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ABSTRACT

Changes in the 5’ leader of an mRNA can have profound effects on its translational efficiency with little effect on abundance.
Sequencing-based methods to accurately map the 5’ leader by identifying the first transcribed nucleotide rely on enzymatic
removal of the 5’ eukaryotic cap structure by tobacco acid pyrophosphatase (TAP). However, commercial TAP production has
been problematic and has now been discontinued. RppH, a bacterial enzyme that can also cleave the 5’ cap, and Cap-Clip, a
plant-derived enzyme, have been marketed as TAP replacements. We have engineered a Schizosaccharomyces pombe Edc1-
fused Dcp1-Dcp2 decapping enzyme that functions as a superior TAP replacement. It can be purified from E. coli
overexpression in high yields using standard biochemical methods. This constitutively active enzyme is four orders of
magnitude more catalytically efficient than RppH at 5’ cap removal, compares favorably to Cap-Clip, and the 5’
monophosphorylated RNA product is suitable for standard RNA cloning methods. This engineered enzyme is a better
replacement for TAP treatment than the current marketed use of RppH and can be produced cost-effectively in a general

laboratory setting, unlike Cap-Clip.
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INTRODUCTION

The 5’ leaders, often referred to as 5 UTRs, are important for
gene regulation in both normal and disease states (Calvo et al.
2009; Dieudonné et al. 2015), making it crucial to accurately
identify them. Changes in the 5 leader sequence of tran-
scripts can have large effects on translational efficiencies,
despite no change in transcript levels (Calvo et al. 2009;
Rojas-Duran and Gilbert 2012). Several methods have been
developed to map 5 transcription start sites (TSSs), both
of individual mRNAs (Volloch et al. 1994; Carninci and
Hayashizaki 1999) and genome-wide (Carninci et al. 2000;
Machida and Lin 2014). The most widely used TSS mapping
technique, 5" RACE, depends on the enzymatic removal of
the 5" cap (Schaefer 1995). Tobacco acid pyrophosphatase
(TAP) has been used for decades as a reagent for cap removal
(Lockard et al. 1981), despite it not being the natural decapp-
ing enzyme and the difficulty in purifying it directly from to-
bacco plants. In fact, the TAP protein sequence is still
unknown. This has led to the discontinuation of TAP pro-
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duction with no suitable replacement on the market. New
England Biolabs (NEB) has marketed RppH as a TAP re-
placement; however, it too is not a natural m’G decapping
enzyme (Deana et al. 2008). Instead it is specific for triphos-
phorylated bacterial mRNAs. Another plant-derived enzyme,
Cap-Clip (CELLSCRIPT), has recently become commercially
available as a TAP replacement. The sequence of that enzyme
is also unknown and therefore it cannot be recombinantly ex-
pressed in a general laboratory setting. A readily available,
easy to produce, and efficient enzyme with specificity for
the eukaryotic 5 mRNA cap that leaves a product with a
5’-monophosphate suitable for ligation is lacking.

Here, we describe an engineered S. pombe Dcpl-Dcp2
decapping complex fused to its Edcl activator peptide as a
fast and efficient TAP replacement for mapping TSSs. This
enzyme is recombinantly expressed in E. coli and readily pu-
rified using Ni-NTA affinity, followed by size-exclusion
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chromatography. Our purified enzyme was compared side-
by-side with RppH and showed four orders of magnitude
greater catalytic efficiency in an in vitro decapping assay.
Our enzyme also compared favorably with the Cap-Clip re-
agent. We also demonstrate that the 5 end of the enzymati-
cally treated total RNA can be cloned onto an RNA adaptor
oligo using standard methods and is able to accurately map
the first transcribed nucleotide of a known transcript. This
easy to produce decapping enzyme is a superior TAP replace-
ment for both gene-specific and genome-wide methods for
mapping the 5 end of RNAs.

RESULTS

Design and construction of a constitutively active
decapping enzyme

The fungal Dcpl-Dcp2 decapping complex is a stable, obli-
gate heterodimer that can be recombinantly expressed in
E. coli with high yields. The activity of Dcp1-Dcp2 can be sig-
nificantly enhanced by Edcl-like coactivators that contain
unstructured, short-linear motifs that bind Dcp1 and activate
catalysis by Dcp2 (Borja et al. 2011; Lai et al. 2012; Mugridge
et al. 2016; Valkov et al. 2016; Wurm et al. 2016; Schiitz et al.
2017). We set out to design a constitutively active decapping
complex consisting of the core SpDcpl-Dcp2 heterodimer
stably bound to the minimal activation sequence of the
Edcl coactivator. We designed an IPTG-inducible single
plasmid coexpression system consisting of GB1-tev-Dcpl
and hexahistadine-TRX-tev-Edc1-GSlinker-Dcp2, where the
conserved Dcpl-binding and Dcp2-activating motifs of
SpEdcl, residues 155-186, are covalently fused to the N
terminus of Dcp2 by a flexible GS linker (Fig. 1A,B). The co-
valent linkage of the Edcl peptide served to simplify the ex-
pression and purification of the activated complex. We
designed the single-chain Edc1-Dcp2 fusion (hereafter de-
noted scEdc1Dcp2) with a 10 residue (G4SG,S) linker, which
copurifies in complex with Dcpl. The Dcpl-scEdc1Dcp2
complex was eluted off Ni-NTA and the solubility tags
were fully cleaved after TEV treatment (Fig. 1C). Size-exclu-
sion chromatography revealed that the 10 residue linker al-
lows Edcl to bind the Dcpl-Dcp2 complex in cis, forming
predominantly a Dcpl-scEdc1Dcp2 heterodimer. The
shoulder of the peak consists of Edcl binding in trans to an-
other Dcpl-Dcp2 complex, forming a dimer of heterodimers
(Fig. 1D). We used sample from the dominant, Dcpl—
scEdc1Dcp2 peak (Fig. 1D, denoted with an asterisk) for all
further experiments.

Dcp1-scEdc1Dcp2 enzyme is more catalytically
efficient than RppH and is comparable to Cap-Clip

RppH is currently one of the most readily available enzymes
for 5 m’G cap removal from eukaryotic RNA for in vitro bio-
chemical applications, since the discontinuation of TAP pro-
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duction. We set out to benchmark our constitutively active
Dcpl-scEdc1Dcp2 enzyme against a current industry stan-
dard. We performed a series of decapping assays at varying
concentrations of enzyme to determine k,, and K4 under sin-
gle-turnover conditions, where enzyme is in excess of sub-
strate (Jones et al. 2008). Under these assay conditions, we
determined a k., of 8.44 min~' and a K4 of 0.19 uM for
Dcpl-scEdc1Dcp2 at 4°C. Unfortunately, we were unable
to reach the k., for RppH, so we instead compared the cata-
Iytic efficiencies (k. /Kq) of the enzymes; the catalytic effi-
ciency or specificity constant is a measure of how efficiently
an enzyme converts substrates into products. Dcpl-
scEdc1Dcp2 has a catalytic efficiency over 20,000 times great-
er than RppH for 5 cap cleavage, demonstrating that it is
clearly the better reagent for removing the cap structure
from eukaryotic RNA (Fig. 2; Supplemental Fig. S2).
Cap-Clip (CELLSCRIPT) is another reagent that is mar-
keted as a replacement for TAP. This enzyme, like TAP, is pu-
rified from plant extracts, so the exact sequence and its
concentration are not known. Accordingly, we are only able
to compare units of activity to concentration of Dcpl-
scEdc1Dcp2. We performed a series of decapping assays at
varying concentrations of Dcpl—scEdc1Dcp2 and units of
Cap-Clip at 37°C to determine the concentration of our en-
zyme that is equivalent to units of Cap-Clip. Since Cap-Clip
is not a metal-dependent enzyme (in contrast to RppH and
Dcp2), we took time points by quenching the reactions
with a denaturing buffer (8 M urea solution containing 7%
SDS). We quenched reactions containing decapping enzyme
as usual with EDTA. Under these reaction conditions, 0.29
nM of Dcpl—-scEdc1Dcp2 or more exactly, 1.3 X 10~ moles,
is equivalent to 1 unit of Cap-clip reagent in a 45 puL volume
(Table 1; Supplemental Fig. S1). So, a 1 L preparation of
Dcpl-scEdc1Dcp2 would yield a conservative estimate of be-
tween 15 and 50 million equivalent units of Cap-Clip.

Downstream RNA cloning applications demonstration

While Dcpl-scEdc1Dcp? is a capable enzyme for eukaryotic
RNA 5’ cap removal, we wanted to ensure that the treated
RNA was suitable for downstream cloning applications. We
decided to use the previously reported splinted-ligation assay
(Blewett et al. 2011; Wang et al. 2013) as verification that (i)
we could detect the decapping of an mRNA (rps23) from bulk
S. pombe purified RNA, and (ii) we could use a cloning meth-
od that requires a 5 monophosphate and an intact first-tran-
scribed nucleotide. We treated three 20 pg samples of
purified S. pombe total RNA (Supplemental Fig. S2) with
1 pM Dcpl-scEdc1Dcp2 and quenched the reaction after
15, 30, and 60 min by addition of phenol-chloroform. 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 staining of a 2% TAE agarose
gel (Fig. 3B). All three samples had a similar amount of total
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FIGURE 1. (A) E. coli overexpression plasmid constructed from a pETduet with Gb1-tev-Dcpl in MCS2 and the engineered single-chain his-TRX-
tev-Edc1(155-186)-(GGGGS),-Dcp2(1-243) in MCS1. (B) Protein diagram of the engineered Dcp2 decapping enzyme consisting of the minimal
activating peptide fragment of Edcl (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 (GGGGS), linker. Dcp1 is shown to scale. (C) Coomassie stained SDS-PAGE of the constitutively active
decapping enzyme complex after Ni-NTA elution and post-TEV cleavage. The last strip shows the final purified protein complex post size-exclusion
chromatography. (D) Analytical size-exclusion chromatogram of the complex on a GE Superdex 75 10/300 GL column. The complex runs as primarily
a heterodimer of Dcpl-scEdc1Dcp2, with a smaller amount of a higher-order species, which is likely a dimer of heterodimers.

c¢DNA product, but the splinted-ligation cDNA product
showed a time-dependent increase; consistent with an in-
crease in the amount of decapped and thus ligateable RNA
transcript.

Splinted-ligation can generate a ligation product even
when the 3’ end of the RNA anchor and the 5’ end of the tar-
get mRNA are not perfectly juxtaposed when annealed to the
DNA splint (Deana et al. 2008). To demonstrate the reliabil-
ity of our enzyme to accurately map the first transcribed nu-
cleotide, or TSS, we performed the decapping reaction
followed by splinted-ligation on an in vitro transcribed,
m’G capped nano-luciferase mRNA, where the 5’ terminus
is known. We treated 100 ng of RNA with 10 nM of enzyme
for 30 min at 37°C. The reaction was quenched by extracting
with phenol-chloroform, ethanol precipitated, and then tak-
en through the splinted-ligation procedure. The PCR prod-
ucts of the splinted-ligation were visualized in a 2% TAE
agarose gel using ethidium bromide (Fig. 3C), and were sub-
sequently purified using a QIAquick PCR Purification Kit

(QIAGEN). The product was then sequenced to verify that
the RNA anchor was ligated directly to the known TSS. We
consistently saw that the first transcribed nucleotide was cap-
tured by sequencing following ligation. While we only show
one cloning method here, any protocol that requires removal
of a 5 m’G capped mRNA to produce a 5 monophosphate
should be well suited to rapid enzymatic cap cleavage with
Dcpl-scEdc1Dcp2.

DISCUSSION

With our increased understanding of the large effects that al-
ternate 5’ transcription leaders can have on protein expres-
sion (Curran and Weiss 2016; Young and Wek 2016), it is
important to map this sequence space in relation to human
disease (Barbosa et al. 2013). Methods to identify transcrip-
tion start sites rely on the removal of the 5 eukaryotic cap
structure, followed by deep sequencing. Here we have de-
tailed the construction of a constitutively activated S. pombe
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Novagen pETduet expression vector contain-
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FIGURE 2. Plot of enzyme concentration versus ko, in a single-turnover decapping kinetics as-
say on a budding yeast MFA2 mRNA, as monitored by the release of [a-*?P]m’GDP detected by
TLC and autoradiography, comparing the activity of the Dcpl-scEdc1Dcp2 enzyme (filled cir-
cles) and RppH (open circles) at 4°C. RppH is fit linearly to extract k./K4, and Dcpl—
scEdc1Dcp2 enzyme is fit to a rectangular hyperbola to obtain both k., and Ky (Jones et al. 2008).

decapping complex consisting of Dcpl and Dcp2 with the
conserved coactivator sequence from Edcl fused to Dcp2
(Dcpl-scEdc1Dcp2). This complex is an excellent replace-
ment for TAP that can be overexpressed in traditional recom-
binant E. coli expression systems and is readily purified using
standard methods. Furthermore, we have demonstrated that
Dcpl-scEdc1Dcp? is at least four orders of magnitude more
catalytically efficient than RppH, a bacterial enzyme that has
recently functioned as a less efficient substitute for TAP.
Additionally, we show that a 1 L preparation of our engi-
neered enzyme is the equivalent of between 15 and 50 million
units of Cap-Clip, an enzyme that is purified from plant ex-
tracts. Finally, we have shown that our Dcpl—scEdc1Dcp2
construct can decap an endogenous mRNA from S. pombe
total RNA, that the resulting product is suitable for RNA
cloning methods that make use of a 5 monophosphate,
and that we can accurately map the first transcribed nucleo-
tide using this procedure. Although other decapping enzymes
have been described (Grudzien-Nogalska and Kiledjian
2017) and could in principle be used for mapping 5 ends,
the high expression yield (30 mg/L) and catalytic efficiency
of Dcpl-scEdc1Dcp2 make it an excellent alternative to
what is currently available. Our engineered enzyme is thus
a rapid, efficient, and easily prepared reagent that can be
used in all biochemical applications requiring removal of
the 5 mRNA cap.

MATERIALS AND METHODS

Plasmid construction and protein purification

The single chain his-TRX-tev-SpEdc1(155-186)-(GGGGS),-
SpDcp2(1-243) construct (Edcl1-Dcp2 with 10 residue linker) was
obtained as an E. coli codon-optimized DNA sequence from
Integrated DNA Technologies (his is hexahistidine affinity tag,
TRX is thioredoxin solubility tag, tev is Tobacco Etch Virus protease
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5000g, lysed by sonication, and clarified at
16,000g in lysis buffer (50 mM sodium phos-
phate pH 7.5, 300 mM sodium chloride, 10
mM imidazole, 5% glycerol, 10 mM 2-mer-
captoethanol, Roche EDTA-free protease in-
hibitor 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. Dcpl-scEdc1Dcp2 com-
plex 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 ni-
trogen. RppH was purified as previously described (Deana et al.
2008), with some modifications: Standard BL21(DE3) NEB cells
were used, and a size-exclusion chromatography step on a GE
Superdex 75 16/60 gel filtration column in SEC buffer (50 mM
HEPES pH 7, 150 mM NaCl, 1 mM DTT) was added to separate
the enzyme from a nucleic acid contaminant.

In vitro decapping assays

Single-turnover in vitro decapping assays were carried out in
decapping buffer (50 mM Tris—Cl [pH 7.5 at 25°C], 50 mM

TABLE 1. Table comparing the observed rates of Dcpl-scEdcl
and Cap-Clip at 37°C under single-turnover conditions

Dcpl-scEdc1Dep2 (UM) Kops (Min~")

10 10.8+0.21

1 1.1+£8.7x107"

0.1 0.045+4.6x 107"

Cap-Clip (units)

10 9.9+0.14
4.1+0.73

1 0.27 +0.080

The values shown are the average of two replicates and the error
is population standard deviation (c). The linear fits derived from
each respective set of either concentration versus observed rate
(Dcpl1-scEdc1Dcp2) or units versus observed rate (Cap-Clip)
follow:

(Dcp1—scEdc1Dcp2) : kops = 1.0822 (min~'nm~")
x [Dcp1—scEdc1Dcp2] (nM)

—0.0430 (min™")
(Cap-Clip) : kobs

= 1.0686 (min~'U™") x Cap-Clip(U) — 0.9590 (min~")
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GCTGATGGCGATGAATGAACACTGCGTTTGCTGGCT 36

GCTGATGGCGATGAATGAACACTGCGTTTGCTGGCT 134

TTGATGGGGAGACCCAAGCTAGCTAGCGTTTAAACT 72

TTGATGGGGAGACCCAAGCTAGCTAGCGTTTAAACT 160

FIGURE 3. (A) Schematic of the splinted-ligation RT-PCR assay used to monitor the decapping of endogenous rps23 mRNA. 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 pM Dcpl—scEdc1Dcp2 enzyme
for 15, 30, or 60 min. The top gel is the PCR product representing the total amount of rps23 transcript, and the bottom gel is of the splinted-ligated
product (i.e., decapped rps23 transcript). There is a time-dependent increase of the splinted-ligated PCR product. (C) Diagram of splinted-ligation of
an in vitro transcribed nano-luciferase mRNA annealed to a specific DNA splint and juxtaposed with a specific RNA anchor sequence. The expected
RT-PCR product of this ligation is shown below. The 2% TAE-agarose gel shows the splinted-ligated product (decapped) and total transcript (colored
as in A and B). The alignment to the right is one alignment of the sequencing of a splint-ligated product with the expected nucleotide sequence, show-

ing that the ligation of the RNA anchor occurs directly with the TSS.

NH,C], 0.01% NP-40, 1 mM DTT, 5 mM MgCl,) as previously de-
scribed (Jones et al. 2008). A *’P-labeled 355-nt RNA substrate
[containing a 15-nt poly(A) tail] derived from S. cerevisiae MFA2
mRNA was used for all the decapping assays; where the m’G cap
is radiolabeled on the a phosphate such that, upon decapping, the
excised m’GDP product could be detected by TLC and autoradiog-
raphy. Reaction volumes were 45 uL total where final Dcpl-

scEdc1Dcp2 or RppH concentration, or units Cap-Clip were varied
and the final RNA concentration was <100 pM. Assays were per-
formed at 4°C to ensure we could more accurately measure the
rate of the chemical step of Dcpl—scEdc1Dcp2, which is too rapid
to follow by manual pipetting at room temperature. Time points
were quenched by addition of excess EDTA except for Cap-Clip re-
actions, which were quenched by addition of 6 pL reaction to 1 uL of
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an 8 M urea solution containing 7% SDS. Assays comparing Cap-
Clip and Dcpl-scEdclDcp2 were performed at 37°C. TLC was
used to separate the RNA from the radiolabeled product m’GDP,
and the fraction decapped was quantified with a GE Typhoon scan-
ner and ImageQuant software. Fraction m’GDP versus time were
plotted and fit to a first-order exponential to obtain ks when
the kinetics were too slow to obtain reliable exponential fits, kgps
was obtained from a linear fit of the initial rates by division of the
slope by the empirically derived endpoint. The catalytic efficiency
(k.a/K4) was obtained as detailed in Jones et al. (2008) for the
Dcpl-scEdc1Dcp2 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
Laboratory methods online (http:/case.edu/med/coller/how.html).
Briefly, 20 pg of purified yeast total RNA was treated with 1 uM of
Dcpl-scEdc1Dcp2 in decapping buffer at 37°C for 15, 30, or 60
min before the reaction was quenched and the RNA purified by phe-
nol—chloroform extraction. One-tenth of the volume of 3M NaOAc
(pH 5.5), 1 pL Glycoblue, and ~2.5-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 18,000g
for 30 min at 4°C and the pellet was washed with 70% ethanol fol-
lowed by brief vortexing. The RNA was pelleted at 18,000¢ for 5 min
at 4°C and the pellet was dried briefly before being resuspended in
13.3 pL of nuclease-free water (Ambion). Concentration was mea-
sured on a nano-drop UV-Vis spectrophotometer. Fifteen micro-
grams of decapped total RNA was incubated with rps23 specific
DNA splint and RNA anchor in DNA ligase buffer with T4 DNA li-
gase. The reaction was incubated at room temperature for 16 h. The
next morning, the sample was treated with DNasel for 3 h at 37°C
followed by phenol—chloroform extraction and ethanol precipita-
tion for 2 h to overnight. RNA was pelleted and resuspended as
previously, and the RNA concentration was determined. Five micro-
grams of this RNA was reverse transcribed using an rps23-specific
primer and the Invitrogen Superscript III First-Strand Synthesis
Kit. Two microliters of the reverse transcriptase 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.

A similar procedure was followed for the in vitro transcribed and
capped nano-luciferase mRNA. One hundred nanograms of purified
transcript was incubated with 10 nM of Dcpl-scEdc1Dcp2 for 30
min at 37°C before quenching the reaction with phenol-chloroform
extraction. The rest of the splinted-ligation procedure was the same,
except once the RNA was resuspended with 13.3 pL nuclease-free
water, then 1 uL of the resuspension was used for the 16 h overnight
splinted-ligation. After phenol—chloroform extraction, ethanol pre-
cipitation, and resuspension in water, 1 pL of this purified product
was used in the RT reaction and 1 pL of this reaction was used as a
template for PCR. The PCR product of the splint-ligated—specific
forward primer and gene-specific reverse primer were purified fol-
lowing the standard QIAquick PCR Purification Kit (QIAGEN)
protocol. 50 ng total of PCR product was sent out locally to
Quintara for Sanger sequencing with the gene-specific reverse
primer.
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