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ABSTRACT

The yeast Pop2 protein, belonging to the eukaryotic Caf1 family, is required for mRNA deadenylation in vivo. It also catalyzes
poly(A) degradation in vitro, even though this property has been questioned. Caf1 proteins are related to RNase D, a feature
supported by the recently published structure of Pop2. Yeast Pop2 contains, however, a divergent active site while its human
homologs harbor consensus catalytic residues. Given these differences, we tested whether its deadenylase activity is conserved
in the human homologs Caf1 and Pop2. Our data demonstrate that both human factors degrade poly(A) tails indicating their
involvement in mRNA metabolism.
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INTRODUCTION

The control of gene expression occurs at each of the steps
leading to protein synthesis including transcription, mRNA
processing, translation, and mRNA decay. Analyses of eu-
karyotic mRNA decay, mainly performed in yeast, have
shown that this process is initiated by deadenylation (except
in the case of the degradation of aberrant mRNAs) (Parker
and Song 2004). During deadenylation, the size of the
poly(A) tail of the target mRNA is reduced to 10–15 resi-
dues (Muhlrad et al. 1994). This event triggers the degra-
dation of the mRNA body by various exonucleases (Muhl-
rad et al. 1994) while the mRNA cap is catabolized by vari-
ous decapping enzymes (Wang and Kiledjian 2001; Lykke-
Andersen 2002; van Dijk et al. 2002, 2003; Wang et al.
2002). Interestingly, the speed of the deadenylation process
has been shown to vary widely between mRNAs and deg-
radation of the poly(A) tail appears to be a rate-limiting
step in the decay process (Muhlrad et al. 1995). Identifying
enzymes implicated in poly(A) tail removal is therefore of

prime interest, as these are likely to be the targets of regu-
lators affecting mRNA stability.

The first deadenylase identified was purified from yeast
and shown to degrade poly(A) tails bound to poly(A) bind-
ing protein (Boeck et al. 1996). This enzyme is heterodi-
meric, one subunit, Pan2, harboring the catalytic site while
the role of the second subunit, Pan3, remains unclear even
though it is absolutely required for activity (Brown et al.
1996). Surprisingly, however, deletion of genes encoding
Pan2 or Pan3 did not generate a clear growth phenotype. It
did not strongly affect mRNA degradation in vivo either.
These results suggested that other deadenylase(s) were en-
coded in the yeast genome. A second deadenylase was pu-
rified from calf thymus based on its activity and named
PARN for Poly(A)-specific RiboNuclease (Korner et al.
1998). In contrast to Pan2/Pan3, PARN was inhibited by
poly(A) binding protein. Interestingly, however, PARN is
stimulated by the presence of a cap at the 5� end of the
substrate mRNA (Dehlin et al. 2000; Gao et al. 2000). Phy-
logenetic analyses demonstrated that PARN is present in
mammals but absent from several organisms including
yeast and fungi. Interestingly, both Pan2 and PARN where
shown to be related to the bacterial RNAse D protein, which
is involved in the exonucleolytic digestion of pre-tRNA 3�
extensions. Searches for yeast proteins similar to RNase D
led to the identification of yeast Pop2 as a putative dead-
enylase (Daugeron et al. 2001). This protein had been origi-
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nally implicated in the control of gene expression and pro-
posed to act at the level of transcription (Denis and Chen
2003). The latter suggestion has, however, never been con-
firmed by direct run-on experiments, and several of the
original observations could as well be reinterpreted as re-
sulting from an implication of Pop2 in mRNA degradation.
Pop2 belongs to a large family of eucaryotic proteins named
Caf1. This family is one of the member of the DEDD su-
perfamily of 3�-5� exonucleases that encompasses both
RNase and Dnase activities. These proteins are character-
ized by the presence of four conserved acidic amino acids,
three aspartates (D) and one glutamate (E), that are located
in three conserved regions of the protein in the order
DEDD. These residues coordinate two magnesium ions in-
volved in the catalysis. A fifth residue, histidine or tyrosine,
located before the last conserved D, is also highly conserved
but its function is not entirely clear. Pop2 is, however a
divergent member of the family because of the presence of
a nonconserved large N-terminal exten-
sion, and because it does not contain
consensus residues at two of the active
site positions involved in coordinating
the magnesium ions, the consensus
DEDD being changed to SEDQ (with
S-serine and Q-glutamine). In addition,
the conserved histidine/tyrosine has
been substituted by a threonine
(Daugeron et al. 2001; Thore et al. 2003)
(Fig. 1). These properties are conserved
among several yeast species but not in
other branches of the eukaryotic lineage.
This suggested either that Pop2 had lost
its catalytic activity or that the active site
was able to accommodate alternative
configurations while remaining func-
tional. The latter turned out to be the
case, as a recombinant Pop2 protein
fragment lacking the yeast specific N-
terminal extension was shown to display
nuclease activity in vitro (Daugeron et
al. 2001; Thore et al. 2003). Interest-
ingly, Pop2 had been shown to associate
with the Ccr4 protein, which also con-
tained a putative nuclease domain (Dla-
kic 2000), thus supporting further a role
in RNA turnover. Analysis of mRNA de-
cay in yeast strains devoid of Pop2 or
Ccr4 demonstrated that both proteins
are required for deadenylation as well as
normal mRNA degradation in vivo
(Daugeron et al. 2001; Tucker et al.
2001). However, the respective role of
Pop2 and Ccr4 in this process could not
be discriminated in these original ex-
periments. This ambiguity was resolved

by subsequent analyses with point mutants, which revealed
a major role for Ccr4 in the catalysis of deadenylation
(Chen et al. 2002; Tucker et al. 2002). By contrast, point
mutation abolishing the in vitro nuclease activity of Pop2
had little effect on mRNA poly(A) length in vivo. Taken
together with the fact that another group was unable to
detect deadenylation activity with a full-length recombinant
Pop2, this led to question its activity (Chen et al. 2002;
Tucker et al. 2002). However, determination of the struc-
ture of the conserved domain of Pop2 demonstrated that,
despite its divergence, its fold is related to the superfamily of
DEDD nucleases (Thore et al. 2003). Furthermore, phylo-
genetic analyses taken together with this structure indicated
that the most conserved region of the protein is its catalytic
site. This is a strong argument supporting the nuclease ac-
tivity of Pop2 and its implication in mRNA decay. To sup-
port further this conclusion, we were interested to learn
whether canonical members of the Caf1 family harboring

FIGURE 1. Alignment of the sequences of yeast Pop2, human Pop2, and human Caf1. Se-
quences were aligned with ClustalX (Thompson et al. 1997) and the resulting alignment
manually edited. Sequence conservation is indicated below the aligned sequences with stars (*)
indicating complete amino-acid conservation between the three sequences while semicolon (:)
and dot (.) denote the presence of amino acids of high or low similarity, respectively. Con-
served residues involved in magnesium binding and nuclease function in the RNase D sub-
family of DEDD nucleases are indicated by arrows above the sequence. Amino acids at these
first two positions were changed to Alanine by site-directed mutagenesis in the inactive human
Caf1 mutant. The numbering, in the sequence, of the first and last aligned residues are
indicated. Note that yeast Pop2 contains a large N-terminal extension of 148 residues compared
to its human counterparts, and that it diverges in the first and last residues involved in nuclease
function.
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consensus catalytic site residues were also active in mRNA
deadenylation. We report here that recombinant hCaf1 and
hPop2 are enzymatically active, even though some interest-
ing differences, can be found between the activities of these
two factors. These results indicate that the deadenylase ac-
tivity of yeast Pop2 is evolutionarily conserved in the Caf1
family, which is thus implicated in the control of gene ex-
pression by affecting mRNA decay.

RESULTS

To test whether human Caf1 (hCaf1) is able to degrade
poly(A), we prepared a recombinant form of the protein by
overexpressing a GST-hCaf1 fusion in Escherichia coli. The
protein was purified to apparent homogeneity by affinity on
glutathione agarose (Fig. 2A). To test whether the recom-
binant protein is active, we prepared radiolabeled poly(A)
by extending cold poly(A) with poly(A) polymerase. GST-
hCaf1 was shown to degrade this substrate through the
release of soluble material after TCA precipitation (data not
show). This assay is, however, difficult to quantify because
of the size and radiolabeling heterogeneity of the substrate.
To assess more thoroughly the enzyme activity, recombi-
nant hCaf1 was incubated with a 5� end-labeled 14 nucleo-
tide long synthetic RNA oligonucleotide (RNA7A) ending
with seven A residues at its 3�. Time-course reactions were
performed with various quantities of the recombinant fac-
tor. Reaction products were resolved on polyacrylamide gels
and detected by autoradiography. These analyses demon-
strated that the recombinant hCaf1 protein was able to de-

grade the substrate RNA, as shorter products absent from
the starting substrates appeared with time (Fig. 2B). The
specific activity of the enzyme was poor, possibly due to
poor folding in the presence of its natural partners. The
stepwise shortening of the 5�-end labeled substrate RNA
indicates that RNA degradation proceeds exonucleolytically
in the 3� to 5� direction. Incubation of the enzyme with a
molar excess of substrate revealed the simultaneous pres-
ence of a low level of fully degraded product when a large
fraction of the substrate remained intact (see supplementary
data S1). This suggests but does not prove that the enzyme
is processive. Further detailed studies will be required to
estimate more precisely the enzyme processivity. Interest-
ingly, the enzyme was not completely blocked when it en-
countered the first non-A residue, a U in this specific case,
as shorter products were apparent. However, the accumu-
lation of a product resulting from the degradation of the
first seven A residues, particularly visible at high enzyme
concentration because a lower protein amount was not al-
lowed to reach this point, suggests that the enzyme was
slowed down when it encountered the U residue. This ob-
servation is consistent with a preference or specificity for A
nucleotide. Interestingly, once the U residue was removed,
the enzyme was able to degrade the three following A resi-
dues. No further degradation was visible. Other substrates
were used to ascertain the general validity of this result.
Results obtained with a 27-nt long ribo-oligonucleotide
substrate harboring five A residues at its 3� end (RNA5A)
are shown in Figure 2C. Again, exonucleolytic degradation
of the substrate was detected. Interestingly, in this case, the
enzyme was not able to bypass the first non-A residues,

FIGURE 2. The recombinant GST-Caf1 protein is a deadenylase. (A) Protein profile of the recombinant GST-hCaf1 fraction. A Coomassie stained
gel of a typical purified GST-hCaf1 fraction is shown. The migration of a molecular weight size marker is indicated. (B) GST-hCaf1 is a RNAse.
Gel-fractionated products of an RNA degradation assay using a 5� end-labeled synthetic RNA oligonucleotide are shown. Various quantities of
the recombinant protein were used in parallel time-course reactions; 60 fmol of substrate were used per reaction. Lane 1 shows the starting
substrate. GST-hCaf1 pauses after degradation of the first seven A residues but resumes once the first U residue has been removed. (C) GST-hCaf1
specifically removes 3� terminal A residues. Degradation of a 5�-labeled substrate ending by 5 A residues stops once the 3’ oligo(A) tail has been
degraded.
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indicating a strong specificity for A nucleotides. Additional
substrates were tested including in vitro transcribed RNAs
and/or synthetic oligonucleotides containing longer 3� A
tracks (Fig. 4A, lanes 1–6). Results consistent to the ones de-
scribed above were obtained, indicating that these observa-
tions were not biased by the exact sequence and/or length of
the RNA (data not shown). In addition, these results indicated
that the structure of the RNA 5� end (mono- or tri-phosphate)
did not affect degradation by Caf1. Finally, increased salt con-
centration up to 100 mM KCl in the assay did not affect the
specificity of the enzyme even though it did slow down the
degradation reaction (see supplementary data S2).

The results presented above suggest that hCaf1 is cata-
lytically active. The specific exonucleolytic degradation of 3�
oligo(A) tail was inconsistent with the activity emanating
from a contaminating nuclease from E. coli or from con-
taminants (e.g., RNase A) introduced during recombinant
protein preparation. Two additional experiments were per-
formed to definitively exclude this possibility. First, GST
purified under strictly the same conditions was used to
replace Caf1 in degradation experiments. No degradation of
the substrates RNA was detected (Fig. 3, lanes 1–16). We
also changed by site-directed mutagenesis two catalytic resi-
dues coordinating magnesium, namely the aspartate at po-
sition 40 and the glutamate at position 42, to alanine to
inactivate the protein. The mutant protein was purified in
the same conditions as the wild type and tested for its ability

to degrade substrate RNAs. Again, no degradation of the
substrate mRNA was detected (Fig. 3, lanes 25–32). Fur-
thermore, addition of RNAsin, an inhibitor of mainly com-
monly encountered contaminating nucleases, did not in-
hibit the activity associated with wild-type hCaf1 in stan-
dard degradation reactions (Fig. 3, cf. lanes 17–20 and 21–
24). Taken together, these various results indicate that
hCaf1 is an active deadenylase that is responsible for the
activity detected.

We next addressed the specificity of hCaf1. We tested the
ability of hCaf1 to degrade RNA ending with non-A resi-
dues at their 3� end or to digest internal poly(A) track. For
this purpose, a 5�-labeled RNA oligonucleotide containing
seven residues followed by 10 As and 10 Cs was used as a
substrate (RNA10C). This molecule was completely stable
in the presence of hCaf1 (Fig. 4A, lanes 5–8). A TLC assay
using internally labeled RNA substrates ending with oligo G
sequences revealed that hCaf1 was also unable to degrade a
substrate ending with an oligo G tract (data not show).
These results confirm its strong specificity toward A resi-
dues at the 3� end of the substrate and its inability to act
endonucleolytically. To demonstrate definitively that hCaf1
was acting exonucleolytically, we analyzed by TLC the prod-
uct formed in a reaction containing an RNA substrate in-
ternally labeled with �32P at A residues. This demonstrated
the exclusive release of �32P-AMP without the presence of
di- or tri-nucleotides (Fig. 4B). This confirms a 3� exonu-

cleolytic degradation mode.
To extend these results, we tested

whether human Pop2 (hPop2), another
human homolog of yeast Pop2, was also
active in mRNA degradation in vitro.
Interestingly, hPop2 appeared to be an
extremely potent nuclease as low quan-
tities of this recombinant factor were
sufficient to fully degrade the RNA7A
substrate (Fig. 5B). In comparison, only
a few nucleotides from the substrate
were removed by hCaf1 when the high-
est concentrations were compared un-
der the same condition (Fig. 5B, note
the different time scale). Consistently,
only a low level of degradation interme-
diates could be seen. To test the speci-
ficity of the hPop2 protein, we incu-
bated it with a non-poly(A)-substrate
(Fig. 5C). Interestingly, hPop2 was able
to digest this substrate completely while
hCaf1 did not attack this substrate. A
similar pattern of degradation was ob-
served at various salt concentrations
(see supplementary data S3). Thus,
hPop2 appeared less specific for A resi-
dues than hCaf1. A TLC assay using in-
ternally labeled RNA substrates ending

FIGURE 3. The deadenylase activity of hCaf1 does not result from the presence of contami-
nants. The deadenylase activity of recombinant GST-hCaf1 is specific. Time-course reaction
was performed with the substrate ending with seven A residues and the indicated quantities of
various proteins; 60 fmol of substrate were used per reaction. Lanes 1–16: GST preparations
purified in parallel with GST-hCaf1 do not display deadenylase activity, ruling out the copu-
rification of contaminating nucleases from E. coli. The deadenylase activity observed with
GST-hCaf1 is not inhibited by RNasin (cf. lanes 17–20 and lanes 21–24) excluding contami-
nation of the recombinant fraction by common RNAse. Finally, a recombinant catalytic site
mutant is unable to degrade RNA (lanes 25–32). The free substrate is shown in lane 33. Overall,
these results demonstrate unequivocally that GST-hCaf1 is responsible for the deadenylase
activity detected.
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with oligo G sequences revealed mononucleotide release by
hPop2 indicative of exonucleolytic degradation (Fig. 5D).

We also analyzed recognition of the ribose by hCaf1 and
hPop2. In this case, a single-stranded DNA oligonucleotide
ending with five deoxyA residues (sequence: 5�-TATGT
GAATTCTATGCCACCCCAAAAA-3�) served as substrate.
No degradation of this substrate by hCaf1 and hPop2 was
detected indicating that hCaf1 and hPop2 are exclusively
ribonucleases (data not shown).

DISCUSSION

The yeast Pop2/Ccr4 complex was originally described as
involved in transcriptional regulation (Denis and Chen
2003). In this context, its implication in mRNA deadenyla-
tion (Daugeron et al. 2001; Tucker et al. 2001) made pos-
sible by the identification of nuclease motifs in Ccr4 and
Pop2, was unexpected. It is thus not surprising that they
were taken with skepticism by some (Wilusz et al. 2001).
Further genetic and biochemical analyses have since then
definitively confirmed a direct involvement of Pop2/Ccr4 in
the deadenylation process (Chen et al. 2002; Tucker et al.
2002; Thore et al. 2003; Temme et al. 2004; Viswanathan et
al. 2004). Our finding that hCaf1 and hPop2 are also nucle-
ases supports further this conclusion. Thus, previous data
showing a change in mRNA level related to Caf1 proteins
function and originally thought to be the consequence of its
transcriptional effect, may have to be reinterpreted as re-

sulting from changes in mRNA decay. However, the clear
implication of Caf1 family members in deadenylation does
not exclude that they also affect transcription, as largely
described in yeast and in mammals (Collart and Struhl
1994; Liu et al. 1998; Morel et al. 2003; Nakamura et al.
2004), even if direct support through run-on experiments is
not available and if cognate DNA interaction site have yet to
be identified.

Our results unequivocally demonstrate that human Caf1
is a 3�-5� exonuclease showing a strong, but not absolute,
specificity for ribopolymers of adenine. In contrast, hPop2
appears to be less specific for poly(A). These results are
consistent with those obtained with the conserved domain
of the yeast Pop2 protein, which was shown to degrade
preferentially, but not exclusively, poly(A) (Daugeron et al.
2001; Thore et al. 2003). The parallel between the yeast and
human proteins is important if one takes into account the
presence of atypical residues in the yeast Pop2 sequence
making it one of the most divergent members of the Caf1
family with respect to the RNase D consensus. It is thus
tempting to speculate that all members of the Pop2/Caf1
family, most of which are highly related to hCaf1 and
hPop2, are endowed with deadenylase activity. This strongly
suggests that they are all implicated in mRNA decay. Taken
together with previously published data, our results indicate
beyond reasonable doubt that, both in yeast and human,
Pop2/Caf1 are active nucleases and the questions raised for
the activity of yeast Pop2 can be dismissed. Interestingly,

FIGURE 4. The Caf1 protein specifically degrades 3� poly(A) tails. (A) Time-course reactions with the recombinant GST-hCaf1 factor and
substrates ending with 20 A (lanes 1–4) or 10 A followed by 10 C (lanes 5–8). Protein quantities are indicated. This result demonstrates that
GST-hCaf1 specifically degrades 3� poly(A) tails. These data also demonstrate that GST-hCaf1 does not harbor oligo(A) specific endonuclease
activity; 60 fmol of substrate were used per reaction. (B) To confirm the exonucleolytic activity of hCaf1, we also analyzed by TLC the product
formed in a reaction containing hCaf1 and an RNA substrate, ending with poly(A), internally labeled with �32P at A residues. This demonstrated
the exclusive release of �32P-AMP (AMP marker is show by arrow) (Sigma); 100 fmol of substrate were used per reaction.
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both in yeast and human, Pop2/Caf1 associates with ho-
mologs of the Ccr4 family, which are also nucleases (Du-
pressoir et al. 2001). One can wonder why two nucleases are
required to degrade poly(A) tails. This question is even
more acute in yeast where mutagenesis experiments indi-
cated that inactivation of Pop2 does not affect cell growth
(Chen et al. 2002). While this has been taken to suggest that
Pop2 activity is not important for deadenylation in vivo,
one cannot exclude that Pop2 deadenylase activity is re-

quired under specific conditions that have not been experi-
mentally tested. Consistent with this possibility, yeast Pop2
has been shown to be phosphorylated when cells are grown
in media containing specific carbon sources (Moriya et al.
2001). Interestingly, this phosphorylation takes place in the
nonconserved N-terminal domain, which is found exclu-
sively in yeast harboring divergent catalytic site residues. It
will be of interest to determine if yeast and human Pop2/
Caf1 deadenylase activities are regulated in vivo and the role

FIGURE 5. hPop2 is also a nuclease. hPop2 is a highly active RNase. (A) Purified recombinant hCaf1 and hPop2 (following purification tag
removal with trombin and factor Xa, respectively) were incubated with (B) a synthetic RNA oligonucleotide ending by seven A residues.
Time-course reactions were performed using the indicated quantities of the recombinant factor and the products detected after fractionation on
denaturing gel. Note that, given the high activity of hPop2, time-course reactions lasted only 10 min. (C) hPop2 is not highly specific for 3�
oligo(A) tails. hPop2 degraded efficiently a substrate lacking a 3� oligo(A) tail (lanes 9–16) while hCaf1 was unable to do so (lanes 1–8). The
starting substrate was loaded in lane 17. (D) To confirm the activity of hPop2, we also analyzed by TLC the product formed in a reaction
containing hPop2 and an RNA substrate, ending with a poly(G) internally labeled with �32P at G residues. This result shows that hPop2 is able
to release �32P-GMP (GMP marker is show by an arrow) (Sigma); 100 fmol of substrate were used per reaction.
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of such regulation in the process of gene expression. In this
vein, the difference in enzymatic activity that we observe
between hCaf1 and hPop2 may be relevant. Indeed, the
expression of one or the other of the various human ho-
mologs of yeast Pop2 may allow human cells to control gene
expression by affecting the rate of mRNA deadenylation for
all cellular mRNAs, or a subset of them. Further analyses of
the deadenylase activity of human Caf1 and Ccr4 family
members should thus provide some interesting insights in
the regulation of the mRNA degradation process.

MATERIAL AND METHODS

Plasmids

Two plasmids were used to express the human Caf1 protein
(hCaf1, accession number Q9UIV1). In both cases, the complete
hCaf1 open reading frame, contained in a BamHI–BglII cDNA
fragment, was fused in frame downstream of the GST tag of vector
pGEX-2T as described (Prevot et al. 2001). In the first construct,
pGEXhCAF1, the cDNA contained a P residue at position 4. As
this amino acid differs from the described sequence of human
Caf1 (either as a result of polymorphism or mutation during
cDNA synthesis), we constructed a second clone where this amino
acid was changed back to A, giving plasmid pGEXhCAF1ala.
pGEXhCAF1ala and the plasmid used for expression of the hCaf1
protein mutated in catalytic residues (Fig. 1) were constructed by
site-directed mutagenesis using the Quick-change mutagenesis kit
from Stratagene according to the manufacturer’s instruction. The
human Pop2 protein (hPop2, accession number AAD02685)
(Fidler et al. 1999) was expressed from plasmid pGEXhPOP2 con-
taining the full-length coding sequence of hPOP2 from
pSG5hPOP2 (Prevot et al. 2001) downstream of the GST tag of the
pGEX-5X vector. While hPop2 is the original name given to this
factor, it was subsequently given the second name of CALIF in a
latter study (Albert et al. 2000). The original nomenclature is used
throughout this manuscript.

Protein preparations

Proteins were expressed in E. coli strains BL21CodonPlus or Ro-
setta (DE3) (Novagen). Expression conditions were essentially as
described previously (Daugeron et al. 2001). Cell pellets from 500
mL cultures were lyzed by sonication in PBS. Cellular debris and
a fraction of the recombinant factor that was insoluble probably
due to poor folding in the absence of natural partners were re-
moved by centrifugation at 17,000g for 30 min. The supernatant
was mixed in a 15 mL Falcon tube with 0.4 mL of a 50% slurry of
glutathione agarose beads previously equilibrated in PBS. The
closed tube was rotated at 4°C for 1 h. Beads were transferred to
an Econo column (Biorad) and washed with 50 column volumes
of PBS at 4°C. The purified protein was recovered by elution with
10 mM reduced glutathione in 50 mM Tris HCl pH8.0. hCAF1
and hPOP2 proteins were also purified following cleavage with
thrombin or factor-X to release them from the column-bound
GST fusions. SDS/PAGE and Coomassie staining were used to
confirm the integrity of the full-length fusion proteins (Figs. 2A,
5A).

Recombinant factors were stored, after dialysis, in PBS contain-
ing 50% glycerol. Protein concentration was determined using the
Protein Assay Reagent (Biorad).

Preparation of substrates and in vitro
deadenylation assay

The commercially synthesized RNA and ssDNA oligonucleotides
used as substrates (10 pmol) were labeled with T4 polynucleotide
kinase and [�-32P]ATP. After purification on Sephadex G-25 spin
columns, labeled substrates, were diluted and normalized to
10,000 cpm/µL (60–100 fmol of RNA substrates) (equivalent to
6–10 nM).

The following RNA and ssDNA oligonucleotides were em-
ployed:

RNA7A: 5� UCUAAAU(A)7 3�;
RNA20A: 5� UCUAAAU(A)20 3�;
RNA5A: 5�-UAUGUGAAUUCUAUGCCACCCC(A)5-3�;
RNA10C: 5�-UCUAAAU(A)10(C)10-3�;
RNAr: 5�-UAUGUGAAUUCUAU-3�; and
DNA5A: 5�-TATGTGAATTCTATGCCACCCC(A)5-3�.

Nuclease assays involving bulk-labeled poly(A) degradation fol-
lowed by quantification of released nucleotides as TCA soluble
material were performed as described previously (Daugeron et al.
2001). Synthetic RNA or DNA oligonucleotides labeled at their 5�
end and in vitro transcribed RNA labeled with radioactive �UTP32

were used to assay for the degradation of substrates of defined
sequence. Degradation reactions contained 10 mM Tris-HCl
pH8.0, 1 mM MgOAc, 2 mM DTT, 0.02% NP40, 2 mM spermi-
dine. Reactions, initiated by addition of indicated amounts of
recombinant protein, were incubated at 30°C for the indicated
times. After addition of formamide, reaction products were frac-
tionated on appropriate 8%–15% acrylamide urea gels and visu-
alized by autoradiography or exposition to PhosphorImager
screens.

Exonucleolytic release of mononucleotides

Uniformly labeled RNA was transcribed in vitro transcription with
T3 polymerase (Promega). Plasmids pT3L3(A30) and
pT3ML43(G30) (Astrom et al. 1991), digested respectively with
Nsi1 and Apa1, were used as template. pT3L3(A30) transcription
was performed in presence of [�-32P] ATP while linearized
pT3ML43(G13) was transcribed in presence of [�-32P] GTP; 100
fmol of the resulting RNAs were used to assay for the degradation
of substrates of defined sequence as it was described above. Reac-
tions products were stopped by addition of 0.5 M of EDTA and
products fractionated by PEI-cellulose thin-layer chromatography
developed in 0.45 M (NH4)2SO4 and detected by autoradiogra-
phy.

SUPPLEMENTARY MATERIAL

Supplementary material can be available upon request (send an
e-mail message containing the keyword “CAF1/POP2 supplemen-
tary data” to the corresponding authors).
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