (a cap binding residue) all can have 
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large effects presumably by manipulating the conformations and free-energies of the transitions between 

them to alter the activity of the enzyme.  In the particular case of W43, mutation to alanine was shown to 

quench the dynamics of the enzyme in solution in the absence of any substrate (Floor et al. 2012).  This 

W43A mutation also prevented Dcp1 or Edc1-like coactivators from stimulating the holoenzyme.  

Additionally, several published structures of the active and near active form have provided even greater 

insight into the atomic resolution of how these factors work.  

 While the structured core of the decapping enzyme is well characterized biophysically, 

biochemically and structurally, there is a general lack of understanding of the intrinsically disordered 

regions of a vast number of proteins involved in RNA decay.  In our particular system, we know very little 

of the functional role of the S. pombe Dcp2 C-terminal extension despite there being regions of 

conservation amongst fungi.  Before I began to focus heavily on characterizing these regions of 

conservation it was only really appreciated that this region of disorder served as a multivalent scaffold for 

conserved cofactors such as Edc3.  There was no defined functional role in terms of altering the enzymatic 

activity of the decapping complex.  Most biochemical studies have removed the C-terminal extension due 

to its difficulty in purifying and because of the small genetic effect when removed from the endogenous 

gene under lab controlled conditions.   

 In the following sections, I will detail the major findings of my thesis research: (1) I will detail the 

discovery and characterization of a biochemically pure C-terminally extended S. pombe decapping 

complex.  This initial discovery and characterization of this more relevant decapping complex has 

recapitulated some in vivo findings of coactivation by Edc3, has shed light onto the nature of the Dcp2 

dynamics we have previously measured in solution, and is beginning to inform upon us some longstanding 

in vivo findings in the field that previous in vitro decapping systems have not been able to reasonably 

explain.  (2) I will discuss the design and benchmarking of a constitutively activated decapping complex, 

the super decapping enzyme, that was originally constructed for structural studies, but which we now 
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detail its use as a replacement for Tobacco Acid Pyrophosphatase (TAP) in 5’ end sequencing methods. (3) 

I will discuss the results of using an insect cell expression to purify full length Dcp2 and some preliminary 

S. pombe genetics to better define the functional role of 5’ mediated decay in fission yeast.  (4) Finally, I 

will provide some speculation on the future of our understanding of the decapping complex.   
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ABSTRACT  
5’ mediated cytoplasmic RNA decay is a critically conserved cellular process in eukaryotes.  While 

the structured globular domains of the nucleases and cofactors in this pathway have been determined 

and functionally characterized, our understanding of the abundant intrinsically disordered regions (IDRs) 

is lacking.  Here we reconstitute and describe for the first time a C-terminally extended Dcp2 in complex 

with Dcp1, which is autoinhibited.  We identify two inhibitory motifs (IM1 and IM2) that when removed 

restore the activity of the Dcp1:Dcp2 complex. The addition of Edc3, which binds additional conserved 

regions of the IDR, fully alleviates the autoinhibition, stimulating decapping ~40—fold. This robust 

activation is the most relevant biochemical reconstitution to date and furthers our understanding of Edc3.   

Using the available crystal structure of Dcp1:Dcp2 to guide mutagenesis, we show that a closed cap-

occluded conformation, is consistent with an autoinhibited state.  Mutation of a conserved tyrosine 

alleviated the decapping inhibition, altered the conformational dynamics, and might increase m7G-cap 

affinity.  Our data reveals a conserved cap-occluded state that can be modulated by conserved cofactors 

and provides a framework for understanding the control of decapping in higher eukaryotes.   
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INTRODUCTION 

Eukaryotic 5’-3’ mRNA decay is preceded and permitted by removal of the m7GpppN (N any 

nucleotide) cap structure and is a critical, conserved cellular process from yeast (Dunckley and Parker 

1999) to humans (Wang et al. 2002; SGrudzien-Nogalska and Kiledjian 2017).  The maintenance of the 

m7G cap in eukaryotes is required for a variety of cellular processes including: splicing (Konarska et al. 

1984; Izaurralde et al. 1994), nuclear export (Visa et al. 1996), canonical translation and transcript stability 

(Moore 2005; Topisirovic et al. 2011);  defective caps are removed by quality control pathways (Xiang et 

al. 2009; Chang et al. 2012); and recent evidence suggest caps containing  m6Am as the first-transcribed 

nucleotide are protected from decapping and 5’-3’ decay (Mauer et al. 2016).  Critically, mRNA decay is 

important during development (Newbury and Woollard 2004).  Additionally, the cap structure and polyA 

tail differentiate the mRNA from other cellular RNAs; a feature viruses try to coopt to protect and translate 

their messages (Molleston and Cherry 2017).  Since ablation of the cap structure removes the message 

from the actively translating pool and marks it for turnover, the 5’ decapping pathway has evolved to rely 

on a host of cofactors (Arribas-Layton et al. 2013).  A continual outstanding question remains in how the 

activity of the decapping enzymes are controlled. 

There are a variety of decapping enzymes in eukaryotic cells (Song et al. 2010). The decapping 

enzyme Dcp2 has been implicated in bulk 5’-3’ decay, mRNA quality control and regulated mRNA decay 

pathways (Schoenberg and Maquat 2012), such as the decay of miRNA targets and glucocorticoid receptor 

mediated decay (Cho et al. 2015). Dcp2 is a bi-lobed enzyme made-up of a regulatory and NUDIX 

containing catalytic domain, and Dcp1, an EVH1-like scaffold, which recruits cofactors through an aromatic 

cleft that recognizes a short proline-rich motif (She et al. 2008).  Additionally, fungal Dcp2 contains a long 

C-terminal extension.  This extension has been shown to recruit several known regulators of decay (He 

and Jacobson 2015).  The most well characterized of these interactions is between short helical leucine-
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rich motifs (HLMs) and enhancer of decapping 3 (Edc3). In budding yeast, deletion of Edc3 causes 

upregulation of the YRA1 pre-mRNA and the mRNA encoding the ribosomal protein RPS28B.  It also 

functions in assembly of P-bodies. In yeast Edc3 plays a role in localizing Dcp1/2 to processing-bodies 

(Decker et al. 2007; Fromm et al. 2012) and in vitro is sufficient to facilitate liquid-liquid demixing (Fromm 

et al. 2014). Quite possibly Edc3 may act as a general enhancer of  decapping in fission yeast, since 

deletions of Edc3 resulted in decreased decapping of an abundant mRNA and an increase in the number 

of processing bodies (Wang et al. 2013).   In Drosophila , Edc3 is involved in the decay of some miRNA 

targets, whereas in humans, a single mutation in its LSm domain (HLM binding) is highly correlated with 

defects in neuronal development (Ahmed et al. 2014).  These interactions facilitated by the intrinsically 

disordered regions (IDRs) are highly plastic, evolve rapidly, and facilitate the rewiring of mRNA decay 

pathways amongst species (Jonas and Izaurralde 2013).   

Recently, a region in the fungal Dcp2 specific extension was described (He and Jacobson 2015), 

which imparted a negative effect on a subset of Edc3 specific transcripts in yeast depleted for Edc3.  

Removal of the cerevisiae conserved sequence restored transcript levels, bypassing the Edc3 requirement.  

However, it is unclear from these studies if the region is a direct inhibitor of decapping or if additional 

factors are involved.  How inhibitors of decapping modulate the complex conformational landscape of 

Dcp2 is unknown.   Furthermore, this specific sequence is not found in the distally related fission yeast. 

Here we provide the first direct evidence that a C-terminal extended Dcp1:Dcp2 complex from S. pombe 

is autoinhibited.  Additionally, a proline-rich region contains two sub-regions of conservation that when 

removed fully restore enzymatic activity.  Third, we demonstrate that the addition of Edc3 alleviates the 

inhibitory role of the disordered region.  Fourth, we identify a critical amino acid, Y220, which when 

mutated quenches ms/µs dynamics of Dcp2, restores activity of the inhibited complex, and bypasses the 

Edc3 mediated alleviation of the inhibition.  Taking all of the available data into account, we propose a 

model for the autoinhibition of the decapping complex through the stabilization of a cap-occluded 
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conformation that has appeared in numerous structural studies and was suggested to be an inactive form 

of the enzyme.   

 

RESULTS 

The disordered c-terminal extension of Dcp2 is autoinhibitory  

The C-terminus of pombe Dcp2 is predicted to be highly disordered (Fig 1A).  We were interested 

in determining if this largely disordered extension had a functional role.  Previously, a region containing 

proline-rich sequences (PRS) was shown to interact with the aromatic quartet of Dcp1 (She et al. 2008; 

Borja et al. 2011; Lai et al. 2012; Valkov et al. 2016; Mugridge et al. 2016), a binding site for decapping 

coactivators.  However, unlike Edc1,2/PNRC2 there was no apparent effect on decapping rates when the 

sequence was added in excess in trans.  To get at this question of a functional role, we coexpressed and 

purified Dcp1 and a C-terminally extended Dcp2.  The purified complex was compared side-by-side with 

the catalytic core in an in vitro decapping assay.  It was apparent from the raw TLC plate that the enzymatic 

activity was reduced (Fig 1B).  When the data was plotted and the rates determined, we found that the 

extended complex was consistently 10-fold slower than the structured core decapping complex alone (Fig 

1C,D).  This effect was not dependent enzyme preparation, and the larger decapping complex containing 

the inhibitory region purified as a well-resolved, homogeneous peak on gel-filtration (Fig S2)  

 

The disordered extension contains a c-terminal regulatory region (CRR) composed of two inhibitory 

motifs  

Having determined that Dcp1:Dcp2(1-504) was less active than the functional core, we wanted to 

know which region encoded for this effect.  We narrowed our search window by querying the 
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conservation amongst the most closely related fission yeast.  The rationale being that motifs in highly 

disordered primary sequence evolve rapidly due to less constraint, i.e. lack of structural confinement, and 

an ability to swap from one protein to another (Davey et al. 2015; Latysheva et al. 2015).  Using this 

approach, we identified a critically conserved stretch of amino acids and the previously characterized PRS 

(Fig 2A).  While previous studies have failed to show any inhibitory effect for this PRS, we sought to see if 

in the context of our inhibited complex ablations of these conserved regions would contribute to the 

decrease in decapping activity.  We purified to homogeneity Dcp1:Dcp2 complexes where either the PRS 

or region 2 alone or in tandem were deleted (Fig S2B).  Unlike in the trans addition experiments, the PRS 

contributes partially to the autoinhibition when present in cis.  Likewise, excision of region 2 restored 

activity to a similar extent.  More strikingly, the combined removal of these regions fully restored the 

activity to that of the catalytic core (Fig 2B,C).  We therefore have named these regions inhibitory motif 1 

(IM1) and inhibitory motif 2 (IM2) respectively.  The region comprising IM1 and IM2 we now consider to 

be a C-terminal regulatory region or CRR.    

 

Alleviation of autoinhibition by the conserved Edc3 

With this new CRR mapped, we wondered if any of the known regulators relieved this inhibition.  

Our longer Dcp2 construct contains at least three conserved HLMs that are known binding sites for Edc3 

(Fromm et al. 2014), so it seemed plausible that Edc3 might alleviate autoinhibition.  When Dcp1:Dcp2 (1-

504) was incubated with excess Edc3, the activity was completely restored to levels beyond the catalytic 

core alone (Fig 3A,B).  Furthermore, this activity was dependent on the known LSm domain, since the YjeF 

N domain alone did not alter the decapping activity (Fig 3B).  Interestingly, addition of the LSm domain 

alone resulted in an increase in activity that was on par with the core decapping complex (Fig 3A,D).  These 

results suggest that binding the HLMs with the LSm domains was sufficient to block the autoinhibition via 
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the CRR.  Full-length Edc3 provides an additional level of activation of  Dcp1:Dcp2 (Fig 3B).   Prior studies 

of in S. cerevisiae Dcp1:Dcp2 revealed the core structure domain and an additional supported modest 

levels of Edc3 activation of decapping Edc3 (Harigaya et al. 2010), which was not due to autoinhibition.  

Accordingly we compared fold activation of decapping of   Dcp1:Dcp2 (1-266) (Fig 3B) with the 

substantially longer autoinhibited construct. The LSm domain does not provide any substantial increase 

in activity of Dcp1:Dcp2, and only an approximate 5-fold increase upon addition of Edc3 (Fig 3D).  This 

implicates that only in the context of the longer auto-inhibited Dcp1:Dcp2 complex do we see a robust 

activation by Edc3 with the majority of the change coming from the recognition of Dcp2 by the HLM 

binding LSms, with an additional 4 to 5 -fold coming from the full Edc3.  

 

Cap-occluded Dcp2 conformation is a vestige of an inactive state 

We and others have suggested that the ATP bound, closed Dcp2 structure could resemble an 

inactive conformation of the holoenzyme Dcp1:Dcp2 (Floor et al. 2010; Fromm et al. 2012).  Indeed, a 

recent crystal structure of Dcp1:Dcp2 and coactivators with substrate analog and product indicate an 

extensive remodeling from a cap-occluded state to one that is accessible for interactions with cap (She et 

al. 2008; Valkov et al. 2016; Mugridge et al. 2016).  However, the decapping activity of the structured core 

domains of Dcp1:Dcp2 that were previously studied by crystallography are only modestly  enhanced upon 

addition of the LSm domain (~1.5-fold, Fig 3D).  Nevertheless, we hypothesized that the autoinhibited 

state might mimic a cap-occluded conformation and that the regions of the CRR may consolidate this 

state.  The Dcp1:Dcp2 cap-occluded structure is stabilized by several conserved residues, including: W43, 

D47 and Y220 (Fig S4A).  In the m7GDP bound state, the Y220 was no longer close to the active site (Fig 

4A).  Upon mutation of Y220 to glycine, the activity of Dcp1:Dcp2 (1-504) was restored to within ~2-fold 

of the catalytic core (Fig 4B).  These data suggest the cap occluded conformations of Dcp1:Dcp2 might 



13 
 

represent the autoinhibited form of the enzyme which is further stabilized by the CRR. Consistent with 

this interpretation, the Y220G mutation nearly bypassed the requirement for Edc3 activation; the change 

in activity being more similar to that of Dcp1:Dcp2(1-266) than Dcp1:Dcp2(1-504) (Fig 4C).   

 

Mutation of Y220 quenches dynamics and may increase cap affinity 

Previously, it had been noted that Dcp2 experiences ms/µs concerted dynamics across the RD and 

CD.  W43 was identified as a “gatekeeper” residue (Floor et al. 2012).  Since Y220 makes interactions with 

W43, we thought that the Y220 mutation would also perturb these dynamics resulting in the 

reappearance of hallmark cross-peaks (Fig S6).  Upon mutation of Y220 to glycine in Dcp2(1-243), the 

expected cross-peaks returned from across both the RD and CD along with W43, which is undetectable in 

the WT spectrum (Fig 5A).  A second prediction of destabilizing the cap-occluded conformation is higher 

affinity for m7GDP.  Monitoring the W43 indole cross-peak, we were able measure KD of ~3mM, upon 

titrating m7GDP, compared to ~ 10mM for the individual domains (Fig 5B).  While we were able to quantify 

cap binding to Y220G, we could not reliably measure m7GDP binding by CSP in the WT protein.  This was 

mainly in part due to the ms/µs dynamics, general broadening, and peaks exhibiting multiple exchange 

regimes.  Since we were not able to measure this affinity directly, we reasoned that increased cap affinity 

compared to WT would result in a concomitant increase in the enzymatic rate.  In agreement, we 

consistently measured a 1.5 fold enhancement in the rate for the Y220G compared to WT (Fig 5C) 

 

DISCUSSION  

mRNA decay factors have been extensively characterized biochemically, genetically, and 

structurally (Garneau et al. 2007; Schoenberg and Maquat 2012).  In the past decade or so, several studies 
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have provided insight into the mechanisms of how Dcp1 and its co-activators (Edc1-like) are able to 

activate the decapping holoenzyme (Borja et al. 2011; Lai et al. 2012; Valkov et al. 2016; Mugridge et al. 

2016; Wurm et al. 2017).  Furthermore, a plethora of structures of a majority of the globular domains of 

the mRNA decay proteins are available and have provided a relatively clear picture of how these domains 

function (Jonas and Izaurralde 2013).  While much progress has been made on this front, much less is 

known in regard to the intrinsically disordered regions (IDRs) that are replete in these proteins.  Here we 

have determined a CRR of the IDR in pombe Dcp2 is autoinhibitory in the context of the Dcp1:Dcp2 

holoenzyme.  Consistent with the IDR being of functional importance, removal of two fission yeast 

conserved motifs (IM1 and IM2), resulted in a complete restoration of the enzymatic activity.  Importantly, 

we have shown that the conserved Edc3 is able to alleviate this autoinhibition and that this activation is 

25-fold greater than what has previously been reported (Fromm et al. 2012).  Finally, we were able to gain 

insight into the structure of the inhibited state based upon multiple available cap-occluded structures (Fig 

S4), and were able to identify Dcp2 Y220 as a key residue in stabilizing this cap-occluded conformation.    

IDRs of proteins are the dark matter of protein sequence space.  While the majority of protein 

folds have been characterized, much less is known about the disordered regions between domains and 

extending from them.  This is despite IDRs making up a sizeable portion of the proteome (Tompa 2003).  

These regions are an active area of research, since IDRs are plentiful in RNA decay proteins despite 

diverging considerably in length and composition in eukaryotes, while the globular domains are highly 

conserved (Jonas and Izaurralde 2013).  With the high plasticity and rapid evolution of the IDRs, they 

provide an opportunity for species specific rewiring resulting in novel functions.  The interaction of Edc3 

with the IDR of Dcp2 is one of the most well characterized SLiMs mediated complex formation in RNA 

decay.  In seminal work, He and Jacobson demonstrated that in addition to providing a PPI, the IDR of 

Dcp2 could negatively regulate decay in an Edc3 dependent manner (He and Jacobson 2015).  However, 

it was not determined whether this was a direct affect or if it required additional factors.  In previous in 
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vitro studies, a large section of the Dcp2 IDR was removed due to expression and stability issues (Fromm 

et al. 2014; Schütz et al. 2017).  We reconstituted and quantified the direct inhibition of Dcp2 by this IDR 

in vitro using recombinant purified proteins and further have shown that autoinhibition can be modulated 

in an Edc3 dependent manner.  It will be interesting to see if a similar negative regulation is present in 

higher eukaryotes, where the IDR containing the Edc3 protein interaction motifs have been transferred 

to Dcp1 (Fromm et al. 2012).   

Assembling the available evidence from the literature and from this study, we propose a model 

for autoinhibition within the decapping holoenzyme (Fig 6).  The central aspect of the autoinhibitory 

conformation is the cap-occluded structure, where Y220 is making edge interactions with the critically 

important W43 and D47 in a conformation that is incompatible with cap binding (Floor et al. 2010).  In 

this conformation, the CRR likely makes interactions with the catalytic core of the Dcp1:Dcp2 complex; 

thereby, stabilizing the cap-occluded conformation.  Consistent with this model, the region of IM1 has 

been reported to bind the hydrophobic cleft of Dcp1 (Wurm et al. 2016).  Since binding of IM1 in trans did 

not affect the activity of Dcp1:Dcp2, it would make sense that some region of the IDR might contact a 

domain of Dcp2. We favor that IM2 binds the CD, while the upstream IM1 is engaging Dcp1.  The other 

aspect of this system is in how Edc3 engages and alleviates the inhibition within Dcp1:Dcp2.  The most 

parsimonious mechanism is that in binding to the HLMs in the IDR of Dcp2, Edc3 blocks the CRR from 

binding to the structured Dcp1:Dcp2 core.  Consistent with this mechanism, just the LSm domain was able 

to restore the activity to catalytic core levels.  The full-length Edc3 provided the same effect but with 

additional activation most likely do to a substrate RNA binding effect,  since a dimer of Edc3 has previously 

been shown to effectively bind RNA (Ling et al. 2008).  This is even more apparent if one compares the 

fold activation of Dcp1:Dcp2 (1-266) with either the LSm domain or the full Edc3.  The (1-266) construct is 

stimulated by 1.3-fold by the LSm domain, whereas full-length Edc3 stimulates ~4-fold.  Arguably, the 

stimulation to decapping by Edc3 observed in the structured core domains of Dcp1:Dcp2 containing a 
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single HLM is driven by the additional RNA binding surface provided by Edc3.  In contrast in the longer 

autoinhibited constructs of Dcp2 containing the CRR, Edc3 provides both an increase in activity of 

Dcp1:Dcp2 by blocking inhibition (~10-fold) and by increased RNA binding capacity (~4-fold).  With this 

larger fold activation effect for Edc3 and C-terminally extended Dcp2, a challenge for the future is to 

determine the identities of the transcripts influenced by Edc3.  

Previously, our lab had concluded that Dcp2 undergoes a collective fast-exchange between open 

and closed states in the absence of substrate (Floor et al. 2012).  We interpreted this as Dcp2 dynamically 

sampling an open, inactive and closed, active states with W43 playing a critical gatekeeper role.  Here we 

have identified a residue, Y220, in the CD lobe of Dcp2, which when mutated affected cross-peaks similarly 

(Fig S6).  With a high similarity in the cross-peaks that reappeared and shifted, we expect that Y220G also 

quenches these ms/µs dynamics.  Y220 mutation appears to destabilize the cap-occluded structure.  

Consistent with this view, Y220G increased the catalytic rate of the Dcp1:Dcp2Dcp2 (1-243) catalytic core 

by 1.5-fold over WT.  Also, consistent with the inhibited state being related to this cap-occluded state, 

Y220G restored activity to the longer autoinhibited Dcp2.  Taking these enzymatic effects and the NMR 

data into account, we suggest that the dynamics Dcp2 exhibits correspond to a rapid sampling between a 

cap-accessible and a cap-occluded, inhibited state.  It would be of interest to understand how this cap-

occluded to cap-accessible transition is perturbed by Dcp1 and other decapping cofactors.  

Edc1-like activators bind a conserved cleft in Dcp1 and stimulate the catalytic step of the 

Dcp1:Dcp2 holoenzyme (Borja et al. 2011).  Since the IM1 of the C-terminal regulatory region interacts 

with the same Dcp1 surface, it will be of interest to see how these activators are impacted by the 

autoinhibited conformation.  Can the Edc1-like activators alleviate the autoinhibition, and if so is the 

concentration of the activator required for robust activation shifted?  Or is it possible that the Edc1-like 

activators are not functional in the absence of Edc3?  Furthermore, in cerevisiae additional mRNA decay 

factors have been shown to bind the IDR of Dcp2 ((He and Jacobson 2015).  Do any of these additional 
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factors bind to the pombe IDR, and if so, do they also alleviate inhibition by Edc3.  Lastly, how do higher 

eukaryotes utilize the cap-occluded state.  Future work will be required to mechanistically understand 

how the inhibited state is controlled and nature of the contacts, which stabilize the autoinhibited 

conformation.  

 

Materials & Methods  

Protein expression and purification  

A pRSF containing polycistronic His-Gb1-tev-Dcp1:Dcp2(1-504)-strepII was used to coexpress the 

c-terminally extended Dcp1:Dcp2 complexes.  Both the Dcp1 and Dcp2 sequences were codon-optimized 

for Escherichia coli from Integrated DNA Technologies and were cloned into a pRSF vector using Gibson 

assembly.  The Dcp2 sequence contained a ribosome binding site (rbs) upstream and the Dcp1 was cloned 

behind the endogenous T7 promotor and rbs within the vector.  The His-Gb1-tev-Dcp1:Dcp2(1-504)-

strepII were expressed in E. coli BL21(DE3) (New England Biolabs) grown in LB medium.  Cells were grown 

at 37 °C until they reached an OD600 = 0.6-0.8, when they were transferred to 4 °C for 30 minutes before 

induction by addition of 0.5mM IPTG (final concentration).  Cells were induced for 16-18 hours at 18  °C.  

Cells were harvested at 5,000g, lysed by sonication (50% duty cycle, 3x1min), and clarified at 16,000g in 

lysis buffer (buffer composition goes here). The protein complex was purified in a two-step affinity 

purification: Ni-NTA agarose affinity column followed by strep-tactin high-capacity superflow and elution 

with 5mM d-desthiobiotin.  The His-Gb1 tag was removed by addition of TEV protease overnight at 4 °C.  

The complex was further purified by size-exclusion chromatography on a GE Superdex 200 16/60 column 

in storage buffer (50mM HEPES, 100mM NaCl, 5% glycerol, 5mM DTT pH 7.5).  The purified complex was 

concentrated, 20% v/v (final) glycerol was added, and then flash frozen in LN2 for kinetics studies.  
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Dcp1:Dcp2(1-504) internal deletion constructs (IM1, IM2 and IM1/IM2) were generated by whole-plasmid 

pcr with 5’Phosphorylated primers (source).  Dcp1:Dcp2 (1-504) Y220G was generated using whole-

plasmid pcr with mutagenic divergent primers.  A His-TRX-tev-Edc3 containing plasmid was generated by 

Gibson cloning S. pombe Edc3 cDNA into a pET30b plasmid which already contained a His-TRX-tev coding 

sequence.  The LSm and YjeF N domain containing plasmids were created by whole-plasmid pcr with 

5’Phosphorylated primers.  The Edc3 constructs were purified as described (Fromm et al. 2014) with a 

modification to the size-exclusion chromatography; storage buffer was used instead of the phosphate 

buffer as described.      

 

Kinetic decapping assays  

Single-turnover in vitro decapping assays were carried out as previously described (Jones et al. 

2008).  Slight alteration to the buffer (brought up volume in storage buffer with additional 20% v/v 

glycerol)  A 32P-labeled 355-mer (A15 tail) RNA substrate derived from MFA2 was used for all of the 

decapping assays. Reactions were initiated by mixture of 30 μL 3× protein solution with 60 μL 1.5× RNA 

solution at 4 °C; final Dcp1:Dcp2 concentration was 1.5uM and the final RNA concentration was <100 pM.  

For decapping assays containing Edc3; Edc3 was added in 4-fold molar excess and the mixture as 

incubated at RT for 20 minutes before transferring to the 4 °C block.  Samples were equilibrated for at 

least 30 minutes on the 4 °C block before initiating. Time points were quenched by addition to excess 

EDTA, TLC was used to separate the RNA from the product m7GDP, and the fraction decapped was 

quantified with a GE Typhoon scanner and ImageQuant software.  Fraction m7GDP verus time were 

plotted and fit to a 1st-order exponential to obtain kobs; in the case of Dcp1:Dcp2(1-504) when the kinetics 

were too slow to obtain reliable exponential fits, kobs was obtained from a linear fit of the initial rates by 

division of the slope by the empirically derived endpoint.  
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NMR related  

15N-labeled S. pombe Dcp2 with a N-terminal His-GB1-TEV tag was expressed in E. coli grown in 

M9 minimal media containing 15N-ammonium chloride (15NH4Cl) as the sole nitrogen source. Following 

overnight induction with 1 mM IPTG, cells were lysed by sonication and clarified at 16,000g. Dcp2 was 

purified by incubating clarified lysate with nickel resin followed by elution with 250 mM imidazole. The 

His-GB1-TEV tag was then removed by digestion with TEV protease and untagged Dcp2 was run over a 

Superdex 75 size exclusion chromatography column equilibrated with pH 7.0 NMR buffer (21.1 mM 

NaH2PO4, 28.8 mM Na2PO4, 200 mM NaCl, 100 mM Na2SO4, 5 mM DTT). 

All 1H-15N HSQC experiments were performed at 303K on either a Bruker Avance DRX500 or 

Bruker Avance 800 spectrometer equipped with cryogenic probes. For NMR titrations of m7GDP, Dcp2 

was exchanged into nucleotide binding buffer (50 mM Hepes pH 7.0, 150 mM NaCl, 2 mM MgCl2, 5 mM 

DTT) using a BioRad desalting column. Titrations were carried out at 100 μM protein with equimolar 

addition of m7GDP and MgCl2. Chemical shift perturbations were determined using the standard 

Euclidian equation (1):  

��𝛿𝛿𝐻𝐻𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 − 𝛿𝛿𝐻𝐻𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓�
2 + �0.2�𝛿𝛿𝑁𝑁𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 − 𝛿𝛿𝑁𝑁𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓��

2
 

where the factor of 0.2 is used as a scaling factor for the nitrogen spectral width. Titration data were 

fitted to the standard hyperbolic binding equation if the observed perturbation between apo and 20 

mM m7GDP for any residue was greater than the mean plus one standard deviation. Experimental KD 

values are reported as ± standard error. 
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MAIN FIGURE LEGENDS 

 

Fig 1: The Dcp2 c-terminal extension is disordered and autoinhibitory  

(A) Block diagram of the domains of pombe Dcp2.  The magenta box (1-94) comprises the N-terminal 

regulatory domain (NRD) and the green (95-243) comprises the catalytic domain, which contains the Nudix 

helix.  Grey bars are helical leucine-rich motifs (HLMs).  The disorder tendency plot below was calculated 

using the IUPRED server (Dosztányi et al. 2005).  Where regions above the dotted line have a higher 

propensity for being disordered.  (B) Representative raw TLC (thin-layer chromatography) showing the 

formation of m7GDP product over time.  The lower spots are the RNA origin and the upper are the cleaved 

cap.  (C) Representative plot of fraction m7GDP product versus time comparing the catalytic core and 

inhibited C-terminally extended Dcp1:Dcp2. (D) A log-scale plot of the empirically determined rates from 

(C), where the error bars are the population standard deviation, σ.   

 

Fig 2: The disordered region or Dcp2 contains a c-terminal regulatory region (CRR) consisting of two 

inhibitory motifs (IMs).  (A) Block diagram colored as in Fig1. with IM1 and IM2 regions colored and the 

sequence conservation (Robert and Gouet 2014) for each motif shown below.  IM1 is generally proline 

rich, while IM2 is absolutely conserved in all fission yeast.  (B) Plot with fits for fraction of m7GDP versus 

time comparing the activity of Dcp1:Dcp2(1-504) where either IM1, IM2 or both are internally deleted.  

(C) Bar graph of the relative enzymatic activity of the various Dcp1:Dcp2 complexes compared to the (1-

243) catalytic core.  Each IM contributes to the inhibitory effect of the CRR. The error bars are the 

population standard deviation, σ.   
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Fig 3:  Edc3 alleviates the inhibitory effect of the Dcp2 CRR.  (A) Block diagram of the Dcp2 and Edc3 used 

in the subsequent decapping assays.  Edc3 consists of an LSm domain that interacts with HLMs and a YjeF 

N domain that provides an RNA binding surface when dimerized.  (B) Decapping activity of Dcp1:Dcp2 (1-

504) incubated with excess Edc3, LSm domain or YjeF N domain.  (C) Same as B but with Dcp1:Dcp2 (1-

266) instead.  (D) Comparison of the relative fold activation of Dcp1:Dcp2 (1-504) versus (1-266) with the 

various Edc3 constructs. The error bars are the population standard deviation, σ.   

 

Fig 4:  Y220 stabilizes a cap-occluded state and alleviates inhibition (A) W43 and D47 that coordinate the 

m7G cap exist in conformations where they are either accessible or occluded by interaction with the 

conserved Y220G.  (B) Plot of the relative activity of WT or Y220G Dcp1:Dcp2(1-504) compared to the 

structured catalytic core.  (C) Logscale plot of decapping rate of Dcp1:Dcp2 (1-266) [blue], (1-504) [gray], 

or (1-504) Y220G [yellow] where the darker bar is the rate with excess Edc3. 

  

Fig 5: Y220G mutation perturbs the WT HSQC spectrum similarly to W43A and may increase cap affinity. 

(A) Shown are the 15N HSQC spectra of WT Dcp2 residues 1-243 (black) and Dcp2 Y220G (cyan).  Selected 

residues with significant changes upon mutation are indicated.  (B) Plot showing the KD
 of m7GDP for 

Dcp2(1-243) Y220G and the isolated domains of WT NRD or CD; below is a the CSP trajectory for the W43 

indole upon m7GDP titration into Y220G.  (C) Dcp1:Dcp2 (1-243) Y220G mutation is ~1.5-fold faster than 

the WT protein in an in vitro decapping assay.   

 

Fig 6: Model of Dcp1:Dcp2 autoinhibition and alleviation by Edc3 

See main text for description 
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Table 1: Constructs used in chapter 1 

Table of constructs used in main text and supplemental figures 

Protein construct 
(Reference name) 

AA Boundaries 
(full-length unless 
specified) 

Solubility/ 
Purification Tag 

Vector backbone Organism 

Dcp1:Dcp2 
(catalytic core) 

1-243 (Dcp2) N-His6-GB1-TEV 
on Dcp1 

pYACYC_Duet S. pombe 

Dcp1:Dcp2 1-243 (Dcp2) 
[Y220G] 

N-His6-GB1-TEV 
on Dcp1 

pYACYC_Duet S. pombe 

Dcp1:Dcp2 1-266 (Dcp2) (1) N-His6-GB1-
TEV on Dcp1 

pYACYC Duet S. pombe 

Dcp1:Dcp2 1-504 (Dcp2) (1) N-His6-GB1-
TEV on Dcp1 
(2) C-StrepII on 
Dcp2 

pRSF S. pombe 

Dcp1:Dcp2 1-504 (Dcp2) 
[Y220G] 

(1) N-His6-GB1-
TEV on Dcp1 
(2) C-StrepII on 
Dcp2 

pRSF S. pombe 

Dcp1:Dcp2 
(∆IM1) 

1-504 (Dcp2) 
∆267-350 

(1) N-His6-GB1-
TEV on Dcp1 
(2) C-StrepII on 
Dcp2 

pRSF S. pombe 

Dcp1:Dcp2 
(∆IM2) 

1-504 (Dcp2) 
∆399-434 

(1) N-His6-GB1-
TEV on Dcp1 
(2) C-StrepII on 
Dcp2 

pRSF S. pombe 

Dcp1:Dcp2 
(∆IM1/2) 

1-504 (Dcp2) 
∆267-350 
∆399-434 

(1) N-His6-GB1-
TEV on Dcp1 
(2) C-StrepII on 
Dcp2 

pRSF S. pombe 

Edc3   N-His6-TRX-TEV pET30b S. pombe 
Edc3  
(LSm) 

1-94 N-His6-TRX-TEV pET30b S. pombe 

Edc3  
(YjeF N) 

188-454 N-His6-TEV pET30b S. pombe 
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Table 2: Observed kinetic rates of constructs in Chapter 1 

Table of mean kobs at 1.5µM [Dcp1:Dcp2]  

Complex Mean Kobs (min-1) Population standard 
deviation, σ 

Dcp1:Dcp2 (1-243) 0.0892 0.00996 

Dcp1:Dcp2 (1-243) Y220G 0.1361 0.0166 

Dcp1:Dcp2 (1-266) 0.0658 0.0005 

Dcp1:Dcp2 (1-504) 0.0114 0.0007 

Dcp1:Dcp2 (1-504) Y220G 0.0722 0.0161 

Dcp1:Dcp2 ∆IM1 0.0508 0.00255 

Dcp1:Dcp2 ∆IM2 0.0588 0.0007 

Dcp1:Dcp2 ∆IM1/IM2 0.0812 0.00505 

 

Edc3 related kobs  

Complex  Mean Kobs (min-1) Population standard 
deviation, σ 

Dcp1:Dcp2 (1-266) + Edc3 0.2751 0.0435 

Dcp1:Dcp2 (1-266) + LSm 0.1141 0.0184 

Dcp1:Dcp2 (1-266) + YjeF N 0.0578 0.0085 

Dcp1:Dcp2 (1-504) + Edc3 0.4116 0.0476 

Dcp1:Dcp2 (1-504) + LSm 0.1077 0.00765 

Dcp1:Dcp2 (1-504) + YjeF N 0.0166 0.00055 

Dcp1:Dcp2 (1-504) Y220G   
+ Edc3 

0.2351 0.0035 
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Fig S1: Purity of proteins used in kinetic assays 
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SUPPLEMENTARY FIGURE LEGENDS  

Table 1: List of plasmids used in this study. 

Table2: List of observed decapping rates for the various constructs from table 1 and in complex with Edc3. 

Fig S1: SDS-PAGE showing purity of the constructs from table 1 as used in biochemical studies.  

Fig S2: (A) Full sequence alignment of fission yeast Dcp2 proteins. (B) Size-exclusion chromatograms of 

the various Dcp1:Dcp2 constructs used to map the regions contributing to the autoinhibition.  

Fig S3: Analytical S200 size-exclusion chromatograms of Dcp1:Dcp2 (1-504) or Edc3 alone or in complex 

with increasing excess of Edc3.  SDS-PAGE of fractions from the center of the peaks from a given sizing 

chromatogram.  

Fig S4: (A) Alignment of ATP bound form of Dcp2 (2QKM) colored as in Fig4 A with 5QK1 and 5J3Y showing 

the common cap-occluded conformation, where W43, D47 and Y220 make contacts.  Alignment below 

show that Y220 is a conserved aromatic.  (B) Plot of the fraction m7GDP (product) versus time for either 

WT or Y220G Dcp1:Dcp2 (1-243) showing slightly increased activity.  

Fig S5: Plots of CSP (ppm) versus m7GDP concentration from HSQC cap binding titration experiments.  

Residues used to determine cap binding affinity with corresponding fits and representative cross-peaks 

show shifts with increasing [m7GDP].  

Fig S6: Visualization of the common backbone amide resonances that reappear in both W43A and Y220G 

Dcp2 mutants.  Top shows RD colored in magenta and bottom shows CD colored in green.  W43 and Y220 

side-chains are shown as stick rendition colored in red.  Peaks in both return from domains distal from the 

mutation.    
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APPENDIX 

 IM2 binding characterization by fluorescence anisotropy  

Since the peptide derived from the Dcp2 IM2 (399-434) is proline rich in nature and shares some 

similarities with the known sequence that binds the aromatic quartet of Dcp1, we thought that the IM2 

might bind in a similar manner.  We decided to make use of a fluorescence anisotropy based assay to 

measure the binding of a of an IAEDANS-IM2 peptide to the structured Dcp1:Dcp2 (1-243) catalytic core.  

Using the same protocol as detailed in (Borja et al. 2011), we first measured the Kd of IM2 to Dcp1:Dcp2 

and noticed that the binding was weaker than the canonical Edc1-like peptides, i.e. PNRC2 (Fig 1A).  We 

then tested if the binding mode was similar to Edc1 by making known mutations to the Dcp1 binding 

surface that are known to increase the Kd.  While the mutations impacted Edc1/PNRC2 as expected (Lai et 

al. 2012), IM2 did not show the same behavior suggesting that it engages Dcp1 in a different manner (Fig 

1A).  For Edc1-like peptides, it is known that Dcp1 provides the majority of the free-energy of binding, 

such that removal of the catalytic domain (CD) of Dcp2 (95-243) should have no effect on the binding.  For 

PNRC2, a canonical co-activator peptide, we see that the absence of the CD does not affect the binding; 

however, for IM2 we appear to lose a majority of the binding energy (Fig 1B).  Following up on this 

behavior, we asked if the CD alone is sufficient for IM2 binding.  In fact, IM2 binds to the CD alone with a 

lower apparent Kd (Fig 1C).  The IM2 peptide also binds to Dcp2 (1-243) in the absence of Dcp1, but with 

a higher affinity than Dcp1:Dcp2 (1-243), implicating a role of Dcp1 in the binding either directly or through 

biasing of the Dcp2 CD binding interface (Fig 1D,E).  Finally, a D47A mutation that is known to quench the 

Dcp2 milisecond/microsecond solution dynamics lowers the Kd for the IM2 peptide.  We interpret this 

change in binding to an increase in the accessibility of a CD binding surface.  Consistent with the CD being 

more accessible, we also see an increase in the anisotropy of the fully bound peptide state suggesting that 

the enzyme is in a different less compact conformation than the WT protein (Fig 1D).  Further work needs 
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to be carried out to further map the interactions of the IM2 both biophysically and structurally to better 

understand the mechanism of decapping autoinhibition.   

Characterization of S. cerevisae specific IDR conservation 

 In work from the Jacobson lab (He and Jacobson 2015), they had identified in vivo that there was 

a region of S. cerevisiae Dcp2 that appeared to negatively regulate the activity within certain strain 

backgrounds.  Specifically, mRNAs that are modulated by Edc3 were stabilized in an Edc3 null strain, but 

this stabilization was bypassed when a truncated Dcp2 was introduced in place of the endogenous 

enzyme.  We decided to see if the negative regulation by this identified region was a direct effect on the 

decapping activity as interpreted in the published findings.  We designed and purified a Dcp1:Dcp2 (1-

451) coexpression construct and were able to after sizing on a Superdex 200 get a reasonably 

biochemically pure sample (Fig 2A,B).  We compared the activity of this C-terminally extended complex 

with the catalytic core, Dcp1:Dcp2 (1-245).  We measured only a modest effect on the decapping activity 

of the complex in the context of the longer construct on our 33mer RNA substrate (Fig 2C).  We cannot 

rule out that on a longer or more specific RNA the effect could differ.  The fold-change in the rate at two 

different concentrations was less than 2-fold.  Based on further information from pombe where a region 

of the IDR binds back onto Dcp1 (Wurm et al. 2016), it would be informative to see if there is potentially 

an inhibition to Edc1 dependent activation.  We cannot rule out if it could compete for Dcp1 binding or if 

we are missing additional factors that are present in the cellular environment.  Further follow-up 

experiments would need to be performed to fully rule out if an additional cofactor is required.   
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APPENDIX FIGURE LEGENDS  

Fig 1: (A) Fluorescence polarization derived binding curves for either labeled PNRC2 (15mer) or IM2 

probes and titrating WT Dcp1:Dcp2 (1-243) and Dcp1 point mutant complexes.  (B) Binding curves of 

PNRC2 and IM2 with Dcp1:Dcp2 (1-94), which lacks the CD.  (C) Binding curve for IM2 with the CD.  (D) 

Fluorescence anisotropy of IM2 bound to either WT or Dcp1:Dcp2 (1-243) D47A. (E) Bar graph of the 

measured Kds  for various combinations and mutants of Dcp1:Dcp2 for IM2 

 

Fig 2: Plasmid map of vector used to overexpress S. cerevisiae GB1-Dcp1:Dcp2 (1-451).  (B) Size-

exclusion chromatogram and SDS-PAGE of the major peak containing the complex.  (C) Fraction m7GDP 

versus time for the catalytic core (1-245) and C-terminal extension (1-451) at 1 µM and 13 µM.  Table 

shows the empirically determined rates.   
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ABSTRACT  

Changes in the 5’ leader can have profound effects on a gene’s translational efficiency with little affect to 

its transcript abundance.  Additionally, this feature can result in disease or cell-specific changes.  Several 

sequencing based methods to accurately map this 5’ leader heterogeneity by identifying the first-

transcribed nucleotide rely on the enzymatic removal of the eukaryotic cap structure.  We have designed 

and validated a superior tobacco acid pyrophosphatase (TAP) replacement that can be purified from E. 

coli overexpression using standard biochemical methods.  This super decapping enzyme is three-orders of 

magnitude more catalytically efficient at m7G cap removal, it is effective under multiple-turnover 

conditions, and the downstream product, monophosphorylated RNA, is suitable for standard RNA coning 

methods.  This enzyme is a better replacement than the current marketed use of RppH.   
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INTRODUCTION 

 It has been appreciated for at least the past couple of decades that features in the 5’UTR can 

impact mRNA stability and translational efficiency (Kapranov 2009).  It was not until even more recently 

that inexpensive and rapid deep-sequencing from the likes of likes of Illumina that we have come to 

appreciate the complexity and heterogeneity in the 5’UTRs of many genes (Pelechano et al. 2013; Gu et 

al. 2012; Farcas et al. 2012).  From simple single-cell eukaryotes to complex multicellular humans, mapping 

of the 5’UTR space has rewritten our understanding of genetic plasticity and its impact on human disease.  

Researchers studying S. cerevisiae have determined that variation in the 5’UTR of genes can result in 

translational efficiencies that can vary by as little as 3-fold to greater than 100-fold with little alteration 

to mRNA levels (Rojas-Duran and Gilbert 2012).  Importantly, this effect of alternative 5’UTRs has been 

shown to be conserved in humans (Calvo et al. 2009).  In multicellular organisms that contain specialized 

cell-types, this heterogeneity can vary amongst cells and can also be altered between non-turmoural and 

tumoural cells resulting in quantitative and qualitative differences in proteins between cell-types 

(Dieudonné et al. 2015) 

 In the human disease frontier, alterations in the 5’UTRs have been shown to contribute to a 

variety of disease states (review).  One of the earliest descriptions of a change in the 5’UTR of a gene 

resulted in the overexpression of the oncoprotein MDM2 in a number of human tumors (Brown et al. 

1999; Jin et al. 2003).  The 5’ leader sequences did not alter stability or amount of mRNA but rather the 

translational efficiency by the excision of repressive upstream ORFs.  In addition to differential splicing 

and alternative TSSs, mutations that introduce or disrupt a uORF have been found to cause at least three 

human diseases: Thrombocythemia, Melanoma and Marie Unna hereditary hypotrichosis; and several 

more have been predicted (Calvo et al. 2009)  
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With the new lens of the large impact that 5’ leader sequences can have on translational 

efficiency, it is important to be able to reproducibly map the TSS.  A variety of RNA-seq methods have 

been innovated to accurately map the first transcribed nucleotide (source listing methods).  Many of these 

methods rely on the enzymatic removal of the m7G cap structure and subsequent ligation of an adapter 

sequence to the reactive 5’ monophosphate.  Historically, this reaction was performed by using Tobacco 

Acid Pyrophosphatase (TAP); however, TAP production was discontinued.  RppH has been promoted as 

an alternative reagent, but its specific activity is towards triphosphorylated, uncapped bacterial RNAs and 

not eukaryotic 5’ capped RNAs (Deana et al. 2008).  With the increased importance of accurately 

determining TSSs in WT and diseased states, it would be ideal to have a more specific reagent for mapping 

the first transcribed nucleotide.   

Here, we describe the use of the S. pombe activated decapping complex as a TAP replacement for 

mapping TSSs.  The complex is recombinantly expressed using standard E. coli protein production systems 

from a single, iPTG inducible plasmid.  Additionally, the complex is readily purified using a Ni-NTA affinity 

column, followed by removal of a solubility tag and purification to homogeneity by size-exclusion 

chromatography.  The purified complex was compared side by side with RppH and showed three-orders 

of magnitude greater catalytic efficiency in an in vitro decapping assay.  Furthermore, the enzyme showed 

greater activity in the more sequencing relevant scenario of total yeast RNA.  We also demonstrate that 

the 5’ end of the enzymatically treated total RNA can be cloned onto using standard methods.  This easy 

to produce and highly active decapping complex should make for a superior TAP replacement for both 

small scale and large scale sequencing methods for mapping the 5’ end of RNAs more readily.  
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RESULTS 

Design and construction of the activated decapping complex (super decapper) 

The fungal decapping enzyme forms a stable obligate heterodimer that can be recombinantly 

expressed with high yields.  Furthermore, its catalytic enhancement by the conserved YAG motif 

containing Edc1-like activators is well described both biochemically and structurally (Borja et al. 2011; Lai 

et al. 2012; Wurm et al. 2016; Schütz et al. 2017).  We set out to design a constitutively activated super 

decapping complex consisting of the core Dcp1:Dcp2 stably bound by the minimal sequence of the Edc1 

coactivator.  We designed an IPTG inducible single plasmid expression system consisting of Gb1-tev-Dcp1 

and a hexahistadine-TRX-tev-Edc1-GSlinker-Dcp2, where the conserved activation sequence of Edc1, 

residues 155-186, are stably fused to the N-terminus of Dcp2 (Fig 1A).  We designed the Edc1-Dcp2 fusion 

construct with two linker lengths, 5aa and 10aa, since we were unsure which would better facilitate the 

endogenous contacts.  Both the 5aa and 10aa linker complexes were eluted off Ni-NTA as relatively pure 

complexes and both sets of solubility tags were fully cleaved off (Fig 1B).  Size-exclusion chromatography 

revealed that the 5aa linker complex ran as a heterotetramer, whereas the 10aa linker complex ran as a 

mixture of the heterotetramer/heterodimer where the heterodimer was predominant (Fig 1C).  For 

sample homogeneity and reproducibility, we decided to use the 10aa linker construct, specifically the 

lower molecular weight heterodimer peak, for all further experiments.   

 

Super decapper enzyme is more catalytically efficient than RppH     

RppH is currently the recommended, most readily available enzyme for 5’ m7G cap removal from 

eukaryotic RNA.  We set out to benchmark our constitutively activated super decapping enzyme against 

the industry standard.  We performed a series of decapping assays at varying concentrations of enzyme 
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to determine Km and Vmax under our assay conditions for both enzymes.  Unfortunately, we were unable 

to reach the Vmax for RppH, so we instead compared the catalytic efficiencies of the enzymes (i.e. the slope 

of the linear fit, which is equivalent to Vmax/Km).  The super decapping enzyme is clearly the better reagent 

for removing the cap structure from eukaryotic RNA, as judged by catalytic efficiency.  RppH in buffer 

conditions recommended by NEB is nowhere near as efficient (Fig 2A/B).  The above results were under 

single-turnover conditions where enzyme is in excess of substrate and at 4 °C to ensure we could more 

accurately measure the rates of the supper decapping enzyme.  We also wanted to compare the 

effectiveness of the enzymes under more relevant conditions were substrate is in excess of enzyme (Fig 

2C) In order to do this, we performed the same assay in the presence of excess pombe total RNA.  We 

initiated the reactions side by side at 37 °C, as recommended by NEB since we used readily available RppH 

for this comparison.  The super decapping enzyme was almost too fast to measure by manual pipetting 

even at relatively low enzyme concentrations (Fig S1).  Despite the difficulties in accurately measuring the 

observed rates, it is apparent that the super decapping enzyme is a better enzyme for specifically 

removing the eukaryotic cap as compared to RppH.   

 

Downstream RNA cloning applications demonstration 

While the super decapping enzyme is a more catalytically efficient enzyme for eukaryotic RNA 

5’cap removal, we wanted to ensure that the treated RNA was suitable to downstream cloning 

applications.  We decided to use a previously reported upon assay (Blewett et al. 2011; Wang et al. 2013) 

as verification that: (1) we could detect the decapping of an mRNA from bulk pombe purified RNA, and (2) 

we could use a cloning method that relies on a 5’ monophosphate and an intact first-transcribed 

nucleotide.  We treated three 20 µg samples of purified pombe total RNA (Fig S2A) in the presence of 1 

µM super decapping complex and stopped the reaction by addition of phenol-chloroform after 15, 30 and 
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60 minutes.  The quenched reactions were ethanol precipitated and taken through the splinted-ligation 

procedure as detailed in (Fig 3A).  The final PCR products of the splinted-ligation reaction were visualized 

by sybr gold in a 2% TAE agarose gel (Fig 3B).  All three samples had a similar amount of total cDNA 

product, but the splinted-ligation cDNA product showed a time-dependent increase; consistent with an 

increase in the amount of decapped and thus ligateable RNA transcript.  While we only show one cloning 

method here, any protocol that relies on a 5’ monophosphate should be well suited.   

 

DISCUSSION 

With our increased understanding of the large effects that alternate 5’ transcription leaders can 

have on protein expression it had been increasingly important to map this space in regards to humans 

disease.  The methods to identify all the transcription start sites rely on the removal of the eukaryotic cap 

structure first; followed by deep-sequencing.  Here we have detailed the construction of a constitutively 

activated pombe decapping complex consisting of Dcp1 and Dcp2 with the conserved co-activator 

sequence from Edc1 fused to its N-terminus.  We have dubbed this complex the super decapping enzyme.  

This complex is an ideal replacement for Tobacco Acid Pyrophosphatase that can be overexpressed in 

standard recombinant E. coli expression systems and is readily purifiable using standard methods.  

Furthermore, we have demonstrated that the super decapping enzyme is at least three orders of 

magnitude more catalytically efficient than RppH.  Finally, we have shown that the enzyme can decap an 

endogenous mRNA from pombe total RNA, and the resulting product is suitable for RNA cloning methods 

that make use of a 5’ monophosphate.  
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MATERIALS & METHODS 

Plasmid Construction and Protein Purification 

The single chain his-TRX-tev-SpEdc1(155-186)-(GGGGS)2-SpDcp2(1-243) construct (Edc1-Dcp2 with 10aa 

linker) was obtained as an E. coli codon-optimized DNA sequence from Integrated DNA Technologies (his 

is hexahistadine affinity tag, TRX is thioredoxin solubility tag, tev is Tobacco Etch Virus protease cleavage 

site). The single chain Edc1-Dcp2 fragment was cloned into MCS1 of a Novagen pETduet expression vector 

containing GB1-tev- SpDcp1(1-127) in MCS2. The Edc1-Dcp2/Dcp1 construct was expressed in E. coli BL21-

star DE3 cells (Invitrogen) grown in LB media with an induction time of 18 hours at 20 °C. Cells were 

harvested at 5000g, lysed by sonication, and clarified at 16,000g in lysis buffer (50 mM sodium phosphate 

pH 7.5, 300 mM sodium chloride, 10 mM imidazole, 5% glycerol, 10 mM 2-mercaptoethanol, Roche EDTA-

free protease inhibitor cocktail). The protein complex was purified by Ni-NTA affinity chromatography and 

solubility/affinity tags were cleaved by treatment with TEV protease overnight at room temperature. 

Edc1-Dcp2/Dcp1 complex was separated from cleaved tags by size exclusion chromatography on a GE 

Superdex 75 16/60 gel filtration column in SEC buffer (50 mM HEPES pH 7, 150 mM NaCl, 1 mM DTT). The 

purified complex was concentrated to 14 mg/mL and flash frozen in liquid nitrogen. RppH was purified as 

described in (Deana et al. 2008), with some modifications. Standard BL21(DE3) NEB cells were used and 

additional size-exclusion chromatography step was added to separate the enzyme from a nucleic acid 

contaminant.   

 

In vitro decapping assays 

Single-turnover in vitro decapping assays were carried out as previously described (Jones et al. 2008).  A 

32P-labeled 355-mer (A15 tail) RNA substrate derived from MFA2 was used for all the decapping assays. 
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Reactions were initiated by mixture of 30 μL 3× protein solution with 60 μL 1.5× RNA solution; final 

dcp1:dcp2 or RppH concentration was varied and the final RNA concentration was <100 pM. For 

experiments with S. pombe total RNA, the 20 µg of total RNA was spiked in right as the reactions were 

being initiated.  Reactions with yeast total RNA were carried out in a 37 °C heat block, whereas the other 

reactions were carried out at 4 °C.  Store bought RppH from NEB was used for the total RNA experiments.  

Time points were quenched by addition to excess EDTA, TLC was used to separate the RNA from the 

product m7GDP, and the fraction decapped was quantified with a GE Typhoon scanner and ImageQuant 

software.  Fraction m7GDP versus time were plotted and fit to a 1st-order exponential to obtain kobs; when 

the kinetics were too slow to obtain reliable exponential fits, kobs was obtained from a linear fit of the 

initial rates by division of the slope by the empirically derived endpoint.  Catalytic efficiency (Vmax/Km) were 

obtained as detailed in (Jones et al. 2008) for the super decapping enzyme or by taking the slope from a 

linear fit for RppH.  

 

Splinted-ligation RT-PCR 

Splinted-ligation RT-PCR was carried out as previously described (Wang et al. 2013), but with some 

modifications from the Coller Lab methods online. Briefly, 20 µg of purified yeast total RNA was treated 

with 1uM of super decapping complex at 37 °C for 15, 30 or 60 minutes before the reaction was quenched 

and the RNA purified by Phenol-Chloroform extraction.  3M NaOAc, glycoblue and ~1.5-fold of 100% ice-

cold ethanol were added to the RNA solution.  The RNA was precipitated at -20 °C overnight.  RNA was 

recovered by centrifugation at 14,000 rpm for 30min at 4 °C and the pellet was washed with 70% ethanol 

followed by brief vortexing.  The RNA was pelleted at 14,000 rpm for 5min at 4 °C and the pellet was dried 

briefly before being resuspended in 13.3uL of nuclease-free water (Ambion).  Concentration was 

measured on a nano-drop.  15 µg of decapped total RNA was incubated with gene specific DNA splint and 
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RNA anchor in DNA ligase buffer with T4 DNA ligase.  The reaction was incubated at room temperature 

for 16 hours.  The next morning, the sample was DNaseI treated for 3 hours at 37 °C followed by Phenol-

chloroform extraction and ethanol precipitation for 2 hours to overnight.  RNA was pelleted and 

resuspended as previously and the RNA concentration was determined.  5 µg of this RNA was reverse 

transcribed using a gene-specific primer and the Invitrogen Superscript III first-strand synthesis kit.  2uL 

of the RT reaction was used for PCR with primers either for total transcript or splinted-ligated product 

amplification.  Products were resolved on a 2% TAE agarose gel and stained with sybr gold.   
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Table 1: List of oligos used for Fig 3 

List of oligos used for splinted-ligation RT-PCR for rps23 mRNA (Fig 3):  

RNA oligo 
RNA Anchor GCUGAUGGCGAUGAAUGAACACUGCGUUUGCUGGCUUUGAUG 
DNA oligo 
Anchor forward GCTGATGGCGATGAATGAACACTGC 
Rps23 Splint AACTGTGTGTTGGATTTAGGTGAACTTAGCCATCAAAGCCAGCAAACGCAGTGTTCAT 

TCATCGCCATCAGC 
Rps23 RT primer CAAACAACTTTTTATTAAGTTCGT 
Rps23 forward AACCCGCAGGATTGAACG 
Rps23 reverse TGATGACTTGTAAGCGGTTCCC 
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MAIN FIGURE LEGENDS 

 

Fig 1: (A) E. coli overexpression plasmid constructed from a pETduet with Gb1-tev-Dcp1 in MCS2 and the 

engineered single-chain his-TRX-tev-Edc1(155-186)-(GGGGS)X-Dcp2(1-243) in MCS1, where X is 1 or 2.  (B) 

Protein diagram of the super decapping dcp2 enzyme consisting of the minimal activating peptide 

fragment of Edc1 (orange) fused to the N-terminus of the Dcp2 catalytic core (Regulatory domain is purple 

and catalytic domain is green).  Line connecting two proteins is the GlySer linker, either 5aa or 10aa in 

length.  (C)  Coomassie stained SDS-PAGE of both the 5aa and 10aa containing super decapping complexes 

after Ni-NTA elution and post-TEV cleavage.  The last two strips show the final purified protein complexes 

post size-exclusion chromatography at the final concentration before flash freezing.  (D) Analytical size 

exclusion chromatograms of both 5aa and 10aa complexes on a GE Superdex 75 10/300 GL column.  The 

10aa complex (blue trace) runs as both a higher-order hetero-tetramer as well as the expected 

heterodimer of Dcp1:(Edc1)-Dcp2.  The 5aa complex (red trace) runs as a single hetero-tetramer of 

Dcp1:(Edc1)-Dcp2.   

 

Fig 2: (A) Plot of enzyme concentration versus kobs in a single-turnover decapping kinetics assay comparing 

the activity of the super decapping complex (filled circles) and RppH (open circles) at 4 °C.  RppH is fit 

linearly to extract Vmax/Km and the super decapping complex is fit to a quadratic to obtain both Vmax and 

Km.  (B Table comparing the catalytic efficiencies, defined as Vmax/Km, of RppH and the super decapping 

complex as determined from the fits in B.  (C) Plot of enzyme concentration (or 100:1 Units scaled for NEB 

RppH) versus kobs in a multiple turnover decapping kinetics assay where unlabeled purified pombe total 

RNA is in excess and the monitored p32 capped RNA is at the same concentration as the single-turnover 
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experiments.  Super decapping complex (filled circles) is fit to the same equation as in B.  NEB RppH (open 

circles) is unfit since concentration is unknown and is reported as Units instead.  

 

Fig 3: (A) Schematic of the splinted-ligation RT-PCR assay used to monitor the decapping of endogenous 

RNA.  Only decapped RNA will produce a PCR product using the anchor forward primer.  The RNA anchor 

oligo will only ligate if there is a free 5’ monophosphate, such as the one produced upon decapping.  (B) 

2% TAE-agarose gels of the splinted-ligation reaction following treatment with 1 µM super decapping 

complex for 15, 30 or 60 minutes.  The top gel is the PCR product representing the total amount of 

transcript and the bottom gel is of the splinted-ligated product (i.e. decapped transcript).  There is a 

time dependent increase of the splinted-ligated PCR product.    
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 SUPPLEMENTARY FIGURE LEGENDS 

 

Fig S1: (A) Plot of fraction m7GDP product versus time for the super decapping enzyme at the 

concentrations noted in the key.  Reactions were performed under single-turnover conditions at 4 °C. (B) 

Same as in A but with purified RppH.  (C) Plot of fraction m7GDP product versus time for the super 

decapping enzyme under multiple-turnover conditions at 37 °C with pombe total RNA.  Same as in C but 

with units of NEB RppH.   

 

Fig S2: (A) Ethidium Bromide stained 1% TAE agarose gel showing the quality of the pombe total RNA used 

in Fig 2C and for the splinted ligation reaction in Fig3.  Major ribosomal RNAs are noted. (B) Ethidium 

Bromide stained 2% TAE agarose gel showing that gene specific RT-PCR of the Rps23 total mRNA signal is 

dependent on the inclusion of reverse transcriptase. 
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CHAPTER 3 

 A journey in S. pombe genetics, insight into Edc3 transcript 

regulation, and insect cell expression of full-length fungal Dcp2 
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I. Edc3 null strain comparison with WT of transcript dysregulation  

Originally, we had planned on crossing Dcp2 truncations into a Bioneer h+ EDC3::KanMX6 to do 

similar in vivo characterization of the  autoinhibitory region as in the Jacobson lab S. cerevisiae negative 

regulatory element paper (He and Jacobson 2015).  However, there were several technical difficulties 

along the way that slowed the experimental progress too much for us to get to the experiments we had 

wanted to complete.  I will detail in this section the progress that had been made, some insights in how 

we could be more effective going forward, and some preliminary RNA-seq experiments of the pombe 

EDC3 null strain.   

EDC3 deletion strain shows a mild temperature sensitive phenotype 

As a first pass to see if there was any phenotype for the null strain, we performed a serial dilution 

spotting assay of cells grown in rich, YE5S media, that had been grown to saturation.  The cells were diluted 

to an OD595nm of 0.1 and serially 10-fold diluted.  Ten microliters of each dilution was spotted onto a YE5S 

agar plate that had been uniformly arrayed.  The plates were allowed to recover for 2-3 days at either 30 

°C or 37 °C for several days before being imaged.  The haploid EDC3 null strain exhibited a reproducible 

TS phenotype at 37 °C (Fig 1A), whereas no appreciable difference was seen under normal growth 

temperatures.  Although, the null strain did exhibit an apparent delay in reaching the exponential growth 

phase in liquid culture.   

Unclear if Dcp2 truncation rescues the TS phenotype of EDC3 deletion 

Previously, the Sprangers group had shown that the removal of the entire S. pombe Dcp2 C-

terminal extension resulted in a reproducible slow-growth phenotype at 36  °C (Fromm et al. 2012).  We 

were able to reproduce these results in our haploid strain background (Fig 1A).  As a first pass, we decided 
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to see if the introduction of a truncated Dcp2 in the EDC3 null background suppressed the TS phenotypes 

of the individual strains.  The rationale being that EDC3 deletion results in less active decapping in vivo, 

since removal of the inhibitory region of Dcp2 partially bypasses Edc3 requirement in an in vitro decapping 

assay.  As a first pass it appeared that the truncation did suppress the TS; however, the control strains 

make the interpretation suspect since the reintroduction of the C-terminally extended eGFP fused Dcp2 

with a modified 3’UTR also seemed to suppress the TS (Fig 1B)  At this point, we are unsure if we have 

bypassed the phenotype.  More surgical disruptions of the endogenous locus would have to be 

constructed in order to get around the odd behavior we noticed with our strains.   

Splinted-ligation RT-PCR assay to monitor in vivo decapping defects 

 In published work identifying the S. pombe homolog of Edc4 (Pdc1), a group reported monitoring 

the 5’ cap structure of Rps23 in pombe (Wang et al. 2013).  They adapted the Coller lab splinted-ligation 

RT-PCR decapping assay (Blewett et al. 2011) to monitor the abundant Rps23 ribosomal protein transcript 

and found that in addition to PDC1 deletion that EDC3 deletion also led to a decrease in the amount of 

capped transcript.  We thought that by monitoring this transcript, we might be able to see a bypass of this 

decapping defect when we excised the C-terminal extension of Dcp2.  We generated strains where the 

endogenous Dcp2 was replaced with Dcp2(1-243)-eGFP fusion in both WT and EDC3 null haploid 

backgrounds.  We extracted and purified pombe total RNA as described and set out to compare the 

splinted-ligation RT-PCR signal between the various strains.   

 Unfortunately, we ran into a series of technical difficulties.  The main one being that it was difficult 

to consistently reproduce the results seen by the other group and that the signal for the decapped product 

was very-weak in all strain backgrounds.  We had to go to a high PCR-cycle number and stain for a fairly 

long time to be able to see a quantifiable product (Fig 2).  In fact, in the Coller Methods in Enzymology 

paper (Blewett et al. 2011), they noted that the signal of the decapped product was only two-fold above 
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background, which leaves too small of a dynamic range to be able to see a rescue of the decapping defect 

compared to WT.  Deletion of the cytoplasmic exoribonuclease, XRN1, resulted in an increase of the 

decapped product and a larger dynamic range above background.  We would have to further delete this 

gene in our pombe strains if we want to be able to determine if Dcp2 truncation can rescue the EDC3 null 

decapping phenotype.  An attempt was made to remove this gene, but the strains were not tractable in a 

reasonable timeframe.   

RNA-seq reveals larger transcript dysregulation of EDC3 deletion in pombe 

 Since we already had strains generated, we thought it would be informative if we characterized 

the transcripts that are affected by EDC3 deletion in S. pombe, since no one had done this bookkeeping.  

The only comparable data we had was in the S. cerevisae system, where EDC3 deletion only resulted in 

the stabilization of two transcripts (Badis et al. 2004; Dong et al. 2007).  We had reason to believe that 

EDC3 in pombe might act more generally since the deletion showed an increase in the numbers of p-

bodies under rich-media conditions (Wang et al. 2013).  An increase in the numbers or size of p-bodies is 

characteristic of a block in 5’ to 3’ decay.  The classic example is the deletion of the downstream 

exoribonuclease, Xrn1, which results in an enlargement of p-bodies (Sheth 2003).   

 As a first pass, we extracted total RNA from mid-log phase WT and EDC3 null h+ haploid cells and 

enriched for mRNAs by oligodT selection.  While ribo-minus selection would be more ideal for monitoring 

a decapping defect stabilization of transcripts, since deadenylated capped RNAs would accumulate and 

these could be loss with oligodT based isolation.  However, our collaborators did not have ribo-minus 

enrichment available.  Regardless, this dataset would at the very least give us insight on whether Edc3 in 

pombe might have a different role.  From our first-pass RNA-seq data, it is apparent that something 

different is happening in fission yeast.  Hundreds of transcripts are dysregulated in pombe compared to 
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only two in S. cerevisiae (Fig 3).  Furthermore, none of the affected transcripts are homologs to the S. 

cerevisiae transcripts.    

 Interestingly, the large number of transcripts that are either increased or decreased in abundance 

upon EDC3 deletion are associated with NAD/PH metabolism or binding.  This is of note, since the 

dimerization domain of Edc3 is a YjeF N enzymatic fold that in S. cerevisiae had been shown in vitro to 

have an enzymatic effect on NAD (Walters et al. 2014).  If we were going to determine the transcripts that 

are attributed to Edc3’s role in decapping, then we would have to be more surgical in our disruption of its 

function.  Targeted mutations to the LSm or the YjeF N domains could allow us to separate the transcripts 

that are affected by the activation of Dcp2 or the putative enzymatic role of its catalytic dimerization 

domain.  Other transcripts of note are listed in (Table 1) and potentially implicate Edc3 in RNAi mediated 

gene-silencing in pombe.  Further work is required to follow up on these novel results.   

 

II. Mutation aromatic/aliphatic series of Dcp2  

In work by Christina Fitzsimmons (a rotation student) and guided by my design, we tested a 

mutational series of the gatekeeper W43 residue to see if we could better determine if Dcp2 was 

undergoing a linear open to close (or vice-versa) transition.  The expected trend was that increasing 

hydrophobic surface area (HSA) of the sidechain would result in an activity more similar to WT.  W43 was 

mutated to Tyr, Phe, Ile, and Ala and the activities were compared in an in vitro decapping assay.  The 

predicted trend held up as expected (Fig 4A).  Additionally, if Dcp2 were undergoing some two-state 

transition then we expected to see collinear shifts from the W43A to W43 WT with the other mutations 

falling in between with the more HAS sidechains closer in Chemical shift perturbations to WT.  For the 

most part that is what we saw (Fig 4B).   
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Finally, as a test for our plasmid shuffling Dcp2 strain that we had constructed, we wanted to see 

what substitutions at W43 were viable.  Dcp2 is an essential gene in S. pombe, so we replaced the 

endogenous copy with a plasmid borne Dcp2 that could be counter-selected by 5-FOA (Fig 4C).  A series 

of W43 substitutions on Leu2 containing plasmids were introduced and maintained on -Leu media, which 

allowed for the WT plasmid containing Ura4 to be lost if the mutant Dcp2 is functional.  Only cells that 

have lost the original WT plasmid will grow on 5-FOA media; any other cells with a functional Ura4 will be 

killed.  Under these conditions, we see that only aromatic substitutions of W43 are viable (Fig 4D).  

Presumably, this is due to W43 being important for binding the m7G cap during catalysis by stacking with 

the base (Mugridge et al. 2016; Charenton et al. 2016; Wurm et al. 2017); something that is only possible 

by aromatic amino acids.   

 

III.  Insect-cell (SF9) expression of full-length pombe Dcp2 

 Prior to our successful expression, purification and biochemical characterization of C-terminally 

extended Dcp2 from E. coli, we had initially done test expression and purifications of full-length pombe 

Dcp2 in SF9 cells.  Below is a synopsis of the plasmids we constructed to generate the bacmids, the 

amplification of the viruses, and the results of the test expressions.   

Construction of the pFastBac for Dcp2-eGFP and Edc3-eGFP  

 The cDNA of pombe Dcp2 or Edc3 were cloned into the MCS of a standard pFastBac plasmid that 

included a Tev-cleavable C-terminal eGFP-StepII tag.  The eGFP allows for monitoring the infection and 

generation of virus and protein during viral passage and overexpression respectively.  Monitoring of 

cellular eGFP revealed that both proteins appeared to be stably expressed in SF9 cells (Fig 5A); however, 

upon purification of the constructs it was apparent that full-length Dcp2 was prone to degradation.  Edc3 
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was stably expressed and mostly intact and folded protein was recovered (Fig 5B).  A different strategy to 

purify Dcp2 was needed.  

Coinfection of Dcp2 and Edc3 in SF9 rescues full-length Dcp2 

 Since Edc3 binds multiple HLMs on the disordered tail of Dcp2 (Fromm et al. 2014), we 

hypothesized that coinfection of the Edc3-eGFP containing baculovirus would stabilize this degradation 

prone extension.  SF9 cells were infected with the same amount of total virus but instead of a single virus 

it consisted of a 50/50 mix of both Edc3 and Dcp2 viruses.  After 48 hours of infection, we imaged a small 

sample of cells to check for eGFP.  Interestingly, we noticed a difference in the expression pattern of the 

dual infection (Fig 5C).  Unlike the individual infections, here we see what look like phase-separated 

puncta in the SF9 cells.  Dcp2 and Edc3 are known to form liquid-liquid demixed phases in vitro (Fromm 

et al. 2014), so we presume that we are seeing a similar phenomenon in the SF9 cells.  Consistent with 

this we also saw a similar expression pattern in our pFastBac-dual bacmid containing Dcp2-eGFP and 

untagged Edc3.  Purification of the coinfected SF9 cells resulted in a recovery of full-length Dcp2 (Fig 5D).  

However, we do not know the stoichiometry of this complex nor were we able to separate Dcp2 from 

Edc3.  Therefore, this expression system is not ideal for being able to biochemically characterize the 

activity of full-length Dcp2 or the effect Edc3 has on Dcp2’s activity in vitro.   
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Table 1: Selection of transcripts that have altered abundance in EDC3 h+ haploid deletion  

NAD/PH and metabolic related genes   

Gene standard name Log2 Fold Change  Systematic ID Function 
unassigned -1.868543026 SPBC1271.07c Acyl-CoA- N-acyltransferase 
unassigned -1.764970377 SPAC5H10.10 NADPH dehydrogenase 
DEA2 -1.506954453 SPBC1198.02 adenine deaminase 
unassigned -1.345494836 SPAC11D3.02c Acyl-CoA- N-acyltransferase 
ADH4 -1.33990939 SPAC5H10.06c alcohol dehydrogenase 
unassigned -1.256349751 SPAC8E11.10 sorbase reductase 
GDH2 -1.064774478 SPCC132.04c NAD-dependent glutamate 

dehydrogenase 
unassigned -1.015606823 SPAPB24D3.08c NADP-dependent oxidoreductase 
GPD3 1.030404682 SPBC354.12 glyceraldehyde 3-phosphate 

dehydrogenase 
GAL10 1.27250852 SPBPB2B2.12c UDP-glucose 4-epimerase/aldose 

1-epimerase 
unassigned 1.626792788 SPACUNK4.17 NAD binding dehydrogenase 

family protein 
 

RNAi mediated gene silencing and mRNA decay 

Gene standard name Log2 Fold Change  Systematic ID Function 
AES1 -1.389916662 SPBPB21E7.07 Enhancer or RNA-mediated gene 

silencing 
CNP3 -1.33501384 SPBC1861.01c protein required for centromere 

silencing 
PUF5 -1.070275242 SPAC4G8.03c nuclear  transcribed mRNA 

process, deadenylation-
dependent decay 
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FIGURE LEGENDS 

Fig 1: (A) 10-fold Serial dilution spotting of 0.1 OD595nm of cells from the strains as noted grown at 30 °C 

and 37 °C.  (B) Same as in A, but showing suppression of the Dcp2 C-terminal truncation TS phenotype.  

 

Fig 2: Sybr Gold stained 2% TAE agarose gel of the splinted-ligation RT-PCR reaction monitoring both total 

Rps23 or the ligated, decapped Rps23 for wild-type and EDC3 null strains.  

 

Fig 3: Volcano plot of the log2 fold change of transcripts in the EDC3 null compared to wild-type.  Colored 

dots represent transcripts that have significantly changed; blue is decreased and yellow is increased.  

 

Fig 4: (A) Fraction of m7GDP versus time for a mutational series of W43 in Dcp2 (1-243).  (B) N15-HSQC of 

the same mutants monitoring peaks that display co-linear shifts depending on the severity of the 

mutation.  (C) Schematic of the plasmid-shuffling assay for essential genes.  (D) Viability of the W43 

mutants in S. pombe with control K129 catalytic site mutant. 

 

Fig 5: (A) Visualization of GFP fluorescence in infected SF9 cells for the expression test of full-length pombe 

Dcp2 and Edc3.  (B) SDS-PAGE of Strep-tactin purification of Dcp2 and Edc3 followed by Tev cleavage; red 

star is protein of interest and black star is eGFP.   (C) Coinfection of Dcp2 and Edc3 form puncta as judged 

by GFP fluorescence.  (D) SDS-PAGE of purified Dcp2:Edc3 complex from the coinfection showing un-

cleaved and cleaved samples.    
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OUTRO 

 During the course of studying the S. pombe C-terminally extension of Dcp2, I have stumbled upon 

some novel results.  While other labs have shown in vivo or hypothesized that the decapping complex can 

be negatively regulated, no one to our knowledge has shown that Dcp2 is autoinhibited.  Furthermore, 

this autoinhibited complex recapitulates a more relevant system for us to understand the functional role 

of Edc3 in S. pombe as a possible more general decapping activator.  However, more detailed studies in 

vivo need to be realized before we can truly understand the entirety of the Edc3 functional role in fission 

yeast.  At the most basic level, Edc3 regulation of transcripts appears to be more complicated in S. pombe 

based upon the greater number of transcripts that are dysregulated.  It will be of great interest to see a 

finer study dissecting the functional roles of the LSm and YjeF N domains of Edc3.  The autoinhibited 

decapping complex adds another layer to the regulation of 5’ mediated decay, and opens up the possibility 

that we might be able to better explain in vivo phenomenon that have been difficult to resolve in previous 

in vitro systems. 

I was unable to realize my goal of seeing if the EDC3 null decapping defect was a result of the 

autoinhibition.  The expectation was that introduction of a Dcp2 lacking IM1 and IM2 would suppress this 

defect.  Despite this, my foray in S. pombe genetic was informative and may shed some light in the future 

in regard to the transcripts that are regulated by Edc3.  My attempts to replicate a published splinted-

ligation result were enlightening in helping me understand how small details in protocols can have large 

impacts in the final product.  It was especially enlightening in how often these details are not carefully 

noted in protocols.  The splinted-ligation assay troubleshooting led to our demonstration of using of a 

constitutively-active decapping complex as a replacement for TAP.  This reagent could make for a better 

replacement than RppH for sequencing methods that rely on removal of the cap for a ligateable cloning 

handle.  Overall this has been a rewarding, but trying Doctoral dissertation.   
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