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ABSTRACT

The eukaryotic Ccr4/Caf1/Not complex is involved
in deadenylation of mRNAs. The Caf1 and Ccr4 sub-
units both potentially have deadenylating enzyme
activity. We investigate here the roles of Ccr4 and
Caf1 in deadenylation in two organisms that sepa-
rated early in eukaryotic evolution: humans and
trypanosomes. In Trypanosoma brucei, we found a
complex containing CAF1, NOT1, NOT2 and NOTS5,
DHH1 and a possible homologue of Caf130; no
homologue of Ccr4 was found. Trypanosome CAF1
has deadenylation activity, and is essential for cell
survival. Depletion of trypanosome CAF1 delayed
deadenylation and degradation of constitutively
expressed mRNAs. Human cells have two isozymes
of Caf1: simultaneous depletion of both inhibited
degradation of an unstable reporter mRNA. In both
species, depletion of Cafi homologues inhibited
deadenylation of bulk RNA and resulted in an
increase in average poly(A) tail length.

INTRODUCTION

Degradation of eukaryotic mRNAs is critical in cellular
homoeostasis. The first, rate-limiting step in degradation
is usually removal of the poly(A) tail. Subsequently, the
mRNA can be degraded in the 3’ — 5 direction, probably
by the exosome. Alternatively, the 5’ cap is removed by
decapping enzymes and the mRNA is degraded in the
5'— 3 direction. RNAs subject to rapid, regulated
degradation, such as those bearing AU-rich instability
elements, show accelerated deadenylation relative to more
stable mRNAs (1,2). Saccharomyces cerevisiae has two
deadenylation complexes, the Pan2/Pan3 complex and

the Ccr4/Cafl/Not complex (3-5). Vertebrates have, in
addition, the DAN/PARN enzyme (6). Evidence so far
indicates that the Ccr4/Cafl/Not complex is the major
eukaryotic deadenylase, while the other activitiecs—PARN
and the Pan2/Pan3 complex—play secondary or more
specialized roles (1,7).

The central component of the Ccr4/Cafl/Not complex
is Notl, which is conserved throughout eukaryotic
evolution and serves as a scaffold for the attachment of
the other subunits; it has been found to be essential in all
organisms investigated so far. Notlp binds to Caflp (8),
which in turn binds to Ccr4p. A leucine-rich domain at the
N-terminus of Ccrdp is required for binding to Caflp in
both yeast and humans and is conserved in the Ccr4
homologues from Drosophila and Caenorhabditis elegans
(9-11). Other subunits of the complex are Not2, Not5,
Not3, Not4, a ubiquitin ligase, Cafdp, Cafl6op, Caf40p
and Cafl30p [see Table 1 and (12-14)]; it is not clear
whether all of these subunits are associated simultaneously
and their roles are unclear (15-18). In addition, the
putative helicase Dhhlp interacts with complex both
physically and genetically (19-21).

A variety of observations suggest that in yeast, Ccr4 has
the major deadenylation activity, while Cafl serves mainly
to attach Ccr4 to the rest of the complex (22,23). Ccr4
(an exonuclease I1I) has 1000 times higher specific activity
than Cafl, which resembles an RNase D (24,25). Neither
protein is essential in yeast but deletion mutants show
slow growth and a deadenylation defect (5,25-27).
Critically, yeast Acafl mutants can be complemented
either by over-expression of Ccrdp, or by expression of a
mutant mouse CAF1 lacking the active site (4,24); but
human Ccr4, which is less catalytically active than the
yeast homologue, cannot complement a yeast Accrd
mutant (3).

Results from vertebrates and Drosophila, in contrast to
those from yeast, suggest that Cafl is more important in
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Table 1. New plasmids used in this study
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Plasmid Description

pHD1534 DHH1 RNAIi

Part of the DHH1 ORF was amplified using forward primer 5'-gag aag atc taa gct tca

cag tca agg act ttg cg-3’and reverse primer 5-cgg aat tcg tcg acc caa tge ggt gaa ggt
aag t-3', PCR product was cloned into p2T7TA blue (39)

pHD1535 LCCR4 RNAI

Part of the CCR4-like ORF was amplified using forward primer 5'-gagaagatctgcatgc-

caaagcaatctgtggaagea-3’ and reverse primer 5'-cggaattcgtcgacccaaccaccaactettegtt-3,
PCR product was cloned into p2T7TA blue (39)

pHD1843 CAF1 RNAIi

Part of the CAF1 ORF was amplified using forward primer 5'-gaggatcsctctgectcaca-

gaggatgtg-3’ and reverse primer 5'-cgggatccegaggaatcttcacagagee-3’, PCR product
was cloned into p2T7TA blue (39)

pHD1844 NOT1 RNAIi

Part of the NOT1 ORF was amplified using forward primer 5'-gaggatccgagcetggta-

gaagtggacge-3' and reverse primer 5'-cgggatccacgactcgggaccacaatag-3', PCR product
was cloned into p2T7TA blue (39)

pHD1847 GST-CAF1

CAF1 ORF was amplified using forward primer 5'-gagagaattcatgcagtatggtggcgggac-3’

and reverse primer 5'-cgatgaattctcagetatgaccctttaccge-3” and cloned into pGEX-A T
(Eco RI digest)

pHD1849 CAFI1-TAP tag (C-terminal)

CAF1 ORF was amplified using forward primer 5-aagcttatgatgcagtatggtggcggga-3’

and reverse primer 5-gttaacgctatgaccctttaccgcettgtgt-3’and cloned into pHD 924
(Hind III, Hpa I digest) (34)

pHD1850 LCCR4- TAP tag (C-terminal)

LCCR4 ORF was amplified using forward primer 5'-aagcttatggcacggcaccccaacacgge-3’

and reverse primer 5-gttaactttgtacgacaaatcggcaatcaa-3’ and cloned into pHD 1337
(Hind III, Hpa I digest) (34)

deadenylation than Ccr4. RNA interference (RNAI)
targeting Cafl, but not Ccr4, in C. elegans resulted in an
embryonic lethal phenotype (28,29). Drosophila cells
depleted of Cafl showed a marked increase in overall
poly(A) length and a delay in the deadenylation of Hsp70
mRNA during the recovery from heat shock, whereas
Ccr4 deletion mutants were viable and showed only
slight defects in deadenylation of bulk or Hsp70 RNA
(15). The relative roles of Cafl and Ccr4 in mammalian
deadenylation have not yet been resolved, essentially
because of the presence of several potential homologues.
Five human genes encode proteins with Ccr4-like catalytic
domains, but only two—Ccrd4a and Ccrd4b—retain the
leucine-rich repeat and associate with Cafla (7). Over-
expression of wild-type Ccrd4a in mammalian cells
destabilized the (normally very stable) beta-globin
mRNA (7) and a reporter mRINA containing a premature
termination codon. In contrast, over-expression of a
catalytically inactive mutant Ccrda, or siRNA treatment
targeting Ccrda, slightly delayed deadenylation of the
mRNA containing a premature termination codon, but
the effects were subtle (7). There are also two homologues
of Caflp, called Cafla and Caflb [(7,14,30) and see
Table 1]. Mouse Cafla is a processive deadenylase;
Cafla™~ mice are apparently healthy but males are sterile
(24,31). The roles of Ccrdb and Caflb have not been
examined.

So far detailed experiments concerning the Ccr4/Cafl/
Not complex have been performed on organisms in a
single eukaryotic group—the Opisthokonta (32). The
Kinetoplastid protists—which diverged very early from
the Opisthokonta—are unique among eukaryotes in
relying extremely heavily on mRNA degradation for the
control of gene expression (33). Trypanosoma brucei is
able to multiply in the mammalian bloodstream, as
‘bloodstream form’ trypomastigotes, and in the midgut

of the Tsetse fly vector, as ‘procyclic form’ trypomasti-
gotes. In bloodstream forms, constitutively expressed
mRNAs have half-lives varying from 15min to over an
hour, while mRNAs which are specific to the Tsetse vector
forms are mostly destroyed within Smin; in the more
slowly growing procyclic forms, constitutive mRNAs have
rather longer half-lives but mRNAs specific to blood-
stream forms are again destroyed with 5-10-min half-lives.
The trypanosome exosome seems to play a minor role in
mRNA degradation (34,35). In contrast, a putative 53’
exonuclease, XRNA, is required for the very rapid
degradation of developmentally unstable mRNAs and
may operate on polyadenylated mRNAs (36). Milone
et al. (37) previously demonstrated cap-independent
deadenylation activity, which was inhibited by poly(A)
binding protein, in extracts from the Kinetoplastid
Leptomonas seymouri and deadenylation has also been
demonstrated in vivo [see e.g. (30)].

In this paper, we test the roles of Cafl and Ccr4
in mRNA degradation in both human cells and
trypanosomes.

MATERIALS AND METHODS
Cell culture and plasmids

Procyclic or bloodstream form 7. brucei stably expressing
the tetracycline repressor (38,39), with or without T7
polymerase expression (39,40), were grown, transfected
and clonally selected as described in ref. (41). Plasmids
used in this study are described in Table 1. To analyse the
degradation of a reporter mRNA the CAF1 RNAI line
was transfected with pHD 1034 (42).

CAF1- and CCR4-TAP purification

Procyclic cells expressing the tet repressor [pHD 1313 (39)]
were transfected with pHD 918 (tetracycline-inducible



3376 Nucleic Acids Research, 2008, Vol. 36, No. 10

expression of the TAP-tag), pHDI1849 (tetracycline
inducible over-expression of ThCAFI1-TAP) or pHDI1850
(tetracycline inducible over-expression of THLCCR4)
(Table 1). The expression of the TAP tag alone, TAP-
tagged ThCAF1 or TAP-tagged ThLCCR4 was induced
by adding 1 pg/ml tetracycline and cells were harvested
20h later. For tandem affinity purification 6 x 10° cells
were used, with methodology as previously described (43).
The whole preparation was run on a 10% SDS—page gel
and stained with SyproRuby (Invitrogen). Bands which
were not present in the TAP-only control were identified
by mass spectrometry.

Intracellular detection of the TAP tag

10° trypanosomes were sedimented, re-suspended, then
fixed in 4% paraformaldehyde (w/v) in 1x PBS for 18 min,
sedimented again for 2min, re-suspended in PBS, and
allowed to settle down on a poly-lysine-coated glass
surface for 25 min. The cells were then permeabilized with
0.2% (v/v) Triton X-100 (in 1x PBS) at room temperature
for 20 min. Before staining, slides were blocked with 0.5%
(w/v) gelatine for 20 min. To detect the TAP tag, cells were
incubated with a 1:50000 dilution of rabbit a-Protein A
(Sigma) for 1h and with a 1:500 dilution of the second
antibody Alexa Fluor 594 goat a- rabbit IgG (Molecular
probes) for 40 min. The kinetoplast and the nuclear DNA
were then stained with 100ng/ml DAPI/1x PBS for
10 min.

RNAI

For RNAI in bloodstream forms, gene-specific fragments
of ~500 nt (44) were cloned into the vector p2T7TA blue
(see Table 1). In this vector, the RNAIi fragments are
flanked by opposing T7 promoters with downstream tet
operators. The resulting plasmids were linearized with Not
I and transfected into bloodstream-form trypanosomes
expressing the tet repressor (pHD 1313) and T7 RNA
polymerase (pHDS514) (39). Transfectants were selected
in 10 pg/ml hygromycin and cloned by limiting dilution.
RNAI was induced by adding tetracycline to the medium
at a concentration of 1 pg/ml. Samples were taken after
18.5-26h of RNAI induction. For procyclic forms, the
entire CAF1 open reading frame was cloned into p2T7
and transfected into trypanosomes containing integrated
plasmids pLEW29 and pLEWI13 (40). RNAi was again
induced by adding tetracycline to the medium at a
concentration of 1 pg/ml.

Expression of GST-CAF1 in Escherichia coli

The E. coli strain BL21 was transformed with pHD1847
(Table 1). The bacteria were grown to an optical density
(600 nm) of 2 in LB medium at 37°C. Expression of GST-
CAF1 was induced with 1mM IPTG and the bacteria
were allowed to grow for 2h more before harvesting and
sonification in 1x PBS. Triton X-100 was next added to a
final concentration of 1%. The sonicate was gently mixed
for 30min at 4°C, then cleared by centrifugation at
12000g at 4°C for 10 min. The supernatant was incubated
with glutathione—Sepharose 4B slurry (GE Healthcare) for
30 min at room temperature in a column. The slurry was

washed three times with 1x PBS then incubated three
times with 50 mM Tris—HCI, 10 mM reduced glutathione
(pH&8.0) for 10 min at room temperature to elute the fusion
protein. The purity of the preparations was checked on
SDS—page gels stained with colloidal Coomassie; a single
dominant band was seen with two to three very faint
additional bands. Unfortunately, serum from a rabbit
immunized with purified 7hCAF1-GST recognized the
recombinant protein only with very poor sensitivity, and
failed to detect CAF1 in trypanosome lysates. Affinity
purification did not improve the sensitivity.

In vitro deadenylation assay

Ten picomoles of each RNA oligonucleotide substrate
(see Figure 1B) (from MWG, Ebersberg) was labelled with
30U T4 polynucleotide kinase and 50 uCi y-32P ATP
(GE Healthcare) at 37°C for 30 min. They were purified
with Sephadex G-25 columns equilibrated with 10 mM
Tris. For the assay, substrate (2 x 10°c.p.m.) was incu-
bated with 50 pmol GST-CAFI1 in 10mM Tris—HCI and
I mM magnesium acetate. The reaction was stopped by
adding 1 volume formamide loading buffer (95% form-
amide, 0.025% xylene cyanol, 0.025% bromophenol
blue, 18mM EDTA, 0.025% SDS) at appropriate time
points. The Decade Marker System (Ambion) was used to
synthesize the 10-bp RNA ladder. The samples were run
on 12% polyacrylamide/urea gels, which were then fixed,
dried and analysed with a phosphorimager.

mRNA degradation assays and mRNA characterization

To analyse mRNA decay in trypanosomes, transcription
was stopped with Actinomycin D at a final concentration
of 10pg/ml. Total RNA was ecither isolated by using
peqGold Trifast (peqLab, Germany) or RNeasy mini kit
(QIAGEN) according to the manufacturer’s instructions.

To remove poly(A) tails, 170 pmol oligo d(T) were
incubated with 10-12 pg total RNA at 42°C for 10 min.
After that 5 U RNaseH (New England Biolabs) and
RNaseH buffer were added and samples were incubated
for 40 min at 37°C.

Levels of mRNAs were assessed by formaldehyde
agarose or denaturing polyacrylamide gel electrophoresis,
followed by blotting onto Nytran membranes (Amersham
Biosciences) and hybridization with radioactive DNA
(random priming) (Stratagene) or anti-sense RNA
(MAXIscriptT7/T3, Ambion) probes. Signals were mea-
sured using a phosphorimager. All mRNA signals were
normalized relative to the signal from an SRP (signal
recognition particle) probe. Northerns were stripped by
brief boiling in 0.1% SDS; the efficacy of stripping
assessed by phosphorimager and any residual signals
were left to decay as necessary before re-use. The half-lives
were measured by plotting relative signal intensities using
Kaleidograph (Synergy software), including only the
segments of the time course which gave exponential
decay curves (fitted with a linear correlation coefficient
generally exceeding 0.9).
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Figure 1. (A) Diagrammatic representation of likely CAFI/NOT complex components from trypanosomes, aligned with the yeast and human
homologues. The scale at the top represents amino acid residues. The black bars indicate regions of sequence similarity between the trypanosome and
yeast proteins, and the percentage identical amino acids is shown, using output from GeneDB blastp using default settings. (The percentage similar
amino acids was 1-5-2 times higher.) Grey bars similarly indicate the regions of sequence similarity between the human and yeast proteins, using the
output of Blastp with NCBI database default settings. (B) Enzyme activity of recombinant ThCAF1. The oligonucleotides shown were
S'-radiolabelled; the samples without enzyme were incubated 20 min in buffer alone to exclude that the degradation observed was caused by
contaminating RNases (lanes 1 and 5). Products were separated by denaturing gel electrophoresis. (C) Proteins associated with CAF1-TAP (left),
CCRA4L-TAP (right) or the TAP tag alone (centre) were subjected to purification on IgG and calmodulin columns, then separated by SDS-PAGE
and stained with SyproRuby. The major potential complex components are indicated by solid arrows; other bands which were analysed and
contained either tagged protein only, or highly abundant proteins which are probably contaminants are indicated by open arrows. Bands in the
CAF1 lane are numbered on the right (identities in Table 3). HC: hypothetical protein conserved in all three trypanosomatids. (D) Location of TAP-
tagged CAF1. Procyclic trypanosomes expressing CAF1-TAP were fixed and permeabilized, and the TAP tag was detected by immunofluorescence.
The kinetoplast (small dot near the end of the parasite) and nuclear DNA (larger stain near the middle) were counter-stained with DAPI.
A typical image is shown. Cells not expressing the TAP tag gave no fluorescence. (E) Location of TAP-tagged LCCR4. Details as for (D).
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Poly(A) tail assay

To induce CAF1 RNAI, bloodstream-form trypanosomes
transfected with pHD1843 (Table 1) were cultured with
1 pg/ml tetracycline for 24 h. Ten micrograms per millilitre
Actinomycin D was added to the cultures to stop
transcription and samples taken at appropriate time
points. Total RNA was isolated using the RNeasy mini
kit (QIAGEN) according to the manufacturer’s instruc-
tions. Five hundred nanograms of total trypanosome
RNA or 1 pg of mammalian RNA, 20 U T4 RNA ligase
(New England BioLabs) and 5 uCi pCp (GE Healthcare)
in 50mM Tris—HCI, 10mM MgCI12, 10mM DTT, 1 mM
ATP and 10% (v/v) DMSO have been incubated at 37°C
for 1.5h to label the 3’-ends. After heat inactivation of the
T4 RNA ligase, the labelled RNA was incubated with 2 pg
RNase A, 5 U Tl (RNase A/T1 mix, Fermentas) and
20 ug yeast tRNA (Ambion) in 10mM Tris—Cl, 2mM
MgC12, 2mM DTT, 0.2mM ATP, 2% (v/v) DMSO,
300mM NaCl and 5SmM EDTA at 37°C for 30 min. The
poly(A) tails were purified by phenol/chloroform extrac-
tion and ethanol precipitation then separated on 8%
polyacrylamide/urea gels. Markers used were the Decade
RNA ladder (Ambion, see above), labelled with T4
polynucleotide kinase and 50uCi y->P ATP, or an
RNA ladder (Invitrogen), labelled with T4 RNA ligase
and 5 pCi o-*?P pCp. Bands were detected and quantified
in the fixed and dried gels with a phosphoimager. For
analysis, the poly(A) tails were subdivided into blocks of
10 nt, either by counting the bands (Figure 3) or using the
labelled Decade marker (Figure 5). The ratios between the
signals from the first block and the other blocks were
determined.

Human cell lines and siRNA

HTGMS cells were derived from human HT1080 fibro-
sarcoma cells (45). Cells were transfected twice with
siRNA duplexes (100nM) over a period of 96h using
Lipofectamine 2000 (Invitrogen). siRNAs were designed
using published recommendations (46) and purchased
from Ambion. The following target sequences (sense
strand) were chosen:

control siRNA (D0): 5-GCAUUCACUUGGAUAGUA
A-3;

Ccrda siRNA (C4): 5-CAAGACGGCUGCUGAACU
A-3;

Ccrdb siRNA (C8): 5-UGACAGCGCUGCACCTAA
A-3;

Cafla siRNA (C5): 5-UUACGACUUUGGCUACUU
A-3;

Caflb siRNA (C6): Y-GUGCUCAGUUACAGUUAU
A-3;

Cafla+b siRNA (C7): S-UGAAGAGCUGCAAAAAU
CU-3

The efficiency of siRNA knockdown was determined by
real-time PCR.

Quantitation of globin-ARE mRNA

SiRNA-transfected HTGMS5 cells were treated with
Actinomycin D (5pug/ml; Sigma) for indicated periods

of time, and cytoplasmic RNA was extracted according to
ref. 47. Twenty micrograms of RNA were resolved by
1.5% agarose/formaldehyde gel -electrophoresis as
described previously (48). For Figure 6, B-globin and
nucleolin mRNA were detected with digoxigenin-labelled
RNA probes (Roche). Templates were generated by PCR
using primers G1000 and G1001 for the b-globin probe
Bex12, and primers G83 and GI1009 for the nucleolin
probe. The results were quantitated by scanning densitom-
etry. Oligonucleotides used were:
G83: 5-TTACAAAGTCACTCAGGATG-3;
G1000: 5-GTGCATCTGTCCAGTG-3;
G1001: 5¥-GCCGATTTAGGTGACACTATAGAATAC
CCTGAAGTTCTC-3;
G1009: 5-GCCGATTTAGGTGACACTATAGAATAC
TTAGCGTCTTCG-3'.

For Figure 7, the probes were “?P-labelled and
hybridization was as described for trypanosome mRNA;
signals were quantitated using the phosphorimager.

RESULTS

Trypanosome homologues of CCR4/CAF1/NOT
complex subunits

We searched the trypanosome genome database with the
amino-acid sequences of the yeast and human Ccr4/Cafl/
Not complexes, extracted the possible homologues and
confirmed their identities by reciprocal BLAST analysis
on the yeast genome database or the EMBL database. We
found possible candidates (reciprocal-blast positive) for
Cafl, Notl, Ccr4, Not2, Not5 and Caf40 (Figure 1A and
Table 2). The matches for Caf4 and Cafl6 were restricted
to functional domains, so their status is uncertain. Not3,
Not4 and Cafl130 appeared to be absent.

We first compared the trypanosome CAF1 protein with
homologues from multiple eukaryotic genomes. We found
Cafl homologues in all genomes searched, including
Schizosaccharomyces pombe and the very early-branching
protists Trichomonas (six copies) and Giardia. All catalytic
residues are conserved in all homologues apart from that
of S. cerevisiae (see Supplementary Figure 8 for the
alignment). The first essential region (starting at residue
188 of the consensus) has the sequence DTEF in all
homologues except S. cerevisiae (STEF). The Asp at
residue 369 was universally conserved. At position 421, the
conserved HQAGSD was changed to TTTGGQ only in
S. cerevisiae. This supports the previous suggestion that
the low deadenylase activity seen for S. cerevisiae Cafl is
not the norm (25).

To check the enzymatic activity of ThCAFI1, we
expressed the protein as a fusion with glutathione
S-transferase and assayed its ability to digest a 5’-labelled
oligonucleotide substrate. ThCAF1 shortened a substrate
containing 3’-oligo(A), but not internal oligo(A)
(Figure 1B), confirming that it is a deadenylase.

The best trypanosome match for Ccrd was a predicted
protein which contained the conserved C-terminal exonu-
clease domain, but lacked the leucine-rich repeats
which are required both for interaction with CAF1 (11)
and for deadenylase activity (10). In evolutionary trees,



the position of this sequence varied depending on the
method used (data not shown). It did not convincingly
belong to any family but clearly did not branch with
the confirmed Ccr4 proteins, so we named it LCCR4
(Like-Ccr4).

Trypanosome CAF1 is associated with NOT1, NOT2
and NOTS5

In order to find out whether trypanosomes contain a
Ccr4/Notl/Cafl complex, we expressed TAP-tagged
versions of ThCAF1 and ThLCCR4 in trypanosomes.
Expression was tetracycline inducible; 3-5 days after
tetracycline addition to the ThCAFI-TAP cells mild
growth inhibition (no more than 50% increase in division

Table 2. Components of the yeast CCR4/CAF1/NOT complex, with
trypanosome, human and Drosophila homologues

Yeast Trypanosome Trypanosome Human? Drosophila
protein GeneDB CG number
number
Cafl/Pop2 ThCAF1 927.6.600 CNOT7/hCafla 5684
CNOTS8/hCaflb
Ccr4 None found® CNOT6/hCCR4a 31137
CNOT6L/hCCR4b
Notl ThNOTI1 10.70.6450 CNOT1 1884
Not2 ThNOT?2 927.6.850 CNOT2 2138
Not3 - - CNOT3S
Not4 - - CNOT4N/S/L 31716
Not5 ThNOTS 927.3.1920 CNOT3L 8426
Caf4 unclear® Unclear®
Cafl6 - (927.6.2810)¢
Caf40 TbCAF40 927.4.410 CNOT9/hCAF40 14213
Caf130 27Tb10.6k15.1820° CNOT10 -

“Human subunit names are preceded by either ‘C* or ‘h’ (14). Ccrda
is Acc# NM_015455, Ccrdb, Acc# NM_144571, Cafla, Acc#
NM_013354, Caflb, Acc# NM_004779.

®The work in this article indicates that Tb927.4.2430 is not a functional
homologue of Ccr4.

“Several possible homologues, none of which is convincing.
dUncertain.

°Cafl130 has a molecular weight of 130 kDa while the Tb10.6k15.1820
protein is only 35kDa.

Table 3. Mass spectrometry of proteins associated with TAP-tagged CAF1
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time) was apparent (data not shown). After two steps of
affinity purification, associated proteins were identified
by mass spectrometry (Figure 1C). All bands excised from
the ThLCCR4-TAP purification contained predominantly
ThLCCR4 sequence. In addition, we identified abundant
proteins which routinely contaminate such preparations,
such as tubulin, HSP70 variants, ribosomal proteins and
glycolytic enzymes, whose specific association is virtually
impossible to verify biochemically. The only other proteins
found were Tb08.10J17.920 (annotated as PIF1 DNA
repair and recombination helicase) and Tb10.6k15.1430
(hypothetical protein conserved in other Kinetoplastids)
(Figure 1C, both found in the band marked as ‘HC’). There
was no evidence for any association of ThLCCR4 with
NOTI1 or CAFI1, as expected from the absence of the
leucine-rich repeat.

Proteins co-purifying with ThCAF1-TAP gave four
major bands (Figure 1C). The band (1) at above 220 kDa
contained 7TANOT1. Judging from the peptide coverage
(Table 3), the major protein in band 3 was 7HNOTS.
Band 4 contained a 6l1-kDa protein (encoded by
Tb10.6k15.1820), which has a TPR repeat and gives a
poor match (P = 0.6 and above) to various CNOTI10
homologues. Band 5 was broad and contained various
proteins of 37-48kDa, including ThDHHI1, ThNOT?2,
ThCAF1 and a protein of unknown function encoded by
Tb927.8.1960 (Table 3). Band 2 was very faint and
contained an aminopeptidase which may be a contami-
nant; other likely contaminants included actin and a
ubiquitin-like protein which was also identified in purified
RNA polymerase II (49). The ThCAF40 protein was not
detected, and neither was the possible ThHCAF16. When
we immunoprecipitated 7hDHH1 with specific antibody
(50) we also found ThNOTI1 as the major specifically
associated protein (See Supplementary Figure 9). Addi-
tional work will be required to confirm the association of
the other potential subunits. Since there was no evidence
for association of either 7HLCCR4, or any other
trypanosome CCR4-like protein, with components of the

Band GeneDB number

Protein function (known or putative)

Score Peptides Coverage Molecular weight Migration

1 Tb10.70.6450 NOTI1 3389 65 33 259 >220
2 Tb927.2.280 (and related)® Retroposon hotspot protein (several similar 251 7 8 91 90-100
predicted proteins)
2 Tb11.02.1070 Aminopeptidase 57 3 3 98 100
3 Tb927.3.1920 NOT3/5 815 19 29 67 85
3 Tb11.02.1600 Ubiquitin-like 92 2 3 67 85
4 Tb10.6k15.1820 TPR repeat protein, similar to CNOT10/Caf130 578 11 21 61 65
4 Tb11.02.1860 Hypothetical conserved, PF02622, domain 105 2 4 52 65
of unknown function
5 Tb927.1.2340* Alpha tubulin 975 20 5 50 50
5 Tb927.1.2330% Beta tubulin 614 14 28 50 50
6 Tb927.6.600 CAF1 196 7 16 39 45
6 Tb927.6.850 NOT2 172 4 8 37 45
6 Tb10.70.3290 DHHI1 52 2 4 46 45
6 Tb09.211.0620 Actin A 135 3 11 42 45
6 Tb927.8.1960 Hypothetical conserved 714 20 43 48 45

The overall score, number of different peptides identified, and % coverage of the amino acid sequence are shown.
“Bands 2 and 5 predominantly consisted of proteins found frequently as contaminants.
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NOTI1/CAF1 complex we speculated that ThCAF1 might
be the active deadenylating enzyme in the complex.

The intra-cellular locations of ThCAFI1-TAP
(Figure 1D) and ThLCCR4-TAP (Figure 1E) were
analysed by immunofluorescence: both appeared to be
predominantly—but not exclusively—in the cytoplasm.
Although the distribution of CAF1 was somewhat
uneven, clear punctate staining indicative of association
with RNA storage or degradation granules was not
evident; this is as expected since, in trypanosomes, such
structures can be seen by immunofluorescence only after
stress [(50,51) and our unpublished data]. A polyclonal
antibody to CAF1 unfortunately had a low titre and did
not detect the protein in trypanosome lysates (data not
shown).

TbCAF1, TbDNOT1 and TbDHHI1 are required
for bloodstream trypanosome growth

The roles of ThHCAF1, THNOT1, ThDHH1 and 7ThLCCR4
in bloodstream trypanosomes were probed by tetracycline-
inducible RNAi. Depletion of ThCAFI, ThNOTI or
ThDHHI RNA severely inhibited trypanosome growth
with death at days 2 or 3 after tetracycline addition
(Figure 2A). Reduction of RNA was verified by northern
blotting (shown for CAF1 in Figure 2B and C, not shown
for NOT1 and DHH1) and, for DHH1, by western blotting
and immunoprecipitation. Notably, despite the lethal
effect, the DHH1 protein was depleted only by 50%
(data not shown and Supplementary Figure 9). ThLCCR4
RNALI, in contrast, had no effect on growth, but we were
unable to detect the mRNA even in wild-type cells so we
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Figure 2. CAF1, DHHI1 and NOT]1 are essential for bloodstream trypanosome growth. (A) Trypanosomes were transfected with plasmids designed
for tetracycline-inducible RNAI targeting CAF1, DHH1 or NOT1 and three independent cell lines were selected. Growth without tetracycline (filled
symbols, continuous lines, CAF1+, NOT1+, DHHI + cells) is illustrated as a cumulative exponential curve (log scale, initial number divided
by 10°) and the division time is indicated. Growth in the presence of tetracycline (added at time = 0) is shown using open symbols and dashed lines;
the depletion of CAF1, DHHI or NOTI is indicated by the downward arrow. The three different symbols represent three different cell lines in each
case. (B) Effect of CAF1 depletion on the levels of various RNAs in procyclic trypanosomes. The CAFI mRNA was reduced to about 10% of
normal after RNAI induction. Total glyoxal-treated RNA was separated on agarose gels, blotted and hybridized with the probes shown on the left.
PC: procyclic; BS: bloodstream; tet: tetracycline. Cell lines are: W-cells expressing tet repressor and T7 polymerase; C-cells with inducible CAF1
RNAI. The experiments were performed in duplicate. Quantitation using the rRNA as a loading control revealed no reproducible effects of CAF1
depletion on any mRNA, apart from EP which increased 1.2-3.1-fold. (C) Effect of CAF1 depletion on the levels of various RNAs in bloodstream-
form trypanosomes. Details as for (B) except that formaldehyde-agarose gels were used.
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Figure 3. CAF1 depletion inhibits deadenylation in bloodstream
trypanosomes. Total RNA was purified from cells with inducible
CAF1 RNAI, cultured without tetracycline (CAF1+, lanes 1, 3 and 5)
or with tetracycline (24 h) to deplete CAF1 (downward arrow, lanes 2, 4
and 6). Actinomycin D was then added for the times indicated. RNA was
3'-labelled then digested with RNases A and T1. (A) Phosphorimager
image showing radiolabelled poly(A) tails separated by denaturing gel
electrophoresis. To the left are the positions of markers. Further to the
left we have indicated blocks of 10a residues. Block 1 is the group from
11-20 As; block 2 from 21-30 As, and so on. (B) Quantitation of results
from the gel shown in (A) (no Actinomycin and 60-min time point). For
each lane, the amount of radioactivity in each block was plotted relative
to the total radioactivity in the lane. Black bars: CAFI1+; open bars:
CAFl-depleted. (C) Results of three independent experiments, shown as
arithmetic mean and standard deviation. We first generated data like
that shown in (B) for all three experiments. We then divided the number
for the CAFl-depleted cells by the number obtained for the CAF1+
cells. For block 1, the numbers are automatically 1. For blocks 2-11,
numbers >1 indicate that the CAF1-depleted cells have more radio-
activity in the poly(A) tails than do the normal cells. Here it is clear that
the differences are stronger for the poly(A) tails above 70 nt, especially
after Actinomycin D treatment.

could not be sure that the RNAi had worked (data not
shown). Similar experiments in procyclic trypanosomes
gave the same results: growth of ThCAFI or ThDHH]I
RNAI cells ceased 1day after tetracycline addition, and
numbers started to decrease after 2 days, whereas growth
of ThLCCR4 RNAI cells was unaffected over 6 days of
incubation with tetracycline (data not shown).
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Effect of ThCAF1 depletion on mRINA abundance

Figure 2B and C show the effects of ThCAF1 depletion on
the abundances of various trypanosome mRNAs. First,
we looked at the abundances of some mRNAs which do
not show developmental regulation, encoding Histone H4
(HISH4), actin (ACT) and Tubulin (TUB) (35,36,52,53).
The abundances of all of these mRNAs were unaffected by
ThCAF1 depletion (Figure 2B and C; for ACT see later in
Figure 4; note that any minor variations visible in the
blots shown were not reproducible). In addition, we
looked at mRNAs which are developmentally regulated:
Cytosolic phosphoglycerate kinase (PGKB) is expressed
predominantly in procyclic forms (PC) (Figure 2C), while
the mRNAs encoding glycosomal phosphoglycerate
kinase (PGKC) (Figure 2C), glycosyl phosphatidylinositol
phospholipase C (GPIPLC) (Figure 2B), and the mem-
brane protein ISG65 (Figure 2B) are found exclusively in
bloodstream forms (BS) (54-57). By northern blotting, we
did not detect any defect in developmental regulation of
these transcripts in ThCAF 1-depleted cells (Figure 2B and
C). Results from quantitative PCR analysis also revealed
no change in PGKB mRNA levels (Stewart,M., ZMBH,
data not shown). The only transcript which increased
slightly in abundance after ThCAF1 depletion was that
encoding EP procyclin mRNA in bloodstream forms
(Figure 2C). This mRNA is exceptional because it is
produced by RNA polymerase I, and both transcription
and degradation are subject to developmental regulation;
since it is possible that growth arrest alone might mimic
the first stages of differentiation, and thereby affect
regulation of EP expression, these mRNAs will not be
discussed further here.

TbCAF1is involved in deadenylation of many
trypanosome RNAs

To find out if ThCAF1 was important for poly(A)
shortening in trypanosomes, we measured the overall
poly(A) tail distribution in total RNA. Briefly, total RNA
was extracted, labelled at the 3’ end, then digested with
RNases A and T1, which together cleave downstream
of G, C and U. The remaining labelled poly(A) was
separated on a polyacrylamide gel and visualized by
phosphorimaging. Results are shown in Figure 3 [note
that these preparations are for total cellular RNA, so the
poly(A) tails seen will include the short tails present on
nuclear RNAs that are destined for degradation (58)]. In
normal cells, poly(A) tails ranged from 10 to over 100 nt in
length (Figure 3A, lane 2). To quantitate the poly(A) tail
lengths, we compared the radioactivity in tails specific
lengths with the total radioactive signal, taking blocks of
10 nt (Figure 3B). Cells depleted of CAF1 showed a very
slight, but reproducible decrease in the proportion of
tails under 40 nt with a corresponding shift towards longer
tail lengths (Figure 3C). One hour after addition of
Actinomycin D, in the cells with a normal CAF1 level,
there was a lower poly(A) tail signal overall and the signal
was concentrated at shorter lengths (Figure 3A, lane 6,
and Figure 3B). In cells with CAF1 RNAIi (Figure 3A,
lane 3), poly(A) tails were clearly longer than in the
normal cells. This difference was evident 15min after
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Figure 4. CAF1 depletion inhibits degradation of ACT, PGKC, TUB
and HISH4 mRNAs in trypanosomes. (A) Bloodstream trypanosomes
expressing repressor alone (cell line W) or lines with inducible RNAi
targeting XRNA (cell line X, lane 2), CAF1 (cell line C) or DHH1 (cell
line D) were grown without (=) or with (+) tetracycline for 24h as
shown. Actinomycin D was then added for the times indicated (times
include the centrifugation time). RNA was isolated and separated on a
denaturing polyacrylamide gel. For lanes 1, 12, 13 and 14 the mRNA
was treated with oligo d(T) and RNase H to remove the poly(A) tails.
The histone H4 (HISH4) mRNA and the signal recognition particle
RNA control (SRP) were detected after northern blotting. (B) As in
(A), but separation on an agarose gel. RNA was detected using various
probes, as indicated: PGKC: glycosomal phosphoglycerate kinase;
ACT: actin; TUB: alpha tubulin; HISH4 (usually hybridized in that
order, with intermediate stripping as required). (C) Results for three
independent experiments [as in (B)] were quantitated, using SRP as the

Actinomycin D treatment and became more pronounced
after 60min (Figure 3B). As a control we did similar
experiments after DHH1 depletion; no increase in poly(A)
tail lengths was seen (data not shown).

To further quantitate the effects of ThCAF1 depletion,
we compared poly(A) tail lengths from three different
experiments. First, the amount of radioactivity in the
different 10-nt length ranges was divided by the total
amount. Next, the value for CAF1 RNAI cells was divided
by the value for the normal cells. This confirmed that
60 min after addition of Actinomycin D, the CAF1 RNAI
cells had more 70—110-nt poly(A) tails than normal cells
(Figure 3C, blocks 7-10, dark bars). These results suggest
that CAFI1 is involved in deadenylation of many
trypanosome mRNAs.

TbCAF1 is involved in constitutive degradation
of trypanosome mRNAs

To assess the effects of CAF1 depletion on the decay of
individual mRNAs in bloodstream-form trypanosomes,
we incubated them with Actinomycin D. Figure 4A shows
results for HISH4. Trypanosome transcription is poly-
cistronic. During processing, a 39-nt spliced leader
RNA is added to the 5’ end of each mRNA, the position
usually being determined by a polypyrimidine tract.
Polyadenylation of the ‘upstream” mRNA follows, in a
reaction that is coupled to splicing of the downstream
transcript. Polyadenylation occurs not at a specific single
site, but at various positions between 70 and 140-nt
upstream of the polypyrimidine tract (59,60). From the
genome sequence, there are 8 HISH4 open reading frames
organized in a tandem repeat; for the first seven genes
the maximum predicted length of the mRNA [without the
39-nt spliced leader and the poly(A) tail] is about 600 nt.
For the last gene of the cluster, the prediction is for about
500 nt. Deadenylated HISH4 mRNA migrated as 6 bands
between 0.55 and 0.65kb (Figure 4A, lanes 1 and 12) and
the polyadenylated mRNA migrated between 0.775 and
0.575kb, suggesting a maximum poly(A) tail length of
about 100 nt (Figure 4A, lane 3). The choice of poly(A)
site. was unaffected by CAFI1 depletion (Figure 4A,
compare lanes 13 and 14). As previously demonstrated
(36), depletion of the 5->3" exonuclease XRNA resulted
in an increase of shorter HISH4 mRNA species
(Figure 4A, lane 2). Depletion of DHHI1 had no effect
(Figure 4A, lane 5), but CAF1 RNAI resulted in a clear
increase in the average mRNA size, as expected for an
inhibition of deadenylation (Figure 4A, lane 4). Thirty
minutes after addition of Actinomycin D, shortening of
the HISH4 mRNA was clearly visible (Figure 4A, lane 6);
this was unaffected by depletion of DHH1 (lane 8) but
inhibited by CAF1 RNAIi (lane 7). This difference per-
sisted after 60 min Actinomycin D. Notably, deadenyla-
tion was not complete (compare lane 11 with lane 12);
the results suggested that it ceased when 25-50nt of

loading control, and results plotted as mean =+ standard deviation (four
experiments). Black circles: wild-type cells (two experiments only,
arithmetic mean only shown); Black squares: inducible RNAi line
without tetracycline (CAF1 +); Open squares: inducible RNAI line with
tetracycline (CAF1 down, with downward arrow).
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Figure 5. CAF1 depletion inhibits deadenylation in human cells.
HTGMS cells were transfected with siRNAs to deplete CAFl or
CCR4 (downward arrow) or with control siRNAs (+). The effect of
the siRNAs on their targets is illustrated in Figure 6. Samples were
taken either with, or without 4h Actinomycin D treatment. Purified
RNA was 3'-labelled then digested with RNases A and TI1. (A)
Phosphorimager image showing radiolabelled poly(A) tails separated by
denaturing gel electrophoresis. To the left are the positions of markers.
Further to the left we have indicated blocks of 20-50 A residues, as
in Figure 5. (B) Quantitation of results from the gel shown in (A).
For each individual lane, the amount of radioactivity each block
was calculated relative to the total radioactivity in the lane. The
results are expressed as arithmetic mean =+ standard deviation. Black
bars: control siRNA, five independent experiments; grey bars:
Ccrda+ b-depleted, siRNAs C4+C8, three experiments; open bars:
Cafla+ b-depleted, siRNAs C5+ C6, four experiments. Upper panel:
steady state, values for lanes 1, 2 and 3 (in that order); lower panel:
after 4h Actinomycin D, values for lanes 4, 5 and 6. P-values are for a
2-tailed students r-test (unequal variance) and show the probability that
the poly(A) tail signals for Ccr4- or Cafl-depleted cells were the same
as those of the control.

poly(A) remained. A poly(A) of 27 nt is probably sufficient
to bind a single molecule of poly(A) binding protein (61);
further deadenylation presumably leads to linear RNA
which lacks poly(A) binding protein and is susceptible to
rapid degradation.

Results for more mRNAs are shown in Figure 4B, with
quantitation in Figure 4C. In normal cells, degradation of
TUB and PGKC mRNAs started after a delay of 30 min;
decay of HISH4 and ACT mRNAs was faster. Depletion
of CAF1 strongly inhibited the degradation of all
four RNAs and inhibition of poly(A) tail shortening
was evident. From these results, we concluded that
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degradation of constitutively expressed trypanosome
mRNAs depends on CAFI1. The results of experiments
using a reporter mRNA produced by RNA polymerase |
indicated that the effects of CAF1 depletion on mRNA
degradation were not linked to transcription by RNA
polymerase II (Supplementary Figure 10).

Depletion of CAF1 inhibits deadenylation in human cells

The clear importance of 7hCAF1 in trypanosomes,
combined with observations in the literature, suggested
to us that Cafl might be important in mammalian cells.
We therefore repeated the poly(A) tail length measure-
ments for cytoplasmic RNA in HTGMS cells, which are
derived from the human HT1080 fibrosarcoma cell line
(45). A typical autoradiogram shown in Figure 5A and
quantitations are shown in Figure 5B and C. The overall
distributions of poly(A) tail lengths cannot be compared,
since Figure 3 shows total trypanosome RNA and
Figure 5 is cytoplasmic mammalian RNA. Nevertheless,
in the sample from HTGMS cells there were substantially
more poly(A) tails over 100nt than in trypanosomes
(compare Figure 5A, lane 1 with Figure 3A, lane 1). For
human RNA, 29% of poly(A) tails were shorter than
40nt, and 5.6% were in the 10-20-nt range (Figure 5B).
In another recent analysis of human poly(A) tail lengths,
done by solution hybridization, up to 25% of expressed
genes appeared to have <30 nt of poly(A) tail on at least a
quarter of transcripts (62).

To deplete human Ccr4 and Cafl, we targeted the two
paralogues that have previously been identified in the
human genome: Ccr4a, Ccrdb, Cafla and Caflb (Table 2)
(30,63). The mRNA depletion was slightly more efficient
for Ccr4 (Figure 6A) than for Cafl (Figure 6B). Although
depletion of Ccrd4a and Ccrdb resulted in a very slight
increase in average poly(A) lengths the differences were
generally not statistically significant (Figure 5A, lane 2,
and Figure 5B). Cafla and Caflb depletion (Figure 5A,
lane 3), in contrast, caused a shift towards longer lengths
that was particularly marked in the 100-150-nt range
(Figure 5B, block 6). After a 4-h-Actinomycin D treat-
ment, deadenylation occurred in both the control (lane 4)
and Ccr4-depleted cells (lane 5), but was inhibited by Cafl
RNAI (Figure 5A, lane 6); in the Cafl-depleted cells, the
proportion of short tails was less than in the control
(Figure 5B, blocks 1-3) and those in the 100—-150-nt range
were again markedly more abundant (Figure 5B, block 6).
These results confirmed that although Ccr4 may con-
tribute, as previously suggested (7), depletion of Cafl has
a stronger effect on deadenylation of bulk mRNA in
human HTGMS cells. Since Cafl depletion presumably
results in dissociation of Cecr4 from the complex, the
effects we see should reflect a failure to recruit both Ccr4
and Cafl to susceptible mRNAs.

Depletion of Cafl inhibits degradation of an unstable
mammalian mRNA

In mammalian cells, the rapid degradation of mRNAs
containing an AU-rich element (ARE) is initiated by
poly(A) tail shortening (2). We therefore analysed the
effects of Cafl depletion in human HTGMS cells that
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Figure 6. Depletion of Cafla and Caflb inhibits deadenylation of an ARE-containing B-globin reporter mRNA in human cells. (A) HTGMS cells were
transfected over a period of 5 days with siRNAs targeting Ccrda and Cerdb; or (B) Cafla and Caflb. The knockdown efficiencies were measured at the
mRNA expression level by quantitative PCR. The graphs show the mean and standard deviation from three assays in a single experiment; the siRNA
transfection and the measurements were also repeated once (for Ccrdb) or three times (all other siRNAs) with very similar results. (C) Cytoplasmic RNA
was prepared from siRNA-transfected cells with or without prior Actinomycin D treatment. Northern blots were hybridized with a globin probe (upper
panel), and with a nucleolin probe as loading control (lower panel). (D) Quantitation of the poly(A) + portion of globin-ARE mRNA shown in (C); mean
and standard deviation from three (lanes 1, 2, 8 and 9) or four (lanes 3-7, 10-14) independent experiments.

stably express a B-globin reporter gene with the ARE of
granulocyte-macrophage colony-stimulating factor in the
3'UTR (45). Knocking down Ccr4a and Ccr4b (Figure 6C,
lanes land 2) did not affect expression the of the globin-
ARE reporter mRNA. The amount of poly(A)+ globin-
ARE mRNA was quantified (Figure 6D) and the result
suggested that neither Ccr4a nor Ccr4b are limiting
factors in the deadenylation of the ARE-containing
reporter mRNA.

We then tested the effect of knocking down Cafla and
Caflb, either alone or in combination. This was done either
using two different, gene-specific siRNAs, or by using a
single siRNA (C7) that targets a conserved region in both
mRNAs. The same total amounts of siRNA were used
throughout; the knockdown was most effective for Cafla
(Figure 6B). At steady state, knocking down Cafla had no
effect (Figure 6C and D, lane 4). Targeting Caflb (lane 5),
or both Cafls together (lanes 6 and 7), gave a small increase
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Figure 7. Depletion of Cafla and Caflb inhibits degradation of the ARE-
containing B-globin reporter mRNA. Transfection with siRNAs and
RNA preparation was as for Figure 5, except that samples were taken 1,2
and 3 h after addition of Actinomycin D. The experiment was done twice
with similar results. (A) Northern blot for the first experiment. To
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drawn through the arithmetic mean. Results for the siRNAs C5+ 6 and
C7 (CAF1 RNAI) were indistinguishable. These results were therefore
pooled, to generate a mean and standard deviation from a total of four
measurements (2x C5+6 plus 2x C7).

in poly(A)+ globin-ARE mRNA. The effects were more
pronounced after treatment with Actinomycin D for 1
hour. Knocking down Caflb alone gave a 1.4-fold increase
in poly(A)+ globin-ARE mRNA (lane 12); despite the
relatively low siRNA efficiency, whereas knocking down
both together resulted in a 2- to 2.5-fold increase (lanes 13
and 14). In each experiment, after the 1-h Actinomycin D
treatment the mRNA level decreased more in the control
cells than in the cells with Cafla+b RNAI.

The results so far suggested that Cafla and Caflb are
redundant, and play a role in degradation of the globin-
ARE mRNA. We next analysed the effects of Cafla+b
RNAI on degradation in more detail. Results are shown in
Figure 7. The globin-ARE mRNA decayed with a half-life
of <1h, and Ccr4a+b siRNA treatment had very little
effect on degradation; in contrast, Cafla+b siRNA
treatment delayed deadenylation and allowed persistence
of 50% of the mRNA 2-3h after Actinomycin D
treatment (Figure 6B). This confirmed that depletion of
Cafla+Db inhibited globin-ARE mRNA degradation.

DISCUSSION
The composition of the trypanosome CAF1/NOT complex

Our results indicate that trypanosomes have a complex
which contains ThCAF1, ThNOT1, ThNOT2, ThNOTS,
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ThDHH1 and possibly two more subunits, encoded by
Tb10.6k15.1820 (a possible equivalent of Cafl30) and
Tb927.8.1960. We do not yet know whether possible
Cafl6 and Caf40 homologues are associated with the
complex, but if so, they must be sub-stoichiometric.

In yeast, mammalian cells and Drosophila, a Ccr4
subunit is an integral part of the complex. The only
possible homologue of Ccr4 in trypanosomes (and other
Kinetoplastids) lacked the leucine-rich domain that is
required for interaction with Cafl and for deadenylase
activity, and did not co-purify with the complex. There-
fore, all evidence suggests that trypanosomes and other
Kinetoplastids lack an equivalent to Ccr4. This absence
might indicate that the ancestral complex lacked a Ccr4
subunit. To investigate this possibility we looked for Ccrd
homologues, defined as predicted proteins including the
leucine-rich repeat in addition to the exonuclease domain,
in the six major eukaryotic groups (32). Yeasts and
animals, which contain Ccr4, belong in one group, the
Opisthokonta; Plantae (higher plants, algae) also have
Ccr4. We could not find any complete genomes from the
Rhizaria. Trypanosomes are currently usually grouped in
the Excavata, with Giardia intestinalis and Trichomonas
vaginalis, but molecular evidence for this group is lacking
(32). Giardia has no Ccrd but Trichomonas has a
homologue. We found no likely Ccr4 in Tetrahymena or
Plasmodium (Chromalveolata) or in Dictyostelium and
Entamoeba (Amoebozoa). From this limited dataset,
therefore, it seems unlikely that Ccr4d was a component
of the ancestral Cafl/Not complex.

The roles of CAF1 in deadenylation

Deadenylation in eukaryotes has mostly been studied
focusing on transcripts which are relatively unstable,
either because they contain destabilizing sequences in
the 3-UTR, or because the open reading frame contains
a premature termination codon. In experiments with
mammalian cells, stable transcripts have half-lives of
many hours; their degradation has so far only been
analysed on an individual basis, using inducible promot-
ers. A transgene mRNA with a beta-globin 3’-UTR, for
example, decreased only by 10% over the first 10 h after
transcriptional shut-off (64). In contrast, the previous
report that CAF1 depletion results in an increase in the
average poly(A) tail length in Drosophila cells (15) implies
that Drosophila CAF1 plays a major role in bulk mRNA
deadenylation.

To determine the overall contribution of Cafl and Ccr4
homologues to deadenylation we analysed the overall
distribution of poly(A) tail lengths. In both trypanosomes
and human cells, a reduction in CAF1 (Cafla+ b) activity
increased the average lengths of poly(A) tails and inhibited
deadenylation (Figures 3 and 5). In human cells, Ccr4
depletion had, at best, a marginal effect on poly(A) tail
lengths. The overall poly(A) tail distributions in
these figures cannot be compared, since the experiments
were done with total trypanosome RNA, but with
cytoplasmic human RNA. Nevertheless, it was notable
that the longest poly(A) tails were much shorter in
trypanosomes than in mammals. Perhaps this is an
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intrinsic property of the trypanosome polyadenylation
complex, but we favour another explanation: that at
steady state, a large proportion of trypanosome mRNAs
is undergoing degradation. Even ‘stable’ mRNAs in
trypanosomes have much shorter half-lives than are
generally seen in mammalian cells—compare for example
trypanosome PGKC and TUB with mammalian cyclophi-
lin RNA—and polycistronic transcription creates numer-
ous unwanted mRNAs which are rapidly destroyed.

We also examined the effects of Cafl depletion on
deadenylation and decay of individual mRNAs. When we
depleted CAF1 in trypanosomes, the four mRNAs
studied—PGKC, HISH4, TUB and ACT—were dead-
enylated more slowly and were stabilized (Figure 4). They
did not, paradoxically, show an increase in abundance
relative to rRNA, which is very stable and should be
unaffected by the RNAIi. The simplest explanation is that
inhibition of bulk mRNA decay caused feedback inhibi-
tion of transcription by RNA polymerase II. This could
result from a specific regulatory mechanism; alternatively,
ribonucleotides produced by mRNA degradation might
be a significant source of substrate for mRNA synthesis.
In other eukaryotes also, inhibition of mRNA degrada-
tion does not always affect mRNA abundance (45,65-68);
for example, in yeast lacking Ccrdp, there is no general
increase in the abundances of unstable mRNAs, and
although mRNAs encoding ribosomal proteins are
markedly stabilized their steady-state levels are little
affected (67). Thus, this sort of feedback regulation may
be widespread, although the mechanism(s) are unknown.

Depletion of CAF1 in trypanosomes also had no effect
on the abundances of four highly unstable mRNAs—
PGKC, GPIPLC and ISG65 in procyclic forms and PGKB
in bloodstream forms. We have previously shown that
depletion of XRNA does, in contrast, cause an increase in
the steady-state levels of such mRNAs (36). Perhaps for
these mRNAs, the CAF1-independent, XRNA-dependent
mechanism of mRNA decay predominates; but since bulk
mRNA decay is not much affected, transcription con-
tinues unabated.

In human cells, depletion of both Ccr4 homologues did
not affect the abundance (Figure 6) or degradation
(Figure 7) of an unstable mRNA that contains an ARE.
In contrast, simultaneous depletion of Caflb and Cafla
inhibited degradation of the ARE mRNA (Figures 6 and
7). We note that interpretation of these results is not
straightforward. All of our experiments were subject to the
inevitable weakness of RNAIi: that the depletion of the
target mRNA was not complete. Thus, residual dead-
enylase activity in CAF1- (or Cafl-)depleted cells might be
attributable either to remaining Cafl, or to alternative
deadenylases or both. Similarly, the absence of an effect of
Ccrda/b depletion on ARE mRNA decay does not
necessarily mean that the proteins have a minor role,
but could merely be due to persistence of sufficient protein
to give wild-type function. In addition, after Ccrda+b
RNALI, cells retain a Cafl-Not complex. In contrast, since
Ccr4 is linked to Notl via Cafl, depletion of Cafl is
expected to result in cells with a Not complex lacking both
Ccrd and Cafl. Even if Ccr4d persists in the cells, its
recruitment to ARE mRNA may depend on attachment to

Notl. Our experiments therefore do not allow us to tell
whether a complex with Ccr4 activity, but without Cafl
activity, such as is found in yeast, would be fully
functional in mammalian deadenylation. Nevertheless,
the clear effects after depletion of both Cafl homologues
indicate that Cafla and Caflb have redundant but
important roles in ARE-mediated mRNA decay.

In vitro decay studies had previously shown that
another deadenylase, PARN, can promote the dead-
enylation of an ARE-containing RNA (69). Future studies
will be required to reveal whether this is also true in vivo,
and whether PARN may cooperate with Cafla/b. The
analysis of nonsense-mediated mRNA decay in mouse
NIH3T3 fibroblasts suggested that a reporter mRNA
containing a premature termination codon (PTC) is
initially deadenylated by Pan2 to a length of about 110
adenosine residues, followed by a second phase during
which Ccrda/b digests the remaining poly(A) tail (7). Since
the contribution of Cafla/b was not addressed in this
study, it is not clear whether Cafla/b also participates in
the deadenylation of a PTC-containing mRNA.

The fact that RNAI targeting CAF1 in T. brucei was
lethal, with clear effects on deadenylation, shows that in
trypanosomes other deadenylases are not able to provide
essential CAF1 functions. Since our experiments gave
similar results for organisms from entirely different
branches of eukaryotic evolution, we suggest that CAF1
may be a major deadenylase in eukaryotes.
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