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Table S1. mRNA decapping rates

Length of the RNA body Turnover rate (min-1) RNA detection method # measurements
1 30.82 (5.83) HPLC RP (C18) 5
2 7.73 (2.90) HPLC RP (C18) 3
3 0.20 (0.12) HPLC IEX (Dionex) 3
5 0.03 (0.01) HPLC IEX (Dionex) 3
15 0.37 (0.13) UREA PAGE 5
30 0.26 (0.15) UREA PAGE 3
31 0.33 (0.04) UREA PAGE 3
Average of 3 to 31 0.26 (0.17) Mixed 17

In vitro turnover rates for DcpS mediated mRNA decapping were determined for substrates

with an RNA body between 1 and 31 nucleotides (see methods for the preparation of the

substrates). For each measurement, mRNA substrate and  S. cerevisiae DcpS enzyme (both

highly purified) were mixed and the reaction progression was assessed at 5 different time-

points and the turnover rates were extracted. It was ensured that the reaction kinetics were

in the linear regime. For each RNA, 3 to 5 independent measurements with different enzyme

batches  were  performed  to  extract  the  error  in  the  turnover  rates.  The  numbers  in

parenthesis represent the standard deviation. 
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Table S2. Data collection and refinement statistics.

S.c.  DcpS:m7GpppGU  complex
(6TRQ)

C.t. Dcps 
(6GB6)

Data collection
Wavelength (Å) 1.00 1.00
Resolution range (Å) 47.31  - 2.944 (3.049  - 2.944) 46.3  - 1.946 (2.016  - 1.946)
Space group P 21 21 21 P 1
Unit cell:  a, b, c (Å)
               , , (°)α β γ

87.761 104.103 189.223 
90 90 90

52.595 69.719 70.947 
104.484 101.391 111.611

Total reflections 499207 (49256) 208086 (20935)
Unique reflections 37383 (3591) 60704 (5929)
Multiplicity 13.4 (13.7) 3.4 (3.5)
Completeness (%) 99.54 (97.29) 96.56 (94.12)
Mean I/sigma(I) 9.12 (1.23) 9.80 (2.19)
Wilson B-factor 66.78 28.97
R-merge 0.3122 (2.397) 0.08574 (0.6772)
R-meas 0.3245 (2.488) 0.1024 (0.802)
R-pim 0.08787 (0.6632) 0.05501 (0.424)
CC1/2 0.995 (0.693) 0.996 (0.761)
CC* 0.999 (0.905) 0.999 (0.93)

Refinement
Reflections used in refinement 37324 (3585) 60833 (5926)
Reflections used for R-free 1870 (179) 3043 (296)
R-work 0.2043 (0.3565) 0.1827 (0.2931)
R-free 0.2633 (0.3946) 0.2165 (0.3173)
CC(work) 0.953 (0.806) 0.968 (0.861)
CC(free) 0.920 (0.809) 0.959 (0.750)
Number of non-hydrogen atoms 10917 5714
  macromolecules 10905 5402
  ligands 10 55
  solvent 2 257
Protein residues 1309 663
RMS(bonds) 0.008 0.007
RMS(angles) 1.31 0.87
Ramachandran favored (%) 95.17 98.02
Ramachandran allowed (%) 3.82 1.98
Ramachandran outliers (%) 1.01 0.00
Rotamer outliers (%) 3.01 1.06
Clashscore 14.55 4.32
Average B-factor 82.52 34.15
  macromolecules 82.50 33.87
  ligands 112.92 57.09
  solvent 37.80 34.95

Statistics for the highest-resolution shell are shown in parentheses. One crystal was used for

the determination of each structure. The table was generated using the table_one utility as

implemented in phenix (1). 
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Table S3. Plasmids used for protein expression.

Protein Organism Uniprot ID Purification Tags Mutations Used in #
DcpS Saccharomyces

cerevisiae

Q06151 N-His6-NusA-His6-TEV - Fig.  1B,  1C,

1D, 5

100

DcpS Saccharomyces

cerevisiae

Q06151 N-His6-NusA-His6-TEV H268N Fig. 2A, 2B 109

DcpS Saccharomyces

cerevisiae

Q06151 N-His6-NusA-His6-TEV Q130A Fig. 3D 2051

DcpS Saccharomyces

cerevisiae

Q06151 N-His6-NusA-His6-TEV Q130A,

N281A

Fig. 3D 2178

DcpS Saccharomyces

cerevisiae

Q06151 N-His6-NusA-His6-TEV H268N

Δ1-7

Fig. 3A 416

DcpS Homo sapiens Q96C86 N-His6-NusA-His6-TEV H277N Fig. 4D 1542

DcpS Chaetomium

thermophilum

G0S8A3 N-His6-TEV H258N Fig.  4A,  4B,

4C

1670

Exo-9 Saccharomyces

cerevisiae

P38792 (Rrp4)

Q08285 (Rrp40)

P53859 (Csl4)

P46948 (Rrp41)

Q12277 (Rrp42)

P25359 (Rrp43)

Q05636 (Rrp45)

P53256 (Rrp46)

P48240 (Mtr3)

N-His6-TEV (Rrp4) - Fig. 5 660

Rrp44 Saccharomyces

cerevisiae

Q08162 N-His6-SUMO-TEV - Fig. 5 446

Capping

complex (2)

Vaccinia virus P04298 (D1)

P04318 (D12)

N-His6-TEV (D1) - Methods 1857

TEV: Tobacco Etch Virus protease site (ENLYFQ|G, where the “|” is the protease cleavage

site). #: internal reference.
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Table S4. Primers/ plasmids used for RNA production

RNA Primer sequence (anti sense) RNA sequence Fig. #
2-mer cttctttcttcccttccttcctctccttactatagtgagtcgtattacg gu|aaggagaggaaggaagggaagaaaga 1, 2, 3, 4 1619
3-mer cttctttcttcccttccttcctctcctacctatagtgagtcgtattacg ggu|aggagaggaaggaagggaagaaagaag 1, 3, 4 7
5-mer cttctttcttcccttccttcctctcactcctatagtgagtcgtattacg ggagu|gagaggaaggaagggaagaaagaag 1 8
10-mer cttctttcttcccttccttcactctcctcctatagtgagtcgtattacg ggaggagagu|gaaggaagggaagaaagaag 1 9
15-mer cttctttcttcccttaccttcctctcctcctatagtgagtcgtattacg ggaggagaggaaggu|aagggaagaaagaag 1 10
15-mer ctccttctcttctcctatagtgagtcgtatta ggagaagagaaggag 3 4
30-mer cttctttcttacccttccttcctctcctcctatagtgagtcgtattacg ggaggagaggaaggaaggguaagaaagaag 1 123
31-mer Transcribed from plasmid gaaggagaggaaggaaagggaagaaagaagg* 1, 5 33

The verticale bar “|” in the RNA sequence indicates that the RNA is cleaved at that position

with RNase A. The T7 promoter sequence is underlined. * refers to a cyclic phosphate at

the 3’ end of the RNA that is due to the cleavage of the precursor RNA 3’ with a ribozyme.

#: internal reference.
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Fig. S1. Fitting of mRNA decapping rates.

Experimental data that was used to determine the DcpS decapping rates (S. cerevisiae)

for the different substrates. The fitted degradation rates (in min-1) are indicated on

top of the graphs. The rates reported in Fig. 1 are the average (standard deviation) of

the individual  rates  that  have been shown here.  The experimental  details  can be

found  in  the  Methods  section  and  Table  S1.  All  repeat  experiments  have  been

performed  by  pipetting  and  analyzing  the  reactions  independently.  In  all  single

experiments enzymes have been independently purified.
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Fig. S2. Interaction between DcpS and a capped monomer/ capped

trimer.

(A)  Structure  of  the  asymmetric  form  of  DcpS  (3).  Residues  (isoleucine  and

methionine)  that  experience  chemical  shift  perturbations  upon the  interaction  of

DcpS with a capped monomer are shown as blue sticks. The m7GDP ligand in the

active site is shown in orange. The active site residues are shown in purple. 

(B) Left: Methyl TROSY (4, 5) NMR spectrum of the S. cerevisiae DcpS enzyme in the

absence  (black)  and  presence  (blue)  of  a  capped  tri-nucleotide.  Assignments  for

residues that undergo chemical shift perturbations are indicated. Unass: a resonance

for which a resonance assignment is not available. 

Right:  Residues that sense the presence of the capped tri-nucleotide plotted on a

model of the symmetric form of the S.c. DcpS enzyme. The substrate binds at the

cleft between the N- and C- terminal domains, but does not induce the formation of

a closed active site. The model of the symmetric apo-structure of the yeast DcpS

enzyme  was  generated  using  Modeller  (6) with  the  apo-structure  of  the  human

enzyme (7) (PDBID: 1XML) as template.
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Fig. S3. Electron density around the capped dimer.

2FO-FC electron  density  around  the  m7GpppGU  substrate  in  the  closed  and

catalytically competent active site, contoured at 1 . Note that the substrate that wasσ

used in the crystallization and activity studies here contains a 3’ phosphate group. The

products that are produced by the exosome complex contain a 3’ OH group. 
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Fig. S4. Model of a longer capped mRNA in the active site of DcpS. 

A capped 4-mer RNA is docked into the structure of the complex of the S. cerevisiae

DcpS enzyme and capped 2-mer. The m7cap and the first base are not visible, as these

reside too deep inside the closed active side. Bases 1 and 2 (yellow) reside fully inside

the DcpS cavity. Base 3 (orange) occupies the narrow exit channel and experiences a

large number of steric clashes with side- and main-chain atoms in DcpS. Base 4 (red)

is fully outside the exit channel and has a freely accessible 3’ OH group, such that the

remaining of the RNA body does not come in close spatial proximity to DcpS. The

RNA was modeled onto the structure of DcpS enzyme in complex with m7GpppGU

using CYANA. To that end, the first base of a 4-mer RNA was superimposed onto

the first base of the capped 2-mer. Subsequently the “regularize” script in CYANA

was used to place bases 2 to 4 into the closed conformation of the complex (8). 
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Fig. S5. Activity of DcpS tunnel mutants.

Activity  data  from the DcpS tunnel  mutants.  The WT enzyme is  shown in black

(decapping  rate:  0.11  (0.02)  min-1;  in  agreement  with  the  experiments  based  on

UREA-PAGE analysis, Fig 1 and Table S1), the single Q130A mutant in red (decapping

rate: 0.30 (0.01) min-1) and the double Q130A/ N281A mutant in blue (decapping rate

0.49 (0.05) min-1). The different symbols (circle, cross, diamond) indicate the three

independent measurements to determine the decapping rates. The drawn line is the

best fit to all measurements. The fractions of the capped and decapped RNA have

been determined using an HPLC analysis (see methods). 

For completeness, we would like to mention that we also assayed the activity of the

S31A, Q129A/F132A, K126A/N281A, A130A/F132A, K126A/P227G, A129A/Q130A,

S31A/N281A, Q130A/K287A, S31A/K275A, K126A/Q129A and N281A/K287A DcpS

mutants, however, for none of those mutants we found a significant increase in the

DcpS mediated decapping rates.  Reduced decapping rates  can,  in part,  be due to

reduced enzyme stability, especially in the case of double mutants. As an example: the

N281A/K287A DcpS enzyme appeared unfolded. We have not accurately determined

degradation rates for those mutants as they were not of prime interest to us. 
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Fig. S6. Sequence alignment. 

Alignment of the DcpS sequences from S. cerevisiae,  C. thermophilum and  H. sapiens.

The intensity of the colors corresponds to the level of sequence conservation. The

alignment  was  prepared  using  Jalview  (9).  The  pairwise  identity  between  the  S.

cerevisiae, and C. thermophilum enzymes is 32%, between the S. cerevisiae and human

proteins 29% and between the C. thermophilum and the human protein 29%. 
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Fig. S7. The products of the exosome are substrates for DcpS.

Reaction mixtures of an mRNA with a body of 31 bases are analyzed by ion exchange

chromatography  on  an  HPLC.  The  mRNA  was  incubated  with  or  without  the

cytoplasmic exosome (exo-10) complex and with or without DcpS. The mRNA alone

(black) elutes around 38 min. Addition of the exosome to the mRNA (red) results in

a reduction of the mRNA (1: exonuclease activity) and the appearance of shorter

fragments  (exosome  products).  In  the  presence  of  DcpS  (blue),  these  exosome

products are decapped (2: Decapping), showing that DcpS is active on the product

from  the  exosome.  Note  the  appearance  of  a  peak  for  the  m7GMP  decapping

product.   The mRNA is  not  decapped  at  significant  rates  in  the  absence  of  the

exosome (green), which is in agreement with the inability of DcpS to process long

mRNA substrates (note the very small m7GMP peak, that results from the residual

activity  of  DcpS  on  long  mRNAs).  Note  that  the  exosome  reaction  has  been

terminated before the complete mRNA substrate was degraded. This was done to

prevent that the released products of the exosome could be further processed by the

exosome in subsequent degradation rounds. 
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