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Abstract
The cap structure is a specific feature of the 5′ end of mRNA which plays an
important role in the post-transcriptional control in gene expression. A major
step of gene regulation occurs at the level of mRNA turnover. Degradation
of most eukaryotic mRNAs entails the removal of the cap structure in the
various pathways. A human scavenger decapping enzyme (hDcpS) catalyses the
cleavage of the residual cap structure m7GpppN and/or short oligonucleotides
after the 3′ → 5′ exosom mediated digestion. In this paper we report a
fluorescence study of association process of hDcpS with m7GMP, m7GDP and
selected dinucleotide cap analogues resistant to enzymatic hydrolysis. The
calculated values of association constants (Kas) and corresponding Gibbs free
energies (�G◦) depend on the type of substituents and their positions in the cap
molecule, indicating which structural modifications are crucial for the catalysis.

1. Introduction

Eukaryotic mRNA is modified at its 5′ end by a cap structure which plays an important role in
many cellular processes including pre-mRNA splicing, its transport from nucleus to cytoplasm,
efficient translation [1–3] and stabilization of mRNA against 5′ → 3′ exonucleolytic
digestion [4]. Because of the important functions mediated by the cap, the level of mRNA
in the cells needs to be tightly controlled.

There are two general pathways of eukaryotic mRNA degradation (3′ → 5′ and 5′ → 3′
directions), both initiated by shortening of the poly(A) tail and involving the cleavage of the cap
structure [5, 6]. In the 5′ → 3′ decay, Dcp2 enzyme utilizes capped mRNA as a substrate and
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hydrolyses the cap structure to generate m7GDP and 5′ monophosphate mRNA. The exposed
5′ end of the mRNA is degraded by exoribonuclease Xrn1, leading to a rapid decay of the
remaining transcript. Degradation of mRNA in the 3′ → 5′ direction involves a complex of
nucleases (exosom) which releases a free cap dinucleotide and/or capped oligoribonucleotides,
hydrolysed further by DcpS scavengers, generating m7GMP [7]. The study of scavenger
decapping activity indicates its strong preference for cap structure linked to mRNA containing
fewer than 10 nucleotides.

The human decapping scavenger (hDcpS), a key enzyme in the mRNA 3′ → 5′ catabolic
pathway, is a member of the HIT family of pyrophosphatases [8] containing in the active site a
histidine triad with three histidines separated by hydrophobic residues (His-φ–His-φ–His). The
two conserved histidines, His277 and His279, within the HIT motif are critical for decapping
activity. The cleavage of cap structure catalysed by hDcpS proceeds through nucleophilic attack
of His277 on the γ -phosphate group within the triphosphate bridge of substrates according to
the mechanism proposed for the HIT protein family [9].

Many aspects of hDcpS activity regulation remain unknown. To gain insight into the
formation and stability of the hDcpS–cap complex, binding studies using the human scavenger
and cap analogues resistant to enzymatic hydrolysis were conducted by fluorescence titration
experiments.

2. Materials and methods

Human DcpS (expressed in E. coli) was obtained according to [10]. The enzyme was stored at
−80 ◦C in 20 mM Tris buffer (pH 7.5) containing 50 mM KCl, 0.2 mM EDTA, 0.5 mM PMSF
and 20% glycerol. Cap analogues were synthesized as described earlier [11, 12].

The binding affinity of hDcpS for cap analogues was determined by monitoring the
quenching of intrinsic Trp fluorescence. The time-synchronized-titration (TST) method
was applied for this study [13]. The experiments were performed on LS-50B and LS-55
spectrofluorometers (Perkin Elmer Co., Norwalk, CT, USA) at 20 ◦C, in 50 mM TRIS/HCl,
pH 7.6 containing 200 mM KCl, 0.5 mM EDTA and 1 mM DTT. Aliquots of 1 μl of the
cap analogue solutions of increasing concentrations were added to 1 ml of the 0.1 μM DcpS
solution. The fluorescence intensity was monitored at 340 nm (excitation at 280 nm) and
corrected for sample dilution and inner filter effects. The equilibrium association constants
have been derived from the fluorescence titration by fitting of the theoretical curve to the
experimental data according to the equation

F = F0 − [E L](� f + fL ) + [L] fL , (1)

where F is measured fluorescence intensity, F0 is the initial fluorescence intensity, � f the
difference between the fluorescence intensities of the apo-enzyme and the complex, and fL the
fluorescence intensity of the cap analogue. The equilibrium concentration of the cap–protein
complex is given by

[E L] = [L] + [Eact]
2

+ 1 − √
(Kas([L] − [Eact] + 1)2 + 4Kas[Eact])

2Kas
, (2)

where [Eact] is the concentration of active protein. The numerical least-squares nonlinear
regression was performed using ORIGIN 6.0 (Microcal Software Inc., USA). Obtained K i

as
values were association constants for single titration. Final Kas values were calculated as
weighted averages of ln(K i

as).
The Gibbs free energy of binding, �G◦, was calculated as

�G◦ = −RT ln Kas. (3)
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(a) (b)

Figure 1. Ribbon diagrams generated by PyMOL (DeLano Scientific LLC, USA, [19]): (a) two
m7GpppG molecules bound to DcpS dimer, with one molecule in closed (left) and the other in open
(right) conformation; (b) cap-binding site with residues crucial in the binding process.

(This figure is in colour only in the electronic version)

3. Results and discussion

The crystallographic data of human DcpS suggest a dynamic mechanism of the catalytic
cycle [14, 15]. The structure of apo-hDcpS shows that the free protein forms a symmetric dimer
which is different from the asymmetric dimer observed for the hDcpS–cap complex. Human
scavenger with the bound cap analogues (m7GDP, m7GpppG, m7GpppA) creates an open
non-productive complex and a closed productive complex during the catalytic cycle, which
differ by a 30 Å movement in the N-terminal domain (figure 1(a)). This difference indicates
that enzymatic reactions catalysed by hDcpS are accompanied by significant conformational
changes of the protein upon the substrate binding, hydrolysis and product release.

To better understand the mechanism and regulation of hDcpS activity we have determined
the binding affinity of human decapping scavenger for two mononucleotides (m7GMP and
m7GDP) and non-hydrolysable dinucleotide cap analogues modified in the phosphate chain
and ribose moiety of 7-methylguanosine (scheme 1).

The fluorescence titration curves of investigated cap analogues are presented in figure 2.
The Kas and �G◦ values for complexes of the human scavenger with mono- and dinucleotides
are collected in table 1. A significant difference has been observed between the association
constants of the two mononucleotides. The binding affinity of hDcpS for m7GMP is sixfold
weaker than that for m7GDP. These results indicate the importance of the second phosphate
group for efficient binding with the enzyme. They are in agreement with the structural
analysis of hDcpS complexes with cap analogues (m7GDP, m7GpppG, m7GpppA), showing
that His279 makes direct contacts to the α, β phosphates in m7GDP and β , γ phosphates in
dinucleotides [14, 15]. The weaker interaction of m7GMP with the enzyme is also caused by
the conformational changes from the closed to the open configuration of the protein. The closed
configuration stabilizes the substrate binding, while in the open configuration (which is adopted
by m7GMP) the weaker binding enhances product release [15].

Dinucleotide cap analogue m7GpCH2ppG exhibit stronger binding affinities as compared
with m7GpSppG (both D1 and D2 diastereoisomers) and m7GDP. The replacement of the
pyrophosphate bridge oxygen between β- and γ -phosphorus atoms by a methylene group
retains strong binding to hDcpS, higher than for the other investigated dinucleotide cap
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Scheme 1. (a) Mononucleotide cap analogues m7GMP and m7GDP; (b) dinucleotide cap analogues.
D1 and D2 are symbols for different stereoisomers [11].

Figure 2. Titration curves describing hDcpS–cap interactions. The experiments were performed
at 20 ◦C in 50 mM Tris/HCl, pH 7.6, 0.5 mM EDTA and 1 mM DTT (an increasing fluorescence
signal at higher cap concentrations originates from emission of the free cap analogues in solution).

analogues. The almost two-fold smaller affinity constants obtained for m7GpSppG indicate that
steric hindrance and charge distribution changes induced by oxygen to sulfur replacement in the
phosphate bridge significantly weaken the cap analogues’ binding with hDcpS. The absolute
configurations of D1 and D2 diastereoisomers have not been yet ascribed, so it is difficult to
discuss details of their steric effects on binding with hDcpS.
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Table 1. Equilibrium association constants (Kas) and binding Gibbs free energies (�G◦) for the
cap–DcpS complexes at 20 ◦C.

Cap analogue Kas (μM−1) �G◦ (kcal mol−1)

m7GPM 19 ±1 −9.77 ±0.03
m7GDP 114 ±8 −10.80 ±0.04

m7 2′OGpSppG D1 45 ±2 −10.26 ±0.03

m7 2′OGpSppG D2 14.8 ±0.6 −9.61 ±0.01

m7 3′OGpCH2ppG a 43 ±4 −10.23 ±0.05

m7 3′OGppCH2pG a 37 ±3 −10.14 ±0.05
m7GpSppG D1 146 ±6 −10.94 ±0.02
m7GpSppG D2 121 ±10 −10.83 ±0.05

m7GpCH2ppG a 234 ±14 −11.21 ±0.03

a Data from [16].

The analogues described above (m7GpCH2ppG and two m7GpSppG stereoisomers) have
modifications only in the phosphate bridge. Additional modification within ribose moiety
by introducing the 2′O- or 3′O-methyl substituents results in a significant affinity constant
decrease. For phosphorothioate-modified analogues the Kas constants are ∼3 to ∼9 fold lower
(�G◦ less negative by 0.6 to 1.3 kcal mol−1), depending on the stereoisomers. The Kas value
for m7 2′OGpCH2ppG is ∼5 fold lower than for m7GpCH2ppG. These results confirm the
important role of the residues responsible for stabilizing the sugar ring of m7Guo moiety:
Asp205, Lys207, Tyr217 and presumably His279. Weakening these interactions by steric
hindrance significantly diminishes the binding affinity.

Furthermore, m7 3′OGppCH2pG revealed itself to be a non-hydrolysed compound bound
by hDcpS protein, while in contrast m7GppCH2pG undergoes very slow hydrolysis [16]. This
indicates the additive character of affinity decreasing effects. A methylene group replacing
oxygen in the phosphate bridge affects the charge distribution and causes weaker interactions,
while ribose ring modification of m7Guo creates steric hindrance for the enzyme active-site
amino acids.

Both β–γ methylene and phosphorothioate dinucleotide cap analogues are resistant to
cleavage by hDcpS. Such modifications of substrate analogues of HIT proteins make them
hydrolysis-resistant compounds [17, 18].

4. Conclusions

Affinity studies revealed the crucial role of β-phosphate for binding and stabilizing cap–DcpS
complexes. Coherent results obtained for a group of non-hydrolysed cap analogues show that
m7GpCH2ppG presents the highest association constant, while dinucleotides with m7Guo sugar
ring modifications are characterized by a significant affinity decrease.
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