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The CCR4±NOT complex from Saccharomyces cerevis-
iae is a general transcriptional regulatory complex.
The proteins of this complex are involved in several
aspects of mRNA metabolism, including transcription
initiation and elongation and mRNA degradation. The
evolutionarily conserved CCR4 protein, which is part
of the cytoplasmic deadenylase, contains a C-terminal
domain that displays homology to an Mg2+-dependent
DNase/phosphatase family of proteins. We have ana-
lyzed the putative enzymatic properties of CCR4 and
have found that it contains both RNA and single-
stranded DNA 3¢±5¢ exonuclease activities. CCR4 dis-
plays a preference for RNA and for 3¢ poly(A) sub-
strates, implicating it as the catalytic component of
the cytoplasmic deadenylase. Mutations in the key,
conserved catalytic residues in the CCR4 exonuclease
domain abolished both its in vitro activities and its
in vivo functions. Importantly, CCR4 was active as a
monomer and remained active in the absence of
CAF1, which links CCR4 to the remainder of the
CCR4±NOT complex components. These results
establish that CCR4 and most probably other mem-
bers of a widely distributed CCR4-like family of
proteins constitute a novel class of RNA±DNA exo-
nucleases. The various regulatory effects of the
CCR4±NOT complex on gene expression may be
executed in part through these CCR4 exonuclease
activities.
Keywords: CCR4±NOT complex/deadenylase/
exonuclease/mRNA degradation/transcription

Introduction

The CCR4 protein from Saccharomyces cerevisiae is an
evolutionarily conserved protein, and has orthologs in all
higher eukaryotic organisms examined to date. In yeast,
the CCR4 protein has been identi®ed in the CCR4±NOT
protein complex, which exists in two forms in vivo: 1.0 and
1.9 MDa. The smaller core complex, which has been
puri®ed (Liu et al., 1998; Bai et al., 1999; Chen et al.,
2001), contains the following proteins: CCR4, CAF1, ®ve
NOT proteins (NOT1±NOT5), CAF40 and CAF130.

The CCR4 gene was identi®ed initially by mutations
that suppressed spt10-enhanced ADH2 expression and
affected the derepression of ADH2 and other non-

fermentative genes (Denis, 1984). However, it has become
clear since then that CCR4, CAF1 and the NOT proteins
affect diverse processes in yeast and do so both positively
and negatively (Denis and Malvar, 1990; Sakai et al.,
1992; Collart and Struhl, 1993, 1994; Liu et al., 1998,
2001; Bai et al., 1999). CCR4 and its associated proteins
have been implicated in multiple roles in the control of
mRNA metabolism, including initiation, elongation and
mRNA degradation (Badarinarayana et al., 2000; Lemaire
and Collart, 2000; Daugeron et al., 2001; Denis et al.,
2001; Tucker et al., 2001).

Biochemical studies in our laboratory have shown that
the CCR4 protein contains three major functional domains
(Draper et al., 1994). The N-terminal region, which is rich
in glutamines and asparagines, contains an activation
domain that may interact with the transcriptional machin-
ery. The central region of the protein (residues 350±473)
contains ®ve tandem copies of a leucine-rich repeat (LRR)
domain (Malvar et al., 1992). This domain has been shown
to interact with CAF1 (Draper et al., 1995) and other
putative components of the 1.9 MDa CCR4±NOT com-
plex (Liu et al., 1997, 2001) and to be the region of CCR4
that links CCR4 to the 1.0 MDa CCR4±NOT complex
(Draper et al., 1994; Liu et al., 1998). Bioinformatic
studies that we and others have carried out have shown that
the C-terminal region of the CCR4 protein displays
homology to apurinic (AP) endonucleases. AP endo-
nucleases are a group of critical enzymes that maintain
genome integrity against the spontaneous production of
abasic (AP) sites. Three representative AP endonucleases
in this homologous family are exonuclease III (ExoIII)
from Escherichia coli, APE1 (HAP1) from human and
APN2 from the yeast S.cerevisiae. This family of Mg2+-
dependent endonucleases is also homologous to inositol
polyphosphate-5¢-phosphatases and sphingomyelinases
(Dlakic, 2000; Whisstock et al., 2000).

The CAF1 protein, which is tightly associated with
CCR4, is also required for glucose derepression of gene
expression (Sakai et al., 1992; Draper et al., 1995; Hata
et al., 1998). The yeast CAF1 protein orthologs in Mus
musculus and Caenorhabditis elegans (Draper et al.,
1995), but not yeast CAF1 itself, have been suggested to
contain a putative exonuclease domain (3¢±5¢ exoribo-
nuclease or/and 3¢±5¢ exodeoxyribonuclease) by hidden
Markov model and phylogenetic studies (Moser et al.,
1997). This evidence and a recent publication (Daugeron
et al., 2001) postulate that yeast CAF1 might possess an
extremely divergent exonuclease domain that has a tertiary
structure and/or activity similar to that of metazoan CAF1
(Moser et al., 1997). However, mutations in the key
catalytically conserved residues of yeast CAF1 did not
impair its physiological function in vivo (our unpublished
observations).

CCR4, a 3¢±5¢ poly(A) RNA and ssDNA
exonuclease, is the catalytic component
of the cytoplasmic deadenylase
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The ®rst direct physical evidence of an enzymatic
function for the CCR4±NOT complex was the demonstra-
tion that CCR4 and CAF1 are components of the major
cytoplasmic mRNA deadenylase in S.cerevisiae
(Daugeron et al., 2001; Tucker et al., 2001). ccr4 and
caf1 strains showed defects in both the rate and extent of
deadenylation for the MFA2pG and PGK1pG mRNAs. In
addition, a ccr4 deletion together with a pan2 (another
known deadenylase) deletion completely blocked the
deadenylation process, indicating that these two genes
are responsible for most if not all of the deadenylase
activity in yeast. Further, FLAG-CAF1 co-puri®ed with a
poly(A)-speci®c deadenylase activity, and this activity
required the presence of the CCR4 protein (Tucker et al.,
2001).

In the present research, we present direct biochemical
evidence that indicates that CCR4 is a 3¢±5¢ RNase and
single-stranded (ss)DNase with a marked preference
for poly(A) substrates. Mutations in the putative key,
catalytically important exonuclease residues of CCR4
abrogate CCR4 enzymatic activity and, correspondingly,
CCR4 functions in vivo. Moreover, CCR4 was active as a
monomer and remained active in the absence of CAF1
and therefore the rest of the CCR4±NOT complex
components. These ®ndings strongly support the designa-
tion of the CCR4 protein as the catalytic subunit of the
cytoplasmic mRNA deadenylase and de®ne the CCR4-like
family of proteins as a novel class of exoribonuclease.

Results

The CCR4 protein is a member of the Mg2+-
dependent ExoIII/HAP1 (APE1) nuclease family
The C-terminal region of CCR4 has been shown to share
homology with a number of eukaryotic proteins such as
angel and nocturnin (Green et al., 1996; Kurzik-Dumke
and Zengerle, 1996; Dupressoir et al., 1999). Deletion of
this region in CCR4 inactivates the protein (Draper et al.,
1994). To search for potential functional domains
within the C-terminal region of CCR4, we performed
PSI-BLAST searches of the non-redundant protein
database using the amino acid sequence of the CCR4
C-terminal domain (495±837) as a probe. The C-terminal
domain of the CCR4 protein shared high homology with
ExoIII (E.coli) and HAP1 (APE1) (Homo sapiens), an AP
endonuclease (Figure 1A). Independently, Dlakic (2000)
and Whisstock et al. (2000) have shown this family of
proteins to include sphingomyelinases and inositol poly-
phosphate-5¢-phosphatases. In S.cerevisiae, there exists a
group of CCR4 C-terminal-like proteins, namely
YOL042w (NGL1), YMR285w (NGL2) and YML118w
(NGL3), as well as an AP endonuclease (APN2) and
putative sphingomyelinases and inositol polyphosphate
phosphatases.

All of the above proteins share ®ve highly conserved
motifs as follows: I, SYNTL; II, CLQE; III, GDFN;
IV, IDYI; and V, PSDH (Figure 1A). Based on the high
resolution X-ray crystal structure of ExoIII (Mol et al.,
1995) and the human APE1 in complex with abasic DNA
(Gorman et al., 1997; Mol et al., 2000), all ®ve motifs play
critical roles for AP endonuclease activity. For APE1, the
hisidine residue (marked with an asterisk in Figure 1A) in
motif V makes a direct hydrogen bond with the target AP

site 5¢-phosphate and in turn is stabilized by hydrogen
bonding to an aspartate residue (an asterisk in Figure 1A)
in motif IV. Phosphodiester bond cleavage is achieved by
hydroxyl nucleophile attack by the aspartate residue in
motif III. This aspartate residue is oriented correctly by
hydrogen bonds from the asparagine residue in motif I.
The metal ion-binding motif II utilizes a glutamic acid
residue to bind an Mg2+ ion, stabilize the transition state
and facilitate the OH± leaving group (Wilson et al., 1997;
Mol et al., 2000).

We generated a phylogenetic tree relating the
C-terminal CCR4 region to other proteins containing
these ®ve motifs (Figure 1B). As expected, yeast CCR4
and human CCR4 were extremely closely related. The
CCR4-like proteins in yeast (NGL1, NGL2 and NGL3)
and mouse nocturnin share a high degree of sequence
homology, whereas the nucleases ExoIII, APN2 and
human HAP1 (APE1) are more distantly related.
Sphingomyelinases and inositol polyphosphate-5¢-phos-
phatases, such as ISC1 (yeast sphingomyelinase) and
INP54 (one of the yeast inositol phosphatases), are more
distantly related to the CCR4-like proteins and the
nucleases. This analysis suggests that CCR4 is most likely
to contain nuclease activities.

In addition to its AP endonuclease activities, ExoIII also
displays related DNA/RNA enzymatic activities, which
include 3¢-phosphodiesterase and 3¢-phosphomonoester-
ase activities, RNase H activity and 3¢±5¢ exonuclease
activity. Similarly, HAP1 (APE1) protein, the major AP
endonuclease in human cells, also displays the same
variety of enzymatic activities related to DNA/RNA
metabolism (Barzilay et al., 1995; Gorman et al., 1997;
Lucas et al., 1999; Nguyen et al., 2000). We subsequently
investigated the enzymatic functions of the CCR4 protein
as suggested from this bioinformatic analysis.

Mutation of conserved amino acids in CCR4
impairs its in vivo function
In order to assess the importance of the nuclease domain to
CCR4 function, we mutated four of the most conserved
putative catalytic residues in the CCR4 protein that are
located in motifs II±V of this nuclease/phosphatase family.
These point mutations and their respective alleles are
designated ccr4-1 (E556A), ccr4-2 (D713A), ccr4-3
(D780A) and ccr4-4 (H818A).

The mutated genes were integrated respectively at the
TRP1 locus in a strain containing a ccr4-10 allele that does
not produce a CCR4 protein in vivo (Draper et al., 1994).
All four mutated proteins were expressed at levels
comparable to the wild-type CCR4 (data not shown).
Moreover, as expected, all of the four mutated proteins
interacted quite well with CAF1, as assayed by both two-
hybrid and immunoprecipitation analysis (Table I), con-
®rming their intact expression in yeast and consistent with
the model that it is the LRR of CCR4 that mediates contact
with CAF1 (Draper et al., 1995). Mutation of the key
Mg2+-binding residue (E556A), which blocks endonu-
clease activity in other members of this family, abrogated
CCR4 function in vivo, resulting in caffeine sensitivity,
inability to grow at low temperature and a defect in non-
fermentative growth at 37°C (Table I). Similarly, mutation
of the histidine residue (H818A), which is involved in
stabilizing the phosphate during catalysis, and the other
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catalytically important residues (D780A and D713A)
signi®cantly reduced CCR4 function (Table I). We
subsequently assessed the effect of these mutations on
the rate of degradation of three mRNAs: ADH2, HSP12
and GAL1 mRNA (Table II; Figure 2). In general, the
ccr4-1, -2, -3 and -4 alleles reduced the rate of degradation
of ADH2, HSP12 and GAL1 by 1.4- to 1.6-fold, compar-
able with the 1.4- to 1.7-fold effects of deleting ccr4 on
their mRNA half-lives (Table II). Using a set of similar
catalytically inactive mutations, it has been shown
recently that such mutations also fail to deadenylate
mRNA fully in vivo (Tucker et al., 2002). These results
indicate that the residues of the CCR4 C-terminal domain
that are functionally homologous to those present in the
ExoIII nuclease family are critically important to CCR4
functions in vivo.

When each of the mutated CCR4 proteins was over-
expressed in the cell as LexA fusion proteins, we found,
however, that LexA±ccr4-3 (D780A) was able partially to
complement a ccr4 deletion (Table I). This result suggests
that the ccr4-3 protein retains a signi®cant level of
catalytic activity, as con®rmed below (see Figures 4B
and 5A). This result is consistent with the model that the
D780 residue plays an indirect role in catalysis (presum-
ably stabilizing H818), while the other three residues,
E556, D713 and H818, are predicted to be directly
involved in catalysis (Mol et al., 2000).

We also noted that this C-terminal region de®nes a
unique and independent domain of CCR4. When this
region was overexpressed by itself as a LexA fusion, it
could partially suppress the ccr4 37°C glycerol growth
defect; LexA alone does not complement CCR4 function
(Draper et al., 1994; data not shown). Importantly, this

ability of the C-terminal domain to complement the
glycerol growth defect was compromised when the ccr4-1
(E556A) variant was analyzed.

The CCR4 protein displays 3 ¢±5 ¢ poly(A)
exoribonuclease activity
In order to examine CCR4 enzymatic activities in vitro, we
constructed full-length CCR4 protein and each of the
above-described mutated CCR4 protein derivatives with a
FLAG tag at their C-terminal ends. Upon transformation
into a ccr4 deletion strain, the CCR4-FLAG derivatives
complemented ccr4 in the same manner as the respective
CCR4 derivatives (data not shown; Table I). We puri®ed
the CCR4-FLAG fusion proteins following a one-step
af®nity chromatography. Coomassie Blue staining of our
puri®ed material indicated that CCR4-FLAG represented
20±40% of total extracts (Figure 3). Gel ®ltration
chromatography analysis of crude extracts indicated
that while most of the CCR4-FLAG protein was mono-
meric, a signi®cant amount of CCR4-FLAG was in its
normal 1.9 and 1.0 MDa complexes (data not shown).
Correspondingly, western analysis also showed that our
puri®ed material, whether derived from CCR4-FLAG- or
ccr4 mutant-FLAG-containing strains, contained compar-
able amounts of the other CCR4±NOT components, such
as CAF1, CAF40 and the NOT1±NOT5 proteins (data not
shown). The CCR4-FLAG protein derivatives were
assayed subsequently for their enzymatic activities on
several DNA/RNA substrates.

Previously, the CCR4±NOT complex, isolated using a
tagged CAF1 fusion, was shown to contain a mRNA
deadenylase activity (Tucker et al., 2001). The component
displaying this activity was not, however, identi®ed. We

Table I. Mutations in the conserved catalytic residues severely affect physiological functions of CCR4 in vivo

Binding to
CAF1

Single copy of CCR4 High copy of CCR4

YD
(30°C)

Caffeine
(8 mM)

Glycerol
(37°C)

YD
(13°C)

YD
(30°C)

Caffeine
(8 mM)

Glycerol
(37°C)

YD
(13°C)

CCR4 ++ + + + + + + + +
ccr4-1 (E556A) ++ + ± ± w + ± ± ±
ccr4-2 (D713A) ++ + ± ± ± + ± ± ±
ccr4-3 (D780A) ++ + ± ± w + + w ±
ccr4-4 (H808A) ++ + ± ± w + ± ± ±
ccr4 ± + ± ± ± + ± ± ±

Single copy of CCR4 refers to the following strains: ccr4 strain (MD9-7c); CCR4 strain (MD9-7c-120); ccr4-1 strain (MD9-7c-120-1); ccr4-2 strain
(MD9-7c-120-2); ccr4-3 strain (MD9-7c-120-3); and ccr4-4 strain (MD9-7c-120-4). High copy of CCR4 represents LexA±CCR4 and its derivative
mutants that were expressed in MD9-7c, which carries the ccr4-10 allele that does not produce a CCR4 protein in vivo (Draper et al., 1994). Growth
was scored on the indicated growth plates as: + = good; w = weak, ± = none. Binding to CAF1 was monitored by using the ability of LexA±CCR4
fusions to bind B42-CAF1 (Draper et al., 1995) and con®rmed by the ability of the CCR4 variants to immunoprecipitate CAF1 in the MD9-7c series
of strains.

Fig. 1. Sequence alignment of CCR4 protein within the Mg2+-dependent ExoIII/APE1 (HAP1) nuclease family. (A) By performing Clustal W 1.8
and PIMA multiple sequence alignment together with Block Maker search, we aligned the C-terminal domain of CCR4 protein, its yeast homologs
(YOL042w, YMR285w and YML118w) and human ortholog (KIAA1194) with ExoIII, HAP1 (APE1), APN2 (yeast ortholog of AP endonuclease),
ISC1 (yeast sphingomyelinase) and INP52 (one of the representative yeast inositol 5¢-phosphatases). The most conserved catalytic amino acid residues
are highlighted with a black background. The critical catalytic amino acids for enzymatic reactions are also marked with an asterisk at the top of each
motif. The residues with at least four amino acids conserved in the same position are highlighted with a gray background. (The amino acids leucine
and isoleucine were considered to be identical for this analysis.) (B) Phylogenetic tree for the C-terminal domain of CCR4 protein and enzymatic
domains from this nuclease family aligned by Clustal methods from DNA Star. In this phylogenetic tree, the numbers in the branch length represent
approximately the divergence from an ancestral node (DNA Star Program Manual).
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directly assayed CCR4-FLAG for poly(A) deadenylase
activity by incubating puri®ed CCR4-FLAG with a
30mer RNA oligonucleotide with 20 As at its 3¢ end.
After incubation of this poly(A) RNA substrate with
CCR4-FLAG for 5 min, we identi®ed a ladder pattern of
deadenylated RNA species on the denaturing sequencing
gel (Figure 4A, compare lane 7 with 6). With increased
incubation time, CCR4-FLAG resulted in increased
abundance of the shorter species (lanes 8±10). Since this
substrate was 5¢-end-labeled, these smaller products
represent shorter RNA species that resulted from trimming
of the 3¢ end. As shown in Figure 4A, up to 19 As were
able to be removed from the 3¢ end of the substrate.
Control experiments indicated that the enzyme retained its
activity for at least 1 h and that the enzyme activity was
proportional to the concentration of CCR4-FLAG that
was present (Figure 4A, lanes 16±18). In addition, using
extracts without the CCR4-FLAG plasmid, we did not
observe any enzymatic function (data not shown). In
contrast to CCR4-FLAG, the ccr4-1 mutant protein,
containing the E556A alteration which should abrogate
CCR4's ability to bind the Mg2+ ion, did not degrade this
RNA substrate (Figure 4A, lanes 11±15). This analysis
indicated that CCR4-FLAG is an exoribonuclease and can
work on substrates containing at least 20 As.

We repeated this analysis employing a 27mer RNA
oligonucleotide substrate with only ®ve As at its 3¢ end in
order to observe whether CCR4 continued to degrade the
RNA when it reached sequences containing residues other
than an `A'. Within 5 min, CCR4-FLAG converted this
substrate to an oligonucleotide containing only two As or
one A at its 3¢ end (Figure 4B, lane 6). Following longer
incubation times, the terminal A was slowly removed
(lanes 7±10). The slowed rate of removal of this terminal
A was not affected by the length of incubation, since, as
indicated above, the CCR4-FLAG protein did not display
noticeable loss of enzymatic activity for at least 1 h under
the conditions analyzed (Figure 4A; data not shown).
These results demonstrate that the CCR4-FLAG protein
displays 3¢±5¢ poly(A) exoribonuclease activity with

preference towards substrates containing at least two As at
its 3¢ end.

Careful analysis of the gel in Figure 4B, lane 10,
indicates that an additional band is formed below the RNA
species marked `-CC-3¢'. While this band could result
from the 3¢-C being removed by CCR4-FLAG, it could be
derived from the non-full-length band in lane 1 that is
marked with an asterisk. Relatedly, the formation of this
band below `-CC-3¢' occurred with all ccr4 mutant
derivatives (Figures 4B and 5A), indicating that the
formation of this band occurred in a CCR4-independent
manner, apparently from a contaminating nuclease. In
order to investigate clearly whether CCR4 is able to
degrade RNA with a de®ned C at its 3¢ end, we used an
RNA substrate with the same leading sequence as the
oligonucleotide containing 20 As at its 3¢ end, but which
contained 10 Cs at its 3¢ end. After a 60 min incubation,
we could identify two, possibly three nucleotides being

Table II. Effect of ccr4 alleles on mRNA half-lives

Alleles mRNA half-lives (min)

ADH2 HSP12 GAL1

CCR4 11 9 8.0
ccr4-1 (E556A) 16 12 11
ccr4-2 (D713A) 17 20 13
ccr4-3 (D780A) 15 13 10
ccr4-4 (H808A) 11 13 13
ccr4 19 13 12

Strains are the same as described in Table I. mRNA half-lives were
determined in the single-copy MD9-7c strains by quantitative S1
nuclease protection assays. RNA was extracted for times up to 40 min
from yeast pre-grown for 3 h on YEP medium containing 2% glycerol/
20% ethanol for ADH2 and HSP12, and 2% galactose/2% raf®nose for
GAL1 that was shifted to fresh medium containing 8% glucose. For the
GAL1 determination, the standard errors of the mean were <5% for
CCR4, 10% for ccr4-3 and 15±20% for the other alleles. For ADH2
and HSP12, the standard errors of the mean were <10% for all alleles,
with the exception of <20% for ccr4-2 (ADH2) and ccr4-3 (ADH2),
and <30% for ccr4-2 (HSP12).

Fig. 2. mRNA decay of HSP12 and ADH2. RNA was isolated at
the time point indicated following shifting of yeast from medium
containing ethanol/glycerol to repressive medium containing glucose.
HSP12 and ADH2 transcription are shut off upon growth on glucose-
containing medium. Quantitative S1 nuclease protection assays were
conducted to measure mRNA levels. ACT1 mRNA is used to
standardize loading as its synthesis is unaffected by growth on glucose-
containing medium. Decay rates for HSP12 were calculated without
including the zero time point since HSP12 synthesis does not cease
immediately.
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removed from the input substrate (Figure 4C, lanes 9 and
10; also Figure 5B, lane 2). Other results indicated that
CCR4 was, however, incapable of degrading RNA
substrates with a de®ned U or G at their 3¢ end (data not
shown). Based on these observations, the CCR4 protein is
a 3¢ exoribonuclease that displays a marked preference for
poly(A) RNA substrates. Other experiments also indicate
that capping of the mRNA does not affect CCR4 activity
(Tucker et al., 2002).

Mutations in the conserved catalytic residues of
CCR4 abrogate CCR4 enzymatic function
To assess the in vivo signi®cance of this 3¢±5¢ exonuclease
activity, we assayed the four ccr4 mutants, as well as one
double mutant (ccr4-1,4), for their exoribonuclease activ-
ities. As shown in Figure 5A, using the RNA oligonucleo-
tide substrate with ®ve As, CCR4-FLAG and ccr4-3
(D780A)-FLAG were the only proteins that could degrade
the RNA substrate, although the ccr4-3 (D780A) protein
was much less active than wild-type CCR4. These results
correlate directly with the in vivo phenotypes displayed by
each of these mutants (Table I). Importantly, the ccr4-3
protein displayed some activity and when expressed at
high levels in yeast could partially complement ccr4
function. We subsequently compared CCR4-FLAG and
ccr4-3-FLAG enzyme activities directly as a function of
time. As shown in Figure 4B, ccr4-3 did function as an
exonuclease, albeit at a rate ~50-fold less than CCR4, as
determined by densitometric analysis of the data presented
in Figure 4B. None of the ccr4 mutated proteins was
functional with the RNA substrate containing 10 Cs at its
3¢ end (Figure 5B).

CCR4 protein is also a 3 ¢±5 ¢ poly(dA)
ssDNA exonuclease
Because the other nucleases in the APE1 family are active
with DNA, CCR4-FLAG was also assayed for its
enzymatic activity with DNA substrates. For an ssDNA
substrate containing the same sequence as the RNA
oligonucleotide with ®ve As at its 3¢ end, we found that
CCR4-FLAG was able to shorten the input ssDNA to
produce a product that was four nucleotides shorter
(Figure 6A, lanes 7±12). This pattern of degradation was
similar to that observed for the comparable RNA substrate
(Figure 4B), except that the rate of the reaction was found
to be 10- to 20-fold slower for the ssDNA substrate than
for the RNA substrate. Moreover, we observed the
accumulation of substrates lacking four nucleotides,
which indicated that the CCR4-FLAG preferred the
ssDNA substrate with at least two A residues at its 3¢
end. It can also be observed in Figure 6A that
CCR4-FLAG can remove this last A very slowly. In
contrast, the ccr4-1 mutant protein was no longer capable
of degrading this ssDNA substrate (Figure 6A,
lanes 13±18). The other above-described CCR4-FLAG
mutant proteins were also incapable of degrading this
ssDNA substrate (Figure 6B). In addition, this enzymatic
function was totally dependent on CCR4-FLAG protein.
In the extracts without CCR4-FLAG plasmid, we did not
observe any enzymatic activity (data not shown).

We also analyzed an ssDNA substrate with a 3¢-CG end.
We did not observe, however, any degradation of the input
ssDNA (data not shown). Importantly, we did not observe
any enzymatic activity using double-stranded (ds)DNA
substrates, whether it be exo- or endonucleolytic cleavage
(data not shown). CCR4 was also unable to cleave RNA,
ssDNA or dsDNA substrates internally when they con-
tained 10 consecutive As located within the polynucleo-
tide sequences (data not shown).

CAF1 is not required for CCR4-FLAG
exoribonuclease activity
The above results indicated that CCR4-FLAG contains
RNA and ssDNA exonuclease activity and that mutations
in the catalytically important residues of the CCR4
exonuclease domain block this activity. It remains form-
ally possible, however, that CAF1, a 3¢±5¢ exonuclease
(Moser et al., 1997; Daugeron et al., 2001), could be the
enzyme responsible for the activity and that the CCR4
mutations somehow affect CAF1 activity. We tested
whether CCR4 was suf®cient for the RNase activity by
two approaches. First, we subjected the CCR4-FLAG
material to an additional chromatographic step. Separation
of the CCR4-FLAG material on a Superdex 200 gel
®ltration column showed that CCR4-FLAG, migrating at
97 and 84 kDa, co-eluted with the RNase activity
(Figure 7A, fractions 26±29). Fraction 28 material was
lost in this particular experiment, but other experiments
con®rmed that the enzymatic activity migrated in fractions
27±29, with a peak of activity at fraction 28. CCR4-FLAG
was, therefore, enzymatically active in the absence of
the CCR4±NOT complex. Secondly, we analyzed CCR4-
FLAG activity from a strain containing a caf1 deletion.
CCR4-FLAG isolated from a caf1 deletion strain was
found to be just as active in degrading the RNA substrate
containing ®ve As at its 3¢ end as CCR4-FLAG from a

Fig. 3. Coomassie Blue-stained SDS±polyacrylamide gel of
CCR4-FLAG preparations. The band marked with the asterisks
(CCR4-FLAG*) lacks ~100 amino acids of the extreme N-terminus of
CCR4 as determined by western analysis. Loss of this region of CCR4
had no effect on CCR4 in vivo activity (Draper et al., 1994). Molecular
weight standards are indicated on the left and the respective
CCR4-FLAG mutants are indicated.
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Fig. 4. The CCR4 protein is a poly(A) exoribonuclease. (A) Time
course of CCR4-FLAG fusion protein degradation of 5¢-labeled
RNA with 20 As at its 3¢ end as substrate. Radioactively labeled
RNA substrate was analyzed on a denaturing sequencing gel. The
three minor RNA species migrating below the full-length RNA
oligonucleotides (see lane 1) most probably represent oligonucleotides
lacking one, two and three As, respectively, as each of these substrates
was degraded completely by CCR4-FLAG (lanes 8±10). CCR4-FLAG
and ccr4-1-FLAG protein abundance was 32 ng in each reaction for
lanes 6±15. CCR4-FLAG and the variant proteins were extracted from
KY803-1a (ccr4) strains. The indicated times refer to minutes of
incubation prior to stoppage of the enzyme reaction. The dosage effect
of CCR4-FLAG enzymatic activities was determined following
20 min of incubation. Lanes 1±5, no protein extract was added to
RNA substrate; lanes 6±10, CCR4-FLAG extracts; lanes 11±15,
ccr4-1-FLAG extracts; lanes 16±18, CCR4-FLAG extracts containing
no CCR4-FLAG, or 16 or 32 ng of CCR4-FLAG; lanes 19 and 21,
ccr4-1-FLAG extracts at the same respective concentrations as
indicated for lanes 16±18. (B) Time course of CCR4-FLAG and
ccr4-3-FLAG fusion protein degradation of 5¢-labeled RNA with ®ve
As at its 3¢ end. Reactions were conducted as described in (A). An
additional RNA species that migrated four nucleotides smaller than the
full-length substrate (see lane 1) is discussed in the text. (C) Time
course of CCR4-FLAG fusion protein enzyme activity with 5¢-labeled
RNA with 10 Cs at its 3¢ end.
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CAF1 strain. (Figure 7B). Since CAF1 is absolutely
required for CCR4 association with the NOT1±NOT5,
CAF40 and CAF130 proteins (Liu et al., 1998; Bai et al.,
1999; Chen et al., 2001), our results indicate that the other
components of the CCR4±NOT complex are not required
for CCR4-FLAG enzymatic activity in vitro. These results
con®rm that CCR4 is the enzymatically active component
of the CCR4-CAF1 deadenylase and agree with the
previous observation that CCR4 is required for the
deadenylase activity observed in a FLAG-CAF1 prepar-
ation (Tucker et al., 2001).

Human CCR4-FLAG also displays
3 ¢ exoribonuclease activity
The identi®cation of mammalian orthologs to CAF1,
CAF40 and NOT proteins, and the retention of the

physical interaction between these human proteins, has
suggested the existence of a human CCR4±NOT complex
(Draper et al., 1995; Albert et al., 2000; Chen et al., 2001).
In light of the above data indicating that CCR4 can
function as a deadenylase, it is likely that the human CCR4
protein can also function as a deadenylase. Consequently,
using a cDNA encoding one of the two human CCR4
genes (KIAA1944), we expressed human CCR4 in a yeast
strain lacking the endogenous ccr4 gene. The human
CCR4 protein, although expressed in yeast, was found to
be unable to complement any of the phenotypes mentioned
in Table I that typically are associated with a ccr4 deletion
(data not shown). The reason for this functional inactivity
might result from the inability of human CCR4 to
associate physically with yeast CAF1, as determined by
two-hybrid and immunoprecipitation studies (data not
shown), or from a low level of deadenylase activity (see
below). Human CCR4 did interact with mouse or human
CAF1 that was co-expressed in yeast, suggesting that
human CCR4 protein folded into a functionally intact
protein in yeast (data not shown).

The enzymatic activity of human CCR4-FLAG was
examined using the 27mer RNA substrate with ®ve As
described above. The yield of human CCR4-FLAG was
much less than that found for yeast CCR4-FLAG, and
Coomassie Blue staining of human CCR4-FLAG prepar-
ations indicated that human CCR4-FLAG constituted only
18% of the total protein extract (data not shown). Human

Fig. 6. CCR4 is an ssDNA exonuclease. (A) Time course of
CCR4-FLAG enzyme activity with the ssDNA substrate containing ®ve
As at its 3¢ end. A 160 ng aliquot of CCR4-FLAG and of ccr4-1-FLAG
was used in the incubations. (B) ccr4 mutations block CCR4 ssDNA
exonuclease activity. A 32 ng aliquot of each CCR4-FLAG variant was
used and the reactions were for 60 min.

Fig. 5. The effect of CCR4 mutations on its enzymatic activity.
(A) ccr4 mutations block CCR4 poly(A) RNA exonuclease activity.
Reaction conditions were as described in Figure 4, except that the
incubation time was 60 min. The CCR4 protein variants are described
in the text, and ccr4-1,4-FLAG contains both D556A and H818A
alterations. The RNA substrate was the 27mer oligonucleotide with ®ve
As at its 3¢ end. (B) CCR4-FLAG mutants block CCR4 exonuclease
activity. The substrate was the RNA containing 10 Cs at its 3¢ end. The
reaction conditions were the same as in Figure 3A.
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CCR4-FLAG was capable of removing nucleotides from
the RNA substrate over the course of the enzyme reaction
(Figure 8, lanes 15±21), although it was much less active
than yeast CCR4. These results con®rm that human CCR4
is also an exoribonuclease, although improved prepar-
ations of the protein will be required to analyze its exact
substrate preferences.

Discussion

The CCR4 protein is a 3 ¢±5 ¢ poly(A) RNA and
ssDNA exonuclease that is the catalytic
component of the cytoplasmic deadenylase
Several lines of evidence indicate that the CCR4 protein
possesses 3¢±5¢ poly(A) exoribonuclease and exodeoxy-
ribonuclease activities. (i) Database searches revealed that
the C-terminal region of CCR4 is homologous to ExoIII
and HAP1 (APE1) of the AP endonuclease family
(Figure 1A; Dlakic, 2000; Whisstock et al., 2000). The
CCR4 homology extends to all ®ve highly conserved
catalytic and metal-binding motifs in this family of
proteins. (ii) Our genetic analyses showed that mutation
of four of these conserved, key catalytic amino acid
residues abrogates CCR4 functions in vivo. (iii) Most
importantly, full-length CCR4-FLAG fusion protein dis-

played poly(A) RNA and ssDNA exonuclease activities
in vitro. (iv) The relative loss of enzymatic activity
displayed by CCR4 mutant proteins corresponded to their
relative functional inactivity in vivo. ccr4-1, -2 and -4
proteins were all completely inactive in our assays and
non-functional in vivo. ccr4-3, in contrast, retained some
RNA exonuclease activity and, when overexpressed in
yeast, could partially complement a ccr4 deletion.
Importantly, each of these ccr4 alleles reduced the rate
of degradation of several mRNAs in vivo. (v) CCR4 has
been shown to be a component of the cytoplasmic
deadenylase, and CCR4 is required for the activity of
this complex (Tucker et al., 2001). (vi) The CCR4 protein
was able to display exonuclease activity as a monomer
independently of the CAF1 protein. In total, our results
establish that CCR4 is the catalytic component for the
cytoplasmic mRNA deadenylase activity. Similar results
establishing CCR4 as the catalytic subunit of the de-
adenylase have also been reported by Tucker et al. (2002).

The four ccr4 mutated proteins that we analyzed were
non-functional in our enzymatic assays. Based on the
current mechanism of action of APE1 (Mol et al., 2000),
this result would imply that the catalytic mechanism of
nucleotide cleavage would be conserved between CCR4
and the APE1 nuclease. The function of D780A supports

Fig. 7. CAF1 protein is not required for CCR4 nuclease activity.
(A) Deadenylase activity co-migrates with CCR4-FLAG. Puri®ed
CCR4-FLAG was subjected to Superdex 200 gel ®ltration
chromatography. Top panel: determination of deadenylation activity
using the 27mer RNA substrate with ®ve As at its 3¢ end. Middle
panel: silver staining pro®le of proteins. CCR4-FLAG and
CCR4-FLAG* are indicated. Bottom panel: western analysis using
FLAG antibody. In the original western blot, CCR4-FLAG could be
detected in fractions 26 and 27. Molecular weight standards at the top
of the ®gure refer to IgG (160 kDa), BSA (66 kDa) and lactoglobulin
(35 kDa). (B) CCR4-FLAG enzymatic activity in ccr4 and ccr4 caf1
strains. CCR4-FLAG plasmid was expressed in strains EGY188-1a
(ccr4) (lanes 6±10) and EGY188-1a-1-c1 (ccr4 caf1) (lanes 11±15).
Reaction conditions were as described in Figure 4.
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this hypothesis. The D780A alteration in CCR4 resulted
in a protein with some residual activity. This aspartate
residue would be expected to be less important for
catalysis due to its role in stabilizing the H818 residue as
compared with the other residues we analyzed, which
would be presumed to be involved directly in the catalytic
mechanism. It also appears from the enzyme assays that
CCR4 is not a processive enzyme in its degradation of
poly(A) substrates. Two observations support this conclu-
sion: a relatively homogeneous population of partially
deadenylated substrates is visible and the unreacted RNA
substrate is not found at the same time as fully de-
adenylated products (Martinez et al., 2000).

Our identi®cation of CCR4 as an RNase de®nes a novel
exoribonuclease superfamily in addition to the previ-
ously proposed six exoribonuclease families (Zuo and
Deutscher, 2001). This CCR4 family of proteins most
probably contains the NGL proteins in yeast and similarly
related proteins from other eukaryotes, such as nocturnin
and angel. The CCR4 family will probably display both
RNA and ssDNA substrate preferences. This broad
speci®city of functions implicates this family of proteins
as being potentially important to many regulatory pro-
cesses, and it will require careful biochemical analysis to
decipher the biological roles of each of these proteins.

Interestingly, one other member of the Mg2+-dependent
ExoIII/HAP1 (APE1) family, Line L1 endonuclease, also
shares a poly(A) substrate preference like that of CCR4
protein. Human L1 elements are highly abundant poly(A)
(non-long terminal repeat) retroviral elements whose
second open reading frame (ORF2) encodes a reverse
transcriptase. The endonuclease (EN) domain at the
N-terminus of ORF2 shows homology to AP endonuclease
(Feng et al., 1996). However, L1 EN protein was shown to
display nicking endonuclease activities on DNA that was
not speci®c for AP-DNA substrates. The cleavage hot
spots on the DNA substrate were one or more purines just
3¢ to the site of cleavage, and these often involved short
runs of As (Feng et al., 1996; Cost et al., 2001). Both L1
EN and CCR4 lack the AP-recognizing sequences that are
found in the ExoIII and APE1 proteins. The shared
poly(A) substrate preference of L1 EN and CCR4 suggests
shared aspects in its recognition of the substrate, which,
unfortunately, is not obvious from direct comparisons of
the primary sequences of these proteins.

Roles of CAF1 and NOT proteins in
mRNA degradation
In contrast to CCR4, the biochemical role of CAF1
remains less clear. It has been reported that an E.coli
preparation of CAF1 contains deadenylase activity
(Daugeron et al., 2001), although puri®ed yeast FLAG-
CAF1 that lacked CCR4 was inactive (Tucker et al.,
2001). While the higher eukaryotic CAF1 proteins share
homology to the 3¢ exonuclease RNase D family (Moser
et al., 1997), yeast CAF1 is missing at least three key
amino acid residues considered important for this catalytic
function. Mutation of two of the other putative key,
conserved catalytic residues of yeast CAF1 had no effect
on the ability of the protein to function in yeast (J.Chen
and C.L.Denis, unpublished observations), suggesting that
yeast CAF1 is not a functional member of the RNase D
family. However, CAF1 may have RNA- and/or DNA-
binding characteristics and thereby may help to stabilize
the RNA±DNA±protein intermediates required in CCR4
enzymatic function or possibly in targeting CCR4 to its
proper polynucleotide substrate. The large overlap in
phenotypes between caf1 and ccr4 deletions (Draper et al.,
1995; Liu et al., 1998; Denis et al., 2001) and similar
effects on mRNA degradation (Tucker et al., 2001)
implicate CAF1 as being integral to CCR4 function
in vivo, even though it is not required for its enzymatic
activity in vitro. The previous observation that high copy
expression of CCR4 can complement a caf1 defect, but
high copy expression of CAF1 cannot complement ccr4
(Hata et al., 1998), further suggests that CCR4 is the
catalytic component of the cytoplasmic deadenylase
whereas CAF1 is a regulatory component.

In addition to possible direct roles in polynucleotide
recognition, CAF1 enjoys the role of linking CCR4 to the
remainder of the CCR4±NOT complex. The recent
evidence that several not deletions do affect mRNA
degradation and the deadenylation process, albeit to a
lesser extent than ccr4 and caf1 deletions (Tucker et al.,
2002), suggests that the CCR4±NOT complex as a whole
functions in the mRNA degradation process. CAF1 may
function, therefore, to link the catalytically active end
(CCR4) of the complex to other components potentially
involved in RNA recognition or other aspects of the
process. It may be signi®cant in this regard that NOT4
contains a putative RNA-binding motif (Burd et al., 1994;

Fig. 8. Human CCR4-FLAG is an RNA exonuclease. Reaction conditions are as described in Figure 2. The indicated times refer to minutes of
incubation prior to stoppage of the enzyme reaction. Lanes 1±7, no protein added; lanes 8±14, yeast CCR4-FLAG at 10 ng in each reaction;
lanes 15±21, human CCR4-FLAG at 10 ng in each reaction. The RNA substrate contained ®ve As at its 3¢ end.
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Albert et al., 2000; our unpublished observations), dele-
tion of which inactivates NOT4 function in vivo (J.Chen
and C.L.Denis, unpublished observation). Further inves-
tigations are required to determine the role of each of the
other components of the CCR4±NOT complex in the
mRNA degradation process, speci®cally with regard to
RNA recognition and regulatory aspects.

Yet, defects in the not genes do elicit phenotypes not
shared by ccr4 or caf1. Most notable of these is the
increased expression from a non-canonical TATAA at the
HIS3 locus (Collart and Struhl, 1994; Liu et al., 1998).
This effect appears to result from NOT2/NOT5 interaction
with TFIID (Badarinarayana et al., 2000; Lemaire and
Collart et al., 2000) and would therefore not require CCR4
nuclease function. It can be imagined that due to the
distinct location of NOT2/NOT5 separate from CCR4
within the CCR4±NOT complex (Bai et al., 1999), the
NOT protein end of the CCR4±NOT complex could be
involved in effects on initiation, whereas the CCR4 part of
the complex could be involved in other aspects of mRNA
formation and degradation. This hypothesis would suggest
that the CCR4±NOT complex could integrate initiation
with post-initiation events, as has been suggested for the
CTD of RNA polymerase II (pol II) (Hirose and Manley,
2000; Barilla et al., 2001). The observation that CCR4 is
present in an RNA pol II complex (Chang et al., 1999)
and that the CCR4±NOT complex components can be
immunoprecipitated with factors associated with RNA
pol II (Y.-C.Chiang and C.L.Denis, unpublished observ-
ation) further suggests a potentially important role for
the CCR4±NOT complex in various aspects of mRNA
formation.

Materials and methods

Yeast strains, growth conditions
Yeast strains used in this research are listed in Table III. The different
growth conditions for genetic analysis are described in the text.
Generally, yeast strains were grown at 30°C on YEP medium (2%
yeast extract, 1% Bacto Peptone) or selective medium (Draper et al.,
1994) supplemented with either 4% glucose or 2% galactose/2% raf®nose
unless otherwise indicated. YD plates consisted of YEP medium
supplemented with 2% glucose and 2% agar, caffeine plates contained
YD plates with 8 mM caffeine, and glycerol plates consisted of YEP
medium supplemented with 3% glycerol and 2% agar.

DNA plasmid constructions
Site-directed mutagenesis of the CCR4 proteins (ML400-1: E556A,
ML400-2: D713A, ML400-3: D780A, ML400-4: H818A) was performed
by sequential PCR ampli®cation methods using ML400 as the template.
ML400 is derived from TM10 (Malvar et al., 1992). CCR4-FLAG
constructs that contain full-length CCR4 and its mutants, and which have
their own endogenous promoter sequences (ML400, etc.), were ®rst
constructed by placing CCR4 sequences in pRS426. The CCR4-FLAG
fusion constructs were then generated from their pRS426 derivatives
by replacing their BamHI±SalI pieces at the C-terminal end with
PCR-ampli®ed BamHI-FLAG±SalI fragments (Dunckley et al., 1999).
LexA±CCR4 fusions were variants of MD9 (Draper et al., 1994). Human
CCR4 was constructed from human cDNA KIAA1194, a kind
gift from Dr Nagase (Kazusa DNA Research Institute). The human
CCR4-FLAG was constructed by linking the human CCR4 cDNA
sequence directly downstream of the yeast CCR4 promoter and placing a
FLAG sequence at its C-terminus. The whole human CCR4-FLAG
cassette was cloned into the pRS426 vector at KpnI and SpeI sites. All the
sequences of human CCR4 and yeast CCR4, as well as its derivative
mutant plasmids, were veri®ed by sequencing of both strands.

DNA and RNA substrate
The commercially synthesized RNA and ssDNA oligonucleotides used
were: 3¢-5As RNA, UAUGUGAAUUCUAUGCCACCCCAAAAA; 3¢-
20As RNA, UCUAAAUAAAAAAAAAAAAAAAAAAAAAAA; 3¢-10
Cs RNA, UCUAAAUAAAAAAAAAAAAACCCCCCCCCC; 3¢-5As
ssDNA, TATGTGAATTCTATGCCACCCCAAAAA; 3¢-CGssDNA,
TATAGCATGCCTATCACATATAAATAGAGTGCCAGTAGCG;
ADH2 ssDNA, GGCATACTTGATAATGAAAACTATAAATCGTAA-
AGACATAAG; HSP12 ssDNA, CCCTTGTTGTCTTCTGGTTGA-
ACCTTACCAGCGACCTTGTCGG; GAL1 ssDNA, GCCCAATGC-
TGGTTTAGAGACGATGATAGCATTTTCTAGCTCAGCATCAGT-
GGATCTTAGGG; ACT1-1 ssDNA, GCGTCGTCACCGGCAAA-
ACCGGCTTTACACATACCAGAACCG; and ACT1-2 ssDNA, CCA-
CTTTCGTCGTATTCTTGTTTTGAGATCCACATTTGTTGGAAGGT-
AGTCAAAGAAGCGTCAT.

The RNA and ssDNA substrates (10 pmol) were labeled with T4
polynucleotide kinase and [g-32P]ATP. All the labeled substrates were
subjected to gel ®ltration on Sephadex G-25 spin columns to remove
unlabeled nucleotides. The radioactive substrates were then diluted and
normalized to 1 pmol/ml = 10 000 c.p.m./ml.

Protein extraction
CCR4-FLAG fusion protein puri®cation was conducted as described
previously with a few modi®cations (Dunckley et al., 1999). The yeast
culture containing the CCR4-FLAG fusion was grown to late log phase
(OD600 = 1.5) in selective medium with 4% glucose. The cells were
washed and lysed in HEPES buffer (50 mM HEPES±NaOH pH 7.6,
150 mM NaCl, 2 mM MgCl2, 20% glycerol, 0.1% NP-40) plus a protease
inhibitor cocktail. After clari®cation of the crude cell lysate by
centrifugation at 14 000 g for 10 min and then ultracentrifugation at
100 000 g for 45 min at 4°C, the supernatants were incubated with 500 ml
of anti-FLAG M2 af®nity agarose (Sigma) at 4°C overnight. After
extensive washes, the bound FLAG fusion proteins were eluted twice
with HEPES buffer containing 200 mg/ml FLAG peptide (Sigma). The
eluates were dialyzed against 4 l of HEPES buffer for 24 h with two
changes of buffer, and concentrated using a Centricon 10 (Millipore). The
concentrations of the extracts were quanti®ed both by Bradford assay for
total proteins and by comparison with a gradient of standard bovine serum
albumin (BSA) concentrations for determining the CCR4-FLAG
concentration. For additional Superdex 200 gel ®ltration chromatography
puri®cation, 0.1 mg dialyzed eluates were loaded on the Superdex 200 HR
10/30 column (Pharmacia) with HEPES running buffer without NP-40.
The calibration of the Superdex 200 HR 10/30 column was: IgG (160 kDa)
at fraction 24; BSA (67 kDa) at fraction 30; and b-lactoglobulin (35 kDa)
at fraction 33. The CCR4-FLAG fusion protein extracts were run
subsequently on an 8% SDS±polyacrylamide gel. The protein bands on
the gels were analyzed either by silver staining or by standard western
analysis.

In vitro RNase or DNase assay
The standard enzymatic assays (10 ml) contained HEPES binding buffer
[50 mM HEPES±NaOH pH 7.6, 150 mM NaCl, 2 mM MgCl2, 10%
glycerol, 1 mM dithiothreitol plus RNase inhibitors (Ambion)], 1 ml of
radioactive substrate (1 pmol) and 13 protein (32 ng unless indicated
otherwise in the ®gure legends). After incubation at room temperature,
the reaction was stopped by addition of an equal volume of formamide/

Table III. Yeast strains

Strain Genotype

MD9-7c MATa adh1-11 his3 trp1 ura3 ccr4-10
MD9-7c-120 isogenic to MD9-7c except trp1::CCR4-TRP1
MD9-7c-120-1 isogenic to MD9-7c except trp1::ccr4-1-TRP1
MD9-7c-120-2 isogenic to MD9-7c except trp1::ccr4-2-TRP1
MD9-7c-120-3 isogenic to MD9-7c except trp1::ccr4-3-TRP1
MD9-7c-120-4 isogenic to MD9-7c except trp1::ccr4-4-TRP1
KY803 MATa leu2-PET56 trp1-1 ura3-52 gal2 gcn4-1
KY803-1a-1 isogenic to KY803 except ccr4::ura3
EGY188 MATa ura3 his3 trp1 LexA-LEU2
EGY188-1a-1 isogenic to EGY188 except ccr4::ura3
EGY188-1a-1-c1 isogenic to EGY188 except ccr4::ura3 caf1::LEU2
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EDTA gel loading buffer. For the time course assays, after incubation at
room temperature for the given amount of time as indicated in the ®gures,
10 ml of reaction mixtures were withdrawn, and the reaction was stopped
by addition of an equal volume of the formamide/EDTA gel loading
buffer. After boiling for 5 min, the reaction mixtures were loaded onto a
7 M urea±14% sequencing polyacrylamide denaturing gel. The products
were analyzed and quanti®ed by a phosphoimager and its attached
software (Bio-Rad).

Quantitative S1 nuclease protection assay
Total RNA was obtained following standard protocols. Quantitative S1
nuclease protection assays were conducted as described (Collart and
Struhl, 1993), with a few modi®cations. About 60 mg of total RNA were
hybridized with 40 fmol of radioactively labeled oligonucleotides
overnight at 55°C in hybridization buffer (40 mM HEPES pH 7.0,
500 mM NaCl, 1 mM EDTA, 1% Triton X-100). The S1 nuclease
digestion reactions were carried out at 37°C for 1 h. The reaction mixtures
were stopped by 5 mM EDTA and precipitated with 2 vols of ethanol. The
®nal products were separated on a 7 M urea±10% polyacrylamide
denaturing gel, and quanti®ed by a phosphoimager and its attached
software (Bio-Rad). The half-life of mRNA degradation was calculated
following measurement of the ratio of the abundance of the mRNA versus
the abundance of the ACT1 mRNA, as determined by densitometric
analysis at each designated time point. CCR4 mutations do not affect
steady-state levels of ACT1 mRNA.
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