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Background:mRNA decay releases, in addition to the regular nucleotides, 7-methyl GMP derived from the 5� cap.
Results: We describe new members of the 5� nucleotidase family degrading 7-methyl GMP to 7-methylguanosine and
orthophosphate.
Conclusion: Cells have mechanisms to prevent potential salvage of 7-methyl GMP.
Significance: 7-Methyl GMP degradation may be important to prevent its incorporation into nucleic acids.

Turnover of mRNA releases, in addition to the four regular
nucleoside monophosphates, the methylated cap nucleotide in
the form of 7-methylguanosine monophosphate (m7GMP) or
diphosphate (m7GDP). The existence of pathways to eliminate
the modified nucleotide seems likely, as its incorporation into
nucleic acids is undesirable. Here we describe a novel 5� nucle-
otidase from Drosophila that cleaves m7GMP to 7-methyl-
guanosine and inorganic phosphate. The enzyme, encoded by
the predicted gene CG3362, also efficiently dephosphorylates
CMP, although with lower apparent affinity; UMP and the
purine nucleotides are poor substrates. The enzyme is inhibited
by elevated concentrations of AMP and also cleaves m7GDP to
the nucleoside and two inorganic phosphates, albeit less effi-
ciently. CG3362 has equivalent sequence similarity to two
human enzymes, cytosolic nucleotidase III (cNIII) and the pre-
viously uncharacterized cytosolic nucleotidase III-like (cNIII-
like). We show that cNIII-like also displays 5� nucleotidase
activity with a high affinity for m7GMP. CMP is a slightly better
substrate but againwith a higherKm. The activity of cNIII-like is
stimulated by phosphate. In contrast to cNIII-like, cNIII and
human cytosolic nucleotidase II do not accept m7GMP as a sub-
strate. We suggest that the m7G-specific nucleotidases protect
cells against undesired salvage of m7GMP and its incorporation
into nucleic acids.

Turnover of mRNAs in eukaryotes is mainly catalyzed by
hydrolytic exonucleases, which release nucleoside 5�-mono-
phosphates (NMPs)4 (1–3). At least in plants and in pro-
karyotes, phosphorolytic enzymes also participate, producing
nucleoside 5�-diphosphates (4, 5). In addition to these “regular”

nucleotides,mRNAdecay also releases derivatives of the 5� cap,
which consists of a 7-methylguanosine linked to the RNA body
by a 5�-5� triphosphate bridge (6). The cap can be liberated in
two different forms by two different types of enzymes; m7GDP
is cleaved off long RNA chains by enzymes of the Nudix family
like Dcp2 (7–9) or Nudt16 (10, 11). Alternatively, m7GMP can
be generated by cleavage of the free cap dinucleotide or short
capped oligonucleotides catalyzed by DcpS (12).
NMPs and nucleoside 5�-diphosphates produced by mRNA

decay can easily be recycled to NTPs by kinase reactions. In
principle, enzymes of the nucleotide salvage or biosynthesis
pathways can also act on m7guanine nucleotides; in vitro,
m7GDP can be converted to the triphosphate by nucleoside
diphosphate kinase (8, 13). If thiswere happening in the cell, the
methylated base would almost certainly be incorporated into
RNA (14). As ribonucleotide reductase accepts all four ribonu-
cleoside diphosphates as substrates (15), it seems plausible that
this enzyme would also convert m7GDP to the corresponding
deoxynucleotide, which after conversion to the triphosphate by
nucleoside diphosphate kinase would presumably find its way
into DNA (14). Salvage of m7GMPwould require conversion to
the diphosphate by guanylate kinase; we do not know if this
enzyme accepts m7GMP.
7-Methylguanosine in DNA, which can be generated

through non-enzymatic methyl transfer from toxins or cellular
metabolites, is subject to base excision repair. The methylated
base is removed by cleavage of theN-glycosidic bond catalyzed
by enzymes likeEscherichia coliAlkA (16),Bacillus cereusAlkD
(17, 18), or mammalian alkyladenine glycosylase (or methylpu-
rine glycosylase) (19, 20), which act on a large spectrumofmod-
ified purine bases. N7-methylation also chemically destabilizes
both the N-glycosidic bond and the purine ring itself (21).
Whereas spontaneous depurination would circumvent the
need for an N-glycosylase to initiate repair, the opened purine
ring is removed by a specific enzyme (22). Although repair
mechanisms for m7G in RNA have not been described, the
modification itself or the chemical instability associated with it
would be expected to interfere with RNA function.
Thus, there is probably evolutionary pressure for cells to pre-

vent the incorporation ofm7G into nucleic acids by disposing of
the cap remnants directly. In fact, m7GDP is converted to
m7GMP in extracts of different cells (23). DcpS has been
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reported to be responsible for this reaction (23, 24), but this has
not been confirmed by others (12, 25, 26). Regardless, m7GMP
appears to be a universal intermediate of cap degradation but
probably not its final product. Its conversion to an unknown
compound in yeast extract and release of its phosphate inmam-
malian extracts have been noted (13, 23), but the enzymes
responsible have not been identified.
Conversion of (deoxy)nucleoside monophosphates to nucle-

oside and orthophosphate is catalyzed by members of the fam-
ily of 5�-nucleotidases. In addition to a mitochondrial and an
extracellular enzyme, six different cytosolic 5�-nucleotidases
exist in humans (27): cytosolic 5�(3�)-deoxyribonucleotidase
(NT5C gene product) acts on dUMP and dTMP, cytosolic 5�
nucleotidase IA (NT5C1A) prefers AMP and pyrimidine
dNMPs, cNIB (NT5C1B) is closely related andmay have a sim-
ilar substrate specificity, cNII (NT5C2) prefers (d)IMP and
(d)GMP, and cNIII (NT5C3) dephosphorylates pyrimidine
nucleotides. The predicted protein cNIII-like (NT5C3-like) has
to our knowledge not been biochemically characterized so far.
Asmembers of the haloacid dehalogenase superfamily (28), the
cytosolic nucleotidases catalyze the Mg2�-dependent attack of
an aspartate side chain on the NMP substrate, resulting in the
formation of a phosphoenzyme intermediate and release of the
nucleoside. The covalently bound phosphate can then either be
liberated by the attack of water or transferred to an acceptor
nucleoside (29–32). 5�-Nucleotidases play a role in the regula-
tion of intracellular nucleotide pools. Homozygous mutations
in 5�-deoxyribonucleotidase C3 cause hemolytic anemia (33,
34). The 5� nucleotidases are also of interest because of their
role in the metabolism of nucleoside analogs used as antiviral
and anti-cancer drugs (27). Here, we report the identification of
novel members of the family of 5�-nucleotidases that are spe-
cific for the hydrolysis of m7GMP to m7guanosine and inor-
ganic phosphate and may participate in preventing the incor-
poration of m7-guanosine into cellular nucleic acids.

EXPERIMENTAL PROCEDURES

Extracts, Enzymes, and Other Reagents—Extract was pre-
pared from 0.5–2.5-h-old embryos of wild type Drosophila
melanogaster as described (35, 36). Human DcpS fused to glu-
tathione S-transferase was purified from E. coli transformed
with an expression plasmid (37), a kind gift ofH. Song (National
University of Singapore). Purification on glutathione-Sephar-
ose (GE Healthcare) was performed as recommended by the
supplier. His-tagged Ulp1 protease was purified by Ni2�-NTA
chromatography from E. coli transformed with an expression
plasmid (38) obtained from Christopher D. Lima (Memorial
Sloan Kettering Cancer Center). Radiolabeled nucleotides were
obtained from Hartmann Analytics. Other nucleosides and
nucleotides were from Sigma or Jena Bioscience.
Preparation of [32P]m7GMP—The RNA used as a substrate

for the capping reaction was 38 nucleotides long (a tandem
repeat of the sequence CCCCACCCUCUUCCCCAAG) and
synthesized as described (39). After phenol-chloroform extrac-
tion and sodium acetate/ethanol precipitation, 72 ng of the
RNA was capped with 20 units of vaccinia virus capping
enzyme (ScriptCap m7G capping kit, Epicenter Biotechnology)
in a volumeof 20�l as recommendedby the supplier, except the

concentration of GTP was reduced to 5 �M, and 90 �Ci
[�-32P]GTP was included. The capped RNA was purified by
phenol-chloroformextraction and sodiumacetate/ethanol pre-
cipitation. 60 ng of the capped RNA was digested to
[32P]m7GpppN and 5�-NMPs with one unit of P1 nuclease
(Biomol) in 10 mM HEPES-KOH, pH 7.4, for 2 h at 37 °C fol-
lowed by the addition of 50 ng of DcpS and 2.5 mMmagnesium
acetate and incubation for 1 h at 37 °C to convert
[32P]m7GpppN into [32P]m7GMP. The completeness of diges-
tion was checked by thin-layer chromatography (TLC) as
described below. The desired product was not purified so that
all preparations of [32P]m7GMP contained contaminating
unlabeled 5�-NMPs from the RNA body. Radioactive
[32P]m7GMPwas dilutedwith unlabeledm7-GMP (Jena Biosci-
ence) to the desired specific activity.
Nucleotidase Assays—Reactions were carried out in 20 mM

HEPES-KOH, pH 7.5, 5 mM MgCl2, 50 mM KCl. Reducing
agents were omitted, as they did not increase the activity. Sub-
strate concentrations were as indicated, and reaction tempera-
ture was 25 °C for theDrosophila enzyme and 37 °C for human
proteins. Reactions were started by enzyme addition. Where
indicated, an ATP regenerating system (80 �g/ml creatine
kinase (rabbit muscle; Roche Applied Science), 30 mM creatine
phosphate) or an ATP depleting system (20 mM glucose, 0.1
units/�l of hexokinase; Sigma) was added. In these cases the
extract was preincubated for 10 min under ATP depleting or
regenerating conditions, and the ATP status was checked by
TLC analysis of a control reaction containing a trace of
[�-32P]ATP. When radioactive NMPs were used as substrates,
nucleotidase reactions were stopped by the addition of 10 mM

EDTA, and 2 �l per time point were analyzed by TLC on poly-
ethyleneimine cellulose plates (Merck). Solvents were 0.5 M

LiCl, 1 M HCOOH for separation of adenine nucleotides, 0.3 M

LiCl, 1 M HCOOH for separation of m7GMP and related com-
pounds, and 0.8 M NaCl, 1� TBE (90 mM Tris-HCl pH 8.0, 90
mM boric acid, 2 mM EDTA) for GMP and related compounds.
Plates were analyzed by phosphorimaging, and results were
quantitated with ImageQuantTM (GEHealthcare). When unla-
beled nucleotides were used as substrates, a colorimetric assay
for orthophosphate was used as described (40) except that
Tween 20 was left out. In this case the reaction (20 �l per time
point) was stopped by the addition of the malachite green oxa-
late/ammonium molybdate reagent to the reaction mixture. A
phosphate standard curve was used to estimate the phosphate
released in the enzymatic reactions. Where indicated, pyro-
phosphatase (Fermentas) was added at a concentration of 0.1
units/�l.

For the determination of steady-state parameters, initial
velocities were determined from progress curves with at least
four time points at each substrate concentration. The substrate
concentrations were 1 �M–1.5 mMwhen radioactive substrates
were used and 4 �M–3 mM for unlabeled substrates. A hyper-
bolic fit to the Michaelis-Menten equation was calculated with
the help of Sigma Plot 8.0, and kcat was calculated fromVmax. In
the case ofAMP theV/S curvewas fitted to an equation describ-
ing a substrate inhibition, v � Vmax/(1� Km/[S]0 � [S]0/Ki).
Each experiment was carried out at least twice with R values
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ranging from 0.9607 to 0.9940. Kinetic constants derived from
individual experiments deviated by up to � 25%.
HPLCAnalysis—UnlabeledGMPorm7GMPwere incubated

with a partially purified nucleotidase fraction under standard
conditions. Reactions were stopped with 10 mM EDTA, and
proteins were precipitated by the addition of 5 volumes of ice-
cold ethanol. The mixture was centrifuged for 30 min at
20,000 � g, and the supernatant was evaporated in a vacuum
centrifuge. The residue was dissolved in 80 �l of water and
loaded onto a reversed phase C18 HPLC column (Keystone
Scientific Betabasic, 150 � 1 mm, 150 Å, 3 �m). Buffer A was
100 mM potassium phosphate, pH 7.5, and buffer B was 20%
(v/v) acetonitrile in buffer A. A linear gradient from buffer A to
buffer B was applied (0.03 ml/min, 45 min). The eluate was
continuously monitored photometrically either at 258 nm (for
reactions containing m7GMP) or 254 nm (for reactions con-
taining GMP). The retention times were compared with
standards.
UV Cross-linking—A 15-�l aliquot from the peak fraction

from the second hydroxyapatite column in the purification of
theDrosophila enzyme (see below) was diluted with 11 �l of 16
mMHEPES-KOH, pH 7.4, 3mMmagnesium acetate, and 4�l of
[32P]GMP (�15 �Ci). Aliquots of 5 �l were irradiated with
different intensities of UV light (60–1860 mJ/cm2; UV
Stratalinker 1800, Stratagene) and analyzed by SDS-polyacryl-
amide gel electrophoresis and autoradiography.
Partial Purification of the m7G-specific Nucleotidase from

Schneider Cells—Suspension cultures of Schneider 2 cells were
grown in Schneider’s Drosophilamedium (Invitrogen) at 25 °C
with 0.05% (v/v) of F-68 Pluronic solution (Invitrogen). 50 g of
cells (wet weight) were resuspended in 20 ml of hypotonic
buffer (10mMHEPES-KOH, pH7.9, 1.5mMMgCl2, 10mMKCl,
0.5 mM DTT) and, after 15 min, lysed with a tight-fitting
Dounce homogenizer (41). The lysate was centrifuged for 1 h at
120,000 � g. The supernatant was collected, adjusted to 50 mM

KCl, and loaded onto a 150-ml DEAE-Sepharose column. This
column, in contrast to the one shown in Fig. 2A, resulted in two
activity peaks, the first of which was used for further purifica-
tion. Activity in the second peak was not specific for m7GMP,
and Western blots later showed that these fractions did not
contain the m7G-specific nucleotidase (data not shown). Addi-
tional purification steps were chromatography on Mono S,
hydroxyapatite with phosphate elution, Sephacryl S200,
hydroxyapatite with KCl elution, and Mono Q. All column

materials were from GE Healthcare, except hydroxyapatite
(Bio-Rad). A final purification factor of 650 with a yield of 7%
was achieved. A preparative SDS-polyacrylamide gel was run
with the peak fraction of the last Mono Q column, and the
protein band of interest was cut out and analyzed by protease

FIGURE 1. A, shown is release of phosphate during incubation of 32P-labeled
capped RNA with Drosophila embryo extract. The reaction mixtures contain-
ing 20% embryo extract were preincubated for 10 min with hexokinase and
glucose for ATP depletion or complemented with creatine kinase and crea-
tine for ATP regeneration as indicated. The reactions were started by the
addition of the 32P-labeled capped RNA (200 nM). At different time points (0, 5,
10, 20, 40 min) 2-�l aliquots were removed and mixed with EDTA. The reac-
tion products were separated by TLC and detected by autoradiography. For
details, see “Experimental Procedures.” The first lane contains the substrate at
time point 0. Migration of standards is indicated on the left. Labeled m7GMP
and m7GpppG were generated by digestion of 32P-labeled capped RNA with
P1 nuclease with or without DcpS, respectively. M7GTP was an unlabeled
standard detected by UV absorbance, and 32P-orthosphosphate, shown in
the last lane, was obtained commercially. All standards were analyzed after
the addition to a reaction mixture lacking labeled RNA. An unidentified com-
pound is labeled X. B, release of phosphate during incubation of 32P-labeled
m7GMP with Drosophila embryo extract is shown. The reaction mixtures con-
tained 20% embryo extract. ATP-depleting or -regenerating conditions were as in
A. The reactions were started by the addition of 32P-labeled m7GMP (200 nM).
After 0, 5, 10, 20, and 40 min, 2 �l were removed, and the reactions were stopped
with EDTA. Products were separated by TLC and detected by autoradiography.
The first lane represents the substrate m7GMP analyzed directly from water. Its
migration is thus different from that of samples taken from the reaction mixture.
Standards indicated on the left were analyzed from a reaction mixture.

TABLE 1
Accession numbers and primers used for cloning of nucleotidases
RT, primer used for reverse transcription.

Gene Accession number Oligonucleotides Restriction sites

CG3362 FBgn0034988 RT: GAATTCGTGAACTCCCTG
Forward: AAAGGTCTCTATGGGCTTTGACGAGAAG BsaI
Reverse: TTTCTCGAGTTATAGGGAGCTCTGCTTG XhoI

cN-III-L NM_052935 RT: TGGAGCCTGCGCCTTCAG
Forward: AAAGGTCTCTATGGCAGAGGAGGTGAG BsaI
Reverse: TTTCTCGAGTCAGGGGCCTTGCATC XhoI

cN-III NM_001166118 RT: GAGAGGTCTTCTTGGAG
Forward: AAAGGTCTCTTGGTATGAGGGCCCCGTCC BsaI
Reverse: TTTCTCGAGTTATAGAATCTTCTGTAAAATAG XhoI

cN-II NM_012229 RT: CGTTTGTTCCTGTGAGTCCTG
Forward: AAAGGTCTCATGGTTCACCTCCTGGAGTGATCG BsaI
Reverse: TTTAAGCTTGGTTTTGGTTTTCCTCCTTATTC HindIII
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digestion and MALDI-TOF mass spectrometry as described
(42). Protein concentrations were measured with a Bradford
assay (Rotiquant, Roth).
Cloning of Nucleotidase cDNAs—The cDNA of D. melano-

gaster CG3362 (FlyBase database) was obtained via reverse
transcription of RNA extracted from S2 cells with Moloney
murine leukemia virus reverse transcriptase (Promega) and a
specific oligonucleotide primer followed by PCR amplification.
The cDNAs of the human cytosolic 5� nucleotidases II, III, and
III-like were obtained similarly via reverse transcription from
RNA of HEK293 cells and PCR with specific oligonucleotide
primers. Restriction sites for endonuclease BsaI (5� end) and
XhoI (3� end) were introduced into the cDNAs by way of the
PCR primers. The cDNA of the nucleotidases were cloned into
a pET-SUMOadapt vector (43). Primers used and accession
numbers are listed in Table 1. All expression clones were
checked by sequencing.
Purification of Overproduced Nucleotidases from E. coli—

E. coli Rosetta 2 cells (Novagen) were transformed with the
expression plasmids and grown in 1.2 liters of TB medium (44)

at 37 °C to anA600 of 1. Expression was induced by the addition
of 0.5 mM isopropyl �-D-1-thiogalactopyranoside, and cells
were further incubated for 2 h at room temperature. After har-
vesting, cells were resuspended in 10 ml of lysis buffer (20 mM

Tris-HCl, pH 8.0, 400 mM KCl, 10 mM imidazole, 10% (w/v)
glycerol). Just before disruption with a French press, 5 mg of
lysozyme, 2mg of DNase I, 3mMMgCl2, and 20mg PMSFwere
added. The lysate was centrifuged at 30,000� g for 40min, and
the supernatant was loaded onto a Ni2�-NTA-agarose column
(1 ml; Qiagen) equilibrated in lysis buffer. Bound protein was
eluted with an imidazole gradient (0–500 mM in lysis buffer).
Fractions containing the overexpressed protein, identified by
SDS-polyacrylamide gel electrophoresis, were pooled and dia-
lyzed again 20mMTris-HCl, pH 8.0, 400mMKCl, 5 mMMgCl2,
20 mM imidazole, 10% (w/v) glycerol. The SUMO tag was
cleaved off with Ulp1 protease (substrate:enzyme mass ratio
100:1) for 4 h at 8 °C, and the Ni2�-NTA-agarose column chro-

FIGURE 2. Dephosphorylation of m7GMP is catalyzed by a specific nucle-
otidase. A, Schneider 2 cells were disrupted as described under “Experimen-
tal Procedures,” and cytosolic proteins were fractionated on a DEAE-Sephar-
ose column. Nucleotidase activity of the fractions was determined by an assay
with 40 �M m7GMP trace-labeled with [32P]m7GMP. B, an aliquot of fraction 16
of the DEAE column in A was incubated with either GMP or m7GMP (400 �M)
for 25 min at 25 °C. The reaction was stopped by the addition of EDTA, and
HPLC analysis was carried out as described under “Experimental Procedures.”
mAU, milliabsorbance units.

FIGURE 3. Identification of the m7GMP-specific 5� nucleotidase from S2
cells. A, the enzyme was partially purified as described under “Experimental
Procedures.” The figure shows the activity peak of the final Mono Q column,
determined with 400 �M trace-labeled m7GMP as a substrate. B, 10 �l of the
indicated fractions of the Mono Q column in A were loaded onto a 12% SDS-
gel. Proteins were detected by silver staining. M, marker; L, load. Molecular
weights of marker proteins (in kDa) are given on the left. C, a fraction from the
second hydroxyapatite column was mixed with [32P]GMP, and different UV
intensities were used to cross-link the nucleotide with proteins (see “Experi-
mental Procedures”). The samples were analyzed by SDS-polyacrylamide gel
electrophoresis and autoradiography. Molecular masses of marker proteins
(in kDa) are given on the left.
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matography was repeated. The flow-through fraction was
loaded onto a hydroxyapatite column equilibrated in 20 mM

imidazole, pH 7.5, 200 mM KCl, 5% (w/v) glycerol (5 mg of
protein perml column volume). Bound protein was eluted with
a gradient from equilibration buffer to 0.5 M potassium phos-
phate pH 7.5 (7 column volumes). Fractions were pooled on the
basis of activity assays and dialyzed into 20 mM HEPES-KOH,
pH 7.5, 100 mM KCl, 5 mM MgCl2, 0.2 mM EDTA, 5% glycerol.
Concentrations were determined from the UV spectrum with
extinction coefficients calculated from the amino acid
sequence. Human SUMO-cNIII was purified by Ni2�-NTA
chromatography as above, dialyzed against 20 mM Tris, pH 8.0,
75mMKCl, 5mMMgCl2, 10% (w/v) glycerol, loaded onto a 1-ml
MonoQ column and eluted with a gradient up to 1 MKCl in the
same buffer. An aliquot from the activity peak fractionwas used
for enzyme assays. The remaining material was pooled, the
SUMO tag was cleaved off, and a second Ni2�-NTA column
was run. Concentration of cNIII was determined by densitom-
etry of a Coomassie-stained SDS-polyacrylamide gel and com-
parison to a BSA standard.
Analytical Ultracentrifugation—Proteins were dialyzed

overnight against 20 mM HEPES, pH 7.4 (20 °C),100 mM KCl, 5
mMMgCl2, 0.2 mM EDTA, 5% (w/v) glycerol and centrifuged in

a Beckmann X-LA centrifuge at 12,000 rpm, 20 °C, for 3 days.
Absorption profiles were fitted to the equation

c� x� � c0e
M�1 � v��

2 RT
�2� x2 � x0

2� (Eq. 1)

where c is the macromolecule concentration, M is the apparent
molar mass of the macromolecule, � is the partial specific vol-
ume, � is the density, R is the ideal gas constant, T is the tem-
perature, � is the angular frequency, and x is the distance from
the rotation center.

RESULTS

Dephosphorylation of m7GMP in Drosophila Embryo Extract—
In the course of experiments dealing with the regulation of the
Drosophila nanos mRNA (35, 45), the fate of the mRNA cap
structure was examined in Drosophila embryo extracts. For
this purpose, cap-labeled RNA was generated containing
[32P]phosphate in the� position with respect to themethylated
guanosine (see “Experimental Procedures”). The fate of the cap
structure upon incubation in extract was followed by TLC.
When an ATP regenerating system was present during the
reaction, m7GMP was produced, but most of the radioactivity
released co-migratedwith inorganic phosphate (Fig. 1A).When

FIGURE 4. Alignment of the amino acid sequences of CG3362, human cNIII, and cNIII-like proteins. Amino acids constituting the catalytic motifs I, II, and
III (24, 27) are shown in red and marked below the sequence. The lysine at position 268 of cytosolic nucleotidase III is also considered part of motif III (24), but the
corresponding amino acid in other enzymes is not immediately obvious from the sequence. The WW or WY motif at position 152/153 of cytosolic nucleotidase
III, also shown in red, is involved in binding the base of the substrate. Sequence identities are highlighted by dark gray shading, and amino acid similarities are
marked by light gray shading. Protein sequences were retrieved from the PubMed server (blast.ncbi.nlm.nih.gov) (cNIII, CAG38549; cNIII-like, Q969T7; CG3362,
AAF47180), and the alignment was done with MUSCLE (53) with preset restraints.
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the same reaction was carried out after ATP depletion with
hexokinase and glucose, a similar amount of radioactivity was
released from the RNA, but m7GMP was the major product,
with minor quantities of inorganic phosphate. An additional
compound that was present in the substrate RNA and disap-
peared in the ATP-containing reaction remained unidentified.
The expected product ofDcp2 activity,m7GDP,was not detect-
able independently of the ATP status of the reaction (Fig. 1A).
M7GDP might have been generated in the reaction but was
rapidly turned over. However, even when excess unlabeled
m7GDP or m7GpppG were added to compete with potential
turnover of labeled m7GDP, accumulation of 32P-m7GDP was
not observed (data not shown). Thus, m7GDPwas probably not
an intermediate in the production of m7GMP. Together, the
results suggest that the cap structure was liberated by exo-
and/or endonucleolytic degradation of the RNA body followed
by the release of m7GMP due to DcpS activity and further con-
version of m7GMP to the nucleoside and orthophosphate. In
fact, DcpS activity in the extract was directly demonstrated by
its ability to degradem7GpppG produced by nuclease P1 diges-
tion of cap-labeled RNA (data not shown). The decapping
enzyme Dcp1/Dcp2 is active in mRNA decay in Drosophila
embryos at 2–4 h of development (46), a time window border-
ing on the one from which our extracts were derived, but Dcp2
activity was not apparent in the extract.
To confirm the suspected dephosphorylation of m7GMP, we

generated [32P]m7GMP by enzymatic degradation of cap-la-
beled RNA (see “Experimental Procedures”) and incubated this
in the embryo extract. Indeed, the extract dephosphorylated
m7GMP in a time-dependent manner (Fig. 1B). Interestingly, a
small amount of m7GMP was also converted to a product ten-
tatively identified as m7GTP; the labeled product co-migrated
with an unlabeled m7GTP standard at two different LiCl con-
centrations in the TLC solvent, it appeared only when an ATP-
regenerating systemwas included in the reaction, and the prod-
uct was not obtained when [32P]orthophosphate was used as
the source of radioactivity (Fig. 1B and data not shown). The
observation supports the hypothesis that m7GMP, if not
degraded, can enter the nucleotide salvage pathway.
Dephosphorylation of m7GMP Is Specific for the Methylated

Nucleotide—With [32P]m7GMP as a substrate, several other
extracts were assayed for their ability to hydrolyze this nucleo-
tide. Phosphate release was observed in extracts of several
mammalian cell types (CHO cells, mouse ES cells, K562 cells)
and of Drosophila Schneider 2 (S2) cells but was barely detect-
able in yeast cell extract (data not shown). When S2 cell cyto-
solic extract was fractionated over a DEAE column, the activity
eluted in a single peak (Fig. 2A). The peak fraction was used to
investigate the specificity of the nucleotidase reaction; unla-
beled GMP or m7GMP was incubated with the fraction, the
reactions were stopped by he addition of EDTA, and products
were analyzed by reversed-phase HPLC. Under the conditions
used, approximately one-third of m7GMPwas converted to the
nucleoside, whereas GMP was barely degraded (Fig. 2B). The
sameDEAE column fraction was also tested with different con-
centrations of [32P]m7GMP or its unmethylated counterpart,
and phosphate release was analyzed by TLC. The apparent Km
for m7GMP estimated in these experiments was 25 times lower

than forGMP (� 4�M versus� 100�M), and the apparentVmax
for m7GMP was 2-fold higher than for GMP (data not shown).
Together, the two assays show that m7GMP is indeed the sub-
strate of a nucleotidase with m7guanosine and orthophosphate
as products and that this activity is specific for the methylated
variant of GMP. The ATP dependence of the activity that was
apparent in the embryo extract was not observed in DEAE col-
umn fractions derived either from S2 cells or embryo extract
and could not be restored by a combination of column fractions
(data not shown).

FIGURE 5. A, Purified proteins used in this study. Lanes 1 and 5, molecular
weight standards; lane 2, purified recombinant human cN II; lane 3, purified
recombinant human cNIII-L; lane 4, purified recombinant Drosophila CG3362
protein; lane 6, partially purified recombinant human cNIII after SUMO cleav-
age. The band representing cNIII is marked with an asterisk. Molecular weight
standards (M; kDa) are given in the margin. B, molecular weight determina-
tion of CG3362 by equilibrium sedimentation is shown. The experiment was
carried out as described under “Experimental Procedures” with an initial pro-
tein concentration of 27.5 �M. The calculated and the experimentally deter-
mined molecular weights are given as an inset in the figure. r, radius. C, molec-
ular weight determination of human cNIII-like by equilibrium sedimentation
is shown. The experiment was carried out as in B, with an initial protein con-
centration of 29 �M.
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Identification of the m7GMP Degrading Nucleotidase—The
enzyme degrading m7GMP was partially purified from S2 cell
extract by conventional column chromatography (see “Experi-
mental Procedures”). The fractions of the finalMonoQcolumn
were analyzed by SDS-polyacrylamide gel electrophoresis. Sev-
eral bands could be discerned by the profiles of that corre-
sponded to the nucleotidase activity profile (Fig. 3, A and B).
Among these, a� 40-kDa proteinmatched themolecular mass
of a GMP-binding protein, as determined by UV-cross linking
with [32P]GMP (Fig. 3C) and the apparent native molecular
mass of the partially purified nucleotidase in gel filtration (data
not shown). Analysis of this protein band by trypsin digestion
and mass spectrometry revealed peptides covering 43% of the
amino acid sequence encoded by the predicted gene CG3362;
no other protein was detectable (data not shown). The protein
encoded byCG3362 has a predictedmolecularmass of 36.3 kDa
and a similar extent of sequence identity (� 35%) both with the
human cytosolic 5� nucleotidase III (SwissProt Q9H0P0.3) (47)
and the human cNIII-like protein (SwissProt Q969T7.3). The
catalytic motifs for nucleotidase activity (30, 48) are well con-
served in CG3362 (Fig. 4) (see “Discussion”).
The Drosophila CG3362 Gene Product Is an m7G-specific

Nucleotidase—The CG3362 protein was overproduced in
E. coli and purified to homogeneity (Fig. 5A). Analytical ultra-
centrifugation showed the enzyme to be a monomer (native
molecular weight 36 kDa) at a concentration of 27.5 �M (Fig.

5B). Nucleotidase activity of the recombinant protein was con-
firmed by a colorimetric assay in which the release of
orthophosphate from various NMPs was determined. Phos-
phate release was linear with time and enzyme concentration
(Fig. 6A and data not shown). Enzyme activity was reduced to
non-detectable levels (less than 7%) by the addition of EDTA to
the reaction buffer (data not shown). Tests with the partially
purified enzyme preparation from S2 cells showed a pH opti-
mum near 7.5 (range tested, pH 5.0–8.0). Compared with
standard reaction conditions (50 mM KCl), the activity was
reduced to 50% by an increase in KCl concentration to 520 mM

or by the addition of 650mMpotassium acetate or 60mMpotas-
sium phosphate (data not shown).
Initial reaction velocities at different concentrations of

m7GMP, GMP, CMP, and UMP could be fitted to the Michae-
lis-Menten equation (Fig. 6B and data not shown). As expected,
the enzyme preferred m7GMP over GMP by about 50-fold, as
measured by kcat/Km (Fig. 6B and Table 2). The kinetic con-

FIGURE 6. Nucleotidase activity of Drosophila CG3362 measured by a colorimetric assay for inorganic phosphate. A, time course of phosphate release
with m7GMP and GMP is shown. Enzyme was used at a concentration of 13.8 nM and substrates at 200 �M. The standard deviation, based on three independent
experiments, is shown. B, titration of m7GMP and GMP is shown. Enzyme concentrations of 13.8 –55 nM were used to determine initial rates. Curves were fitted
to the Michaelis-Menten equation. C, titration of AMP is shown. Enzyme was used at a concentration of 1.4 �M. The data were fitted as described under
“Experimental Procedures.” D, time courses of phosphate release from m7GDP are shown. Enzyme was used at 2.8 �M and substrate at 200 �M. The reactions
were carried out with or without the addition of 1 unit of pyrophosphatase per 100 �l reaction, as indicated.

TABLE 2
Steady-state kinetic parameters for CG3362

Substrate Km Vmax kcat Ki kcat/Km

�M �mol/min/mg 1/s mM

m7GMP 13 11 6.3 0.46
CMP 48 21 12.0 0.25
GMP 102 1.5 0.88 0.01
AMP 32 0.49 0.28 2.1 0.01
UMP 91 4.0 2.3 0.03
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stants were in reasonable agreement with the preliminary data
obtained for the partially purified enzyme from S2 cells (see
above). CMP was also a good substrate, but the Km for m7GMP
was the lowest. AMP and UMP were nearly as poor substrates
as GMP (Table 2). Titration of AMP revealed an inhibition at
higher substrate concentrations, which could be modeled with
a Km of 32 �M and a Ki of 2 mM (Fig. 6C and Table 2). The
addition of ATP (up to 4 mM) had no effect on the rate of
m7GMP dephosphorylation (data not shown).
Surprisingly, CG3362 also released orthophosphate from

m7GDP, albeit at a rate 32-fold lower than with m7-GMP (Fig.
6D). Appropriate controls showed that pyrophosphate did not
react in the colorimetric assay for orthophosphate, the addition
of pyrophosphatase did not accelerate the production of
orthophosphate by CG3362, and the enzyme preparation was
not contaminated with pyrophosphatase. Upon nearly com-
plete degradation of m7GDP, an �2-fold molar excess of
phosphate was released (Fig. 6D and data not shown). Thus, the
enzyme first releases the �-phosphate from m7GDP and
then dephosphorylates the remaining m7GMP. Nucleoside
5�-diphosphate dephosphorylation was specific for m7GDP;
GDP did not serve as a substrate (40-fold lower rate; data not
shown). The specificity for the methylated nucleotide suggests
that CG3362 rather than a contaminating protein was respon-
sible for the activity. Because the enzyme can accommodate
nucleoside diphosphates in its active site, we considered the
possibility that theAMP inhibition (Fig. 6C)might be due to the
nucleotide acting as a phosphate acceptor and being converted
to the diphosphate. However, the addition of 1 units/�l of apyr-
ase, which would have digested the hypothetical product ADP,
did not relieve the inhibition at higher AMP concentrations
(data not shown); thus the inhibition was not due to ADP
production.
The Human cNIII-like Protein Is Also an m7G-specific

Nucleotidase—One of two potential human orthologues of
CG3362, the cNIII-like protein, was also purified from E. coli
(Fig. 5A). At a concentration of 29 �M, the enzyme behaved like
a monomer in analytical ultracentrifugation (native molecular
mass, 34 kDa; predicted monomeric molecular mass, 34.4 kDa)
(Fig. 5C). As predicted from the amino acid sequence, cNIII-

like also had nucleotidase activity. Under normal reaction con-
ditions, the time course of phosphate production by cNIII-like
was not linear, but linearity could be restoredwhen50�Mphos-
phate was added to the reaction buffer (Fig. 7A). The substrate
preference of cNIII-like was similar to that of Drosophila
CG3362 inasmuch as it had the lowest Km for m7GMP, 10-fold
lower than for CMP, the second best. However, in this case
Vmax was higher for CMP, so that this substrate was overall
slightly better than m7GMP. Likewise, UMP was characterized
by a poor Km but high kcat so that it was a reasonable substrate.
Unmethylated GMP and AMP were about equally poor (Fig. 7
and Table 3). In summary, human cNIII-like is a pyrimidine-
and m7guanosine-specific nucleotidase and, therefore, the
orthologue of CG3362. As cNIII-like and Drosophila CG3362
have similar substrate specificities and orthologues can be iden-
tified in many organisms (see “Discussion”), we suggest that
CG3362 be classified as Drosophila cNIII-like.
Human cNII and cNIII Do Not Prefer m7GMP—Human cNII

has been characterized as an IMP/GMP-specific enzyme (see
the Introduction). The enzyme was purified from E. coli (Fig.
5A), and dephosphorylation time courses measured at fixed
substrate concentrations showed that it dephosphorylated
GMP, as expected, but did not catalyze any detectable reaction
withm7GMP (kobs at least 350-fold lower than with GMP) (Fig.
8A).
Human cNIII prefers pyrimidine nucleotides as substrates

(see the Introduction). Because of solubility problems, the
enzyme was only available in a partially purified state (Fig. 5A
and “Experimental Procedures”). Time courses at several sub-
strate concentrations revealed the expected dephosphorylation
of CMP. The turnover rate of m7GMP was much lower than
that of CMP at any substrate concentration tested (10–500�M;

FIGURE 7. Nucleotidase activity of human cytosolic nucleotidase III-like. The colorimetric assay for phosphate release was used. A, shown is the time course
of m7GMP dephosphorylation with and without initial addition of 50 �M potassium phosphate. Enzyme was used at a concentration of 49.4 nM and substrate
at 250 �M. B, titration of GMP and m7GMP is shown. Enzyme was used at concentrations of 29 –251 nM to determine initial rates of phosphate release. The
reaction mixtures contained an initial potassium phosphate concentration of 50 �M.

TABLE 3
Steady-state kinetic parameters for human cNIII-like

Substrate Km Vmax kcat kcat/Km

�M �mol/min/mg 1/s
m7GMP 7.8 0.41 0.24 0.03
CMP 79 12.0 7 0.09
GMP 355 0.13 0.07 0.0002
AMP 456 0.07 0.04 0.0001
UMP 439 10.7 6.2 0.01
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Fig. 8B and data not shown). From a limited number of exper-
iments, the Km value for CMP was estimated as �30 �M, in
approximate agreement with a previous report (47). The Km
value for m7GMP was estimated as 	100 �M. Thus, cNIII
strongly prefers CMP; dephosphorylation of m7GMP is a spe-
cific property of the cNIII-like enzyme.

DISCUSSION

Each mRNA cap is synthesized de novo by a co-transcrip-
tional reaction using GTP and S-adenosylmethionine as sub-
strates (49). As there is no known reaction bywhichm7Gnucle-
otides released duringmRNA decay could be recycled into new
caps, these nucleotides are likely to be disposed of. Here, aDro-
sophila 5� nucleotidase, encoded by the gene CG3362, was
shown specifically to hydrolyze m7-GMP to orthophosphate
and the corresponding nucleoside. Of the two human nucleoti-
dases related to CG3362, cytosolic nucleotidase III-like, a pre-
viously uncharacterized enzyme, proved to be the true ortho-
logue, having a substrate specificity similar to CG3362, whereas
cytosolic nucleotidase III did not accept m7GMP as a substrate.
We suggest that the m7GMP-specific enzymes act as sanitizing
agents that participate in the removal of N7-methylated gua-
nine nucleotides to prevent their entry into the nucleotide sal-
vage pathway and incorporation into nucleic acids. To examine
the biological role of these enzymes in detail, we have generated
a null allele of Drosophila CG3362; preliminary analysis indi-
cates a semi-lethal phenotype.5 Among the many problems to
be addressed in the analysis of this mutant will be the question
of whether failure to degrade m7GMP or the other preferred
substrate, CMP, is responsible for the phenotype.
The conserved active site of the nucleotidase family, located

in the globular core domain, is easily recognized in the primary
structures of CG3362 and human cNIII-like (Fig. 4). By
sequence alignment, Asp-55 (CG3362numbering) at the begin-
ning of motif I is predicted to form the covalent phosphoen-
zyme intermediate and Asp-57 to act as a general acid/base
catalyst, protonating the 5�-OH leaving group of the first step
and activating the attacking water in the second step. Con-

served residues in motifs II and III have mostly roles in coordi-
nating the catalytic Mg2� ion and phosphate (27, 30, 32).
Recognition of the base moiety of the substrate is mediated

by the �-helical lid domain covering the active site. In the crys-
tal structure of murine cNIII complexed with UMP, the base is
coordinated between 3 	 electron-containing amino acids
(His-68, Trp-113, Tyr-114) and is also approached by Asn-69,
which is thought to sterically interferewith binding of the larger
purine nucleotides (50). In both CG3362 and cNIII-like, the
Trp-113, Tyr-114 motif is replaced by two tryptophans. Data-
base searches revealed that theWWmotif is common to almost
all sequences classified as cytosolic nucleotidase III-like,
whereas those classified as cytosolic nucleotidase III have aWY
motif. In contrast, changes in the positions corresponding to
His-68 and Asn-69 of murine cNIII are not specific to either of
the two classes (supplemental Fig. 1). Thus, theWWmotif may
be important for the recognition of m7GMP. The two types of
enzymes, cNIII and cNIII-like, are closely related by primary
structure and by the overlap in substrate specificity, both acting
on CMP. Genes encoding the two enzymes are simultaneously
present in most vertebrates except fish, which only seem to
have cNIII (supplemental Fig. 1). In contrast, as mentioned
above,Drosophilahas only one gene, CG3362, with comparable
sequence similarity to both cNIII and cNIII-like, which based
on its substrate specificity and possession of the WWmotif, is
classified as cNIII-like in this paper. Drosophila also has a sec-
ond 5� nucleotidase family member related to cNII, CG32549.
NeitherDrosophila nor human cNIII-like is strictly specific for
m7GMP; both degrade CMP approximately as efficiently as
m7GMP and, with lower efficiency, also UMP. Dephosphoryl-
ation of some fraction of the CMP and UMP pools may be a
price organisms pay for the ability to eliminate m7GMP. Sac-
charomyces cerevisiae does not appear to contain an orthologue
of cNIII-like, in agreement with very weak dephosphorylation
of m7GMP in extract (see above). As yeast extract converts
m7GMP into an unknown compound (23), these cells may have
an alternative pathway for eliminating themodified nucleotide.
In embryo extract, dephosphorylation of m7GMP was stim-

ulated by ATP. Cytosolic nucleotidase II is a precedent for a
nucleotidase that is stimulated by ATP and several other phos-

5 J. Buschmann, T. Rudolph, B. Moritz, G. Reuter, and E. Wahle, unpublished
data.

FIGURE 8. Human cytosolic nucleotidases II and III do not act on m7GMP. Phosphate release was measured with a colorimetric assay. A, purified human cNII
protein (154 nM) was incubated with 250 �M m7GMP or GMP. B, the human cNIII protein was incubated with CMP or m7GMP as substrates (500 �M each). Protein
with an N-terminal SUMO tag was used because of solubility problems during the purification procedure. Protein concentration was 73 nM. Faster dephos-
phorylation of CMP was also seen at lower substrate concentrations and after cleavage of the SUMO tag.
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phorylated compounds (27, 32). However, in the case of
CG3362, the apparent ATP dependence was lost after the first
chromatography column, and the recombinant enzymewas not
stimulated by ATP either. One plausible explanation for the
ATP effect in crude extract may be that ATP depletion led to
the accumulation of AMP concentrations sufficient to inhibit
the enzyme reaction. We can only speculate whether AMP
inhibition of CG3362 is of biological relevance; the Ki is fairly
high, probably beyond the physiological concentration range.
Unexpectedly, the active site of CG3362 is flexible enough to

accommodate m7GDP as a substrate and able to catalyze cleav-
age of the anhydride bond to release orthophosphate. Thus, in
principle, CG3362 could contribute to the degradation of the
Dcp2 product, m7GDP. Given the controversy regarding the
role of DcpS in the degradation of m7GDP, the enzyme(s)
responsible for this reaction remains to be identified.
Expression of CG3362 mRNA is moderate to moderately

high at all developmental stages and detected in most tissues
(FlyBase). Likewise, expression of human cNIII-like is found in
many different cell types at the RNA (UCSCGenome Bioinfor-
matics) and at the protein level (The Human Protein Atlas),
although the specificity of the antibody used for the latter type
of datawas not entirely clear.Widespread expression is consist-
ent with the anticipated need for cap elimination in all cell
types. Relatively high levels in the fly gut and in human intestine
might reflect a role of the enzyme in disposing of mRNA caps
taken upwith food. High expression of CG3362 in early embry-
onic development, peaking at 2–4 h, may be related to the
maternal-to-zygotic transition, which is associated with mas-
sive turnover of maternal mRNA (51). The need to dispose of
m7GMPmay be particularly acute for non-dividing, terminally
differentiated cells, as they can persist for a long time, turning
over their mRNA without being able to dilute out the methy-
lated nucleotide by growth. In the context of such cells, it is also
interesting to consider that tRNA and rRNA also contain large
amounts and a wide variety ofmodified nucleotides. Even these
stable RNAs can be degraded (52–55). Enzymes may exist to
remove themany differentmodified nucleotides liberated upon
the turnover of stable RNAs.
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