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The CCR4-NOT complex plays a crucial role in post-transcriptional mRNA regulation in eukaryotes. This complex
catalyzes the removal of mRNA poly(A) tails, thereby repressing translation and committing an mRNA to degradation.
The conserved core of the complex is assembled by the interaction of at least two modules: the NOT module, which
minimally consists of NOT1, NOT2 and NOT3, and a catalytic module comprising two deadenylases, CCR4 and POP2/
CAF1. Additional complex subunits include CAF40 and two newly identified human subunits, NOT10 and C20rf29. The
role of the NOT10 and C20rf29 subunits and how they are integrated into the complex are unknown. Here, we show that
the Drosophila melanogaster NOT10 and C20rf29 orthologs form a complex that interacts with the N-terminal domain
of NOT1 through C20rf29. These interactions are conserved in human cells, indicating that NOT10 and C20rf29 define
a conserved module of the CCR4-NOT complex. We further investigated the assembly of the D. melanogaster CCR4-
NOT complex, and demonstrate that the conserved armadillo repeat domain of CAF40 interacts with a region of NOTT,
comprising a domain of unknown function, DUF3819. Using tethering assays, we show that each subunit of the CCR4-
NOT complex causes translational repression of an unadenylated mRNA reporter and deadenylation and degradation of
a polyadenylated reporter. Therefore, the recruitment of a single subunit of the complex to an mRNA target induces the

assembly of the complete CCR4-NOT complex, resulting in a similar regulatory outcome.

Introduction

In eukaryotes, the removal of mRNA poly(A) tails by deadenyl-
ases, a process known as deadenylation, represses translation
and generally commits the mRNA to degradation. Therefore,
deadenylation provides a major mechanism for the post-tran-
scriptional regulation of mRNA expression.! Eukaryotic mRNAs
are deadenylated by the consecutive action of two cytoplasmic
deadenylase complexes.”? The PAN2-PAN3 complex is involved
in the early phase of deadenylation and shortens mRNA poly(A)
tails in a distributive manner.*> The second, more rapid phase of
deadenylation is catalyzed by the CCR4-NOT complex.”® The
CCR4-NOT complex is sufficient for mRNA deadenylation in
the absence of the PAN2-PAN3 complex.’”

In addition to its general role in bulk mRNA deadenylation,
the CCR4-NOT complex and associated proteins have been
implicated in a broad range of biological processes, includ-
ing transcription initiation and elongation, ubiquitination and
protein modification.*® Furthermore, this complex plays a key
role in the post-transcriptional regulation of specific mRNAs, to
which it is recruited via interactions with sequence-specific RNA-
binding proteins. These RNA-binding proteins include Pumilio,
Nanos, Bicaudal-C and Smaug, which regulate the temporal and
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spatial expression of mRNA targets during Drosophila melanogas-
ter (Dm) oogenesis and embryogenesis."® Recently, it was shown
that GW182 family proteins, which are required for miRNA-
mediated silencing in animal cells, directly interact with NOT1
and recruit the CCR4-NOT complex to miRNA targets.” !

The conserved core of the CCR4-NOT complex consists of
at least five subunits: NOT1, NOT2, NOT3 and two catalyti-
cally active subunits, CCR4a (or its paralog CCR4b) and POP2
(or its paralog CAF1).>® The catalytic subunits interact to form
a catalytic module, which is recruited to the complex through
interactions between POP2/CAF1 and a central MIF4G (middle
domain of eukaryotic initiation factor 4G) domain in NOT1."*
'8 Additional complex subunits include CAF40 (also known as
NOTY, Redl or RQCDI1), CAF130, NOT4, NOTS5, NOT10,
C20rf29 and TAB182.>* CAF130 is a yeast-specific subunit with
no metazoan counterpart.® Although NOT4 is conserved and
is an integral yeast CCR4-NOT complex subunit, it is not sta-
bly associated with the D. melanogaster (Dm) and human com-
plexes.””!8 NOTS5 is a yeast NOT3 paralog; however, in contrast
with yeast, there is only one gene that encodes a NOT3/NOT5
ortholog in metazoans, termed NOT3 (or NOT3/5).% Finally,
NOT10, C20rf29 and TAB182 were identified as subunits of the
human CCR4-NOT complex, and these factors lack orthologs in
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Figure 1. Dm CCR4 interacts with POP2. (A) Domain organization of
Dm CCR4 and POP2. CCR4 contains a LRR domain and a catalytic EEP-
nuclease domain (CCR4-C). POP2 consists of a single RNase D-like DEDD
family catalytic domain. The numbers beneath the protein outline
represent the amino acid position at the fragment/domain boundaries.
(B) S2 cells were co-transfected with plasmids expressing GFP-tagged
CCR4 (full-length or fragments) and HA-tagged POP2. GFP-tagged
firefly luciferase (F-Luc) served as a negative control. Cell lysates were
immunoprecipitated with polyclonal anti-GFP antibodies. Inputs (1%)
and immunoprecipitates (5% GFP tagged proteins or 30% HA-tagged
proteins) were subjected to western blotting using anti-GFP and
anti-HA antibodies. (C) Interaction between GFP-tagged POP2 and the
indicated CCR4 mutants. (D) Interaction between GFP-tagged CCR4 and

the indicated POP2 mutants.

yeast.'®?* Unlike TAB182, NOT10 and C20rf29 are conserved
in metazoans, and NOT10 copurify with the Dm CCR4-NOT
complex.”” These observations point to differences in the compo-
sition of the CCR4-NOT complexes across species.
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Studies of the interaction between the subunits of the CCR4-
NOT complex have indicated that NOT1 acts as a scaffold for
the assembly of the complex, providing binding sites for both the
catalytic module and the CAF40, CAF130 and NOT2-NOT3/5
subunits.'®228 However, how the NOT10 and C20rf29 subunits
are incorporated into the CCR4-NOT complex and the precise
function of these subunits are unknown.

The differences in the composition of the CCR4-NOT com-
plexes in yeast and metazoans and the role of the metazoan
CCR4-NOT complex in post-transcriptional regulatory mecha-
nisms such as the miRNA pathway, which has no counterpart
in fungi, highlight the importance of studying the assembly and
function of this complex in multicellular eukaryotes. In this
study, we characterized the assembly of the CCR4-NOT com-
plex in D. melanogaster cells. We confirmed that the C-terminal
regions of NOT2 and NOT?3, which contain a highly conserved
NOT-box domain, interact and dock onto the NOT1 C-terminal
domain. We also defined the CAF40-binding site on NOT1 and
demonstrated that it overlaps with a domain of unknown func-
tion (DUF3819) that is located between the binding sites for the
catalytic module and the NOT2-NOT3 module. We further
show that the Dm CNOT10 and C20rf29 orthologs CG18616
and CG13567, respectively, interact, thereby defining a new
module of the CCR4-NOT complex. This module is recruited
to the CCR4-NOT complex via an interaction with the NOT1
N-terminal domain and C20rf29. Similar results were obtained
for the human CNOT10 and C20rf29 proteins in human cells.
Finally, our functional studies demonstrate that all subunits in
the CCR4-NOT complex trigger the degradation of a polyad-
enylated reporter in tethering assays and repress translation when
tethered to a reporter lacking a poly(A) tail. These observations
indicate that each subunit has the ability to recruit the remaining
subunits of the complex to an RNA target, repressing its expres-
sion through a common mechanism.

Results

Assembly of the catalytic module of the Dm CCR4-NOT
complex. To elucidate the assembly of the CCR4-NOT com-
plex in metazoans, we investigated the interactions between
the subunits of the CCR4-NOT complex in D. melanogaster
Schneider cells (S2 cells). CCR4 consists of an N-terminal
leucine-rich repeat (LRR) domain and a C-terminal catalytic
domain (CCR4-C), and belongs to the endonuclease-exonu-
clease-phosphatase (EEP) enzyme family (Fig. 1A).2%° Yeast
CCR4 has been shown to interact with POP2 through its LRR
domain.'*523 POP2 is a one-domain protein that adopts an
RNase D-like fold and belongs to the DEDD nuclease family
(Fig. 1A).5163432 POP2 interacts with NOT1 and the CCR4
LRR domain, thereby bridging the interaction between CCR4
and NOTI.12-16,18,21-23,26,27,33

In immunoprecipitation assays using S2 cell lysates, we con-
firmed that Dm CCR4 and POP2 interact and that this interac-
tion is mediated by the CCR4 LRR domain. Indeed, GFP-tagged
Dm CCR4 and the isolated LRR domain co-immunoprecipitated
HA-tagged POP2 (Fig. 1B, lanes 6 and 7). The CCR4 catalytic
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NOT-box (Fig. 2A).** The sequence
identity between the Dm NOT2
and NOT3 NOT-boxes is 28%.%* In addition to the NOT-box,
NOT?2 contains a less-conserved N-terminal extension, which is
rich in glycine (22.6%) and serine (12.4%) residues and is pre-
dicted to be unstructured (NOT2-Nj; Fig. 2A). NOT3 contains
a highly conserved N-terminal domain (NOT3-N) that is pre-
dicted to be primarily a-helical, which is connected to the NOT-
box by a linker region (NOT3-L) that is rich in serine (16.4%)
and glutamine (11.8%) residues (Fig. 2A).

To define the NOT2 and NOTS3 regions that are required
for their interaction, we performed co-immunoprecipitation

assays using S2 cells. We observed that GFP-tagged NOT3
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co-immunoprecipitated HA-tagged NOT2 and that this inter-
action was mediated by a NOT3 C-terminal fragment com-
prising the NOT-box (Fig. 2B, lanes 7 and 10). Conversely,
GFP-tagged NOT2 co-immunoprecipitated full-length NOT3
and NOT3-C, and these interactions were also mediated by the
NOT?2 C-terminal region containing the NOT-box (Fig. 2C and
D, lanes 8), which is in agreement with previous studies.'®"#728
The NOT2-NOT?3 interaction is direct because a GST (glu-
tathione S-transferase)-tagged NOT2 C-terminal fragment
(GST-NOT?2-C) pulled down the C-terminal NOT3 fragment,

which was expressed in Escherichia coli with a NusA tag (Fig. 2E,
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Figure 3. NOT1 interacts with the catalytic module and with the NOT2-NOT3 complex. (A) NOT1 domain organization. NOT1 consists of an N-terminal
(NOT1-N), middle (NOT1-M) and C-terminal (NOT1-C) region. The NOT1-N region contains a metazoan-specific a-helical domain (residues 1-412) that
interacts with NOT10 and NOT11 (NOT10/11-binding domain (NOT10/11-BD), this study). The NOT1-M region comprises a MIF4G domain that interacts
with POP2'>'¢ and a domain of unknown function (DUF3819) that interacts with CAF40 (this study). The NOT1-C region harbors a conserved NOT1
domain. (B) S2 cells were co-transfected with plasmids expressing GFP-tagged NOT1 and HA-tagged deadenylase subunits as indicated. GFP-tagged
firefly luciferase served as a negative control. Cell lysates were immunoprecipitated using polyclonal anti-GFP antibodies. Inputs and immunopre-
cipitates were analyzed as described in Figure 1. (C) Interaction of POP2 with the NOT1-M region and the MIF4G domain. (D and E) The interaction of
GFP-NOT1 (full-length or the indicated fragments) with HA-tagged NOT2 and NOT3 was analyzed as described in Figure 1.

lane 4). We conclude that the NOT2 and NOT3 C-terminal
regions containing the NOT-boxes mediate the assembly of the
NOT2-NOT3 complex.

Binding of POP2-CCR4 and NOT2-NOT3 complexes to
the NOT1 scaffold. Studies of the interaction of the CCR4-
NOT complex subunits indicate that NOT1 serves as a scaffold
protein, providing binding sites for the catalytic module and the
additional subunits of the complex (Fig. 3A).'%#28 Therefore, we
investigated the interaction of NOT1 with the conserved core
components of the CCR4-NOT complex. We observed that
GFP-tagged NOT1 co-immunoprecipitated HA-tagged NOT?2,
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NOT3, POP2 and CCR4 (Fig. 3B), which is in agreement with
the hypothesis that NOT1 serves as a scaffold protein.

To define the NOT1 domains involved in binding to the
core complex subunits, we performed co-immunoprecipitation
assays using a series of NOT1 deletion mutants. Sequence com-
parison, secondary structure predictions and available structural
information indicate that NOT1 consists of three main regions:
N-terminal (NOT1-N), Middle (NOT1-M) and C-terminal
(NOT1-C) (Fig. 3A). The NOT1-N is predicted to be entirely
a-helical and structural information is available for a S. cerevi-
stae N-terminal region corresponding to Dm NOTI1 residues
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415-1,373.® The NOTI-M region contains an N-terminal
MIF4G domain that directly interacts with POP2>'® and a
DUF3819 domain of unknown function (Fig. 3A). The NOT1-C
region contains a conserved NOT1 homology domain (Fig. 3A).

First, we confirmed that the NOT1-M region interacts with
POP2 via the MIF4AG domain as was recently shown for human
and yeast POP2 (Fig. 3C, lanes 8 and 10).”>'® We also inves-
tigated the NOTT1 interaction with NOT2 and NOT3 and
observed that these interactions were mediated by the NOT1-C
domain (Fig. 3D and E, lanes 12), which is in agreement with

previous studies.'®22%

NOT2 and NOTS3 interact with NOT1 via their C-terminal
regions, which contain the NOT-boxes. We next defined the
NOT2 and NOT3 regions required for NOT1-C binding. We
observed that the regions mediating NOT2-NOT3 interac-
tion were also required for NOT1-C binding. Indeed, NOT2
and NOT3 co-immunoprecipitated NOT1-C through their
C-terminal regions (Fig. 4A and B). Previous studies have indi-
cated that the interaction between NOT1 and NOT3 is medi-
ated by NOT2.!821:222428 To more precisely define the NOT2
sequences that interact with NOT1 and NOT3, we generated
a series of C-terminal fragments containing the NOT-box (resi-
dues 444-566) and increasing N-terminal extensions. However,
only the NOT2 fragment 402—585 interacted with NOT1-C and
NOT3-C as efficiently as full-length NOT2 (Fig. 4C and D,
lane 12 vs. 10), whereas the 436585 fragment failed to interact
with NOT1-C and exhibited residual NOT3 binding (Fig. 4C
and D, lane 13). These results indicate that the NOT2 NOT-
box is not sufficient for NOT1 and NOT3 binding and that
residues 402-436 (upstream of the NOT-box) are required for
the interaction with NOT1 and NOT?3. To determine whether
these residues were sufficient for NOT1 binding, we performed
co-immunoprecipitation assays using NOT2 fragments compris-
ing residues 1-436 and 402-436 (fused to GFP). We observed
that these fragments did not interact with NOT1 (Fig. 4E, lanes
7 and 8). Therefore, both the NOT2 NOT-box and the upstream
N-terminal sequences (residues 402—436) are required for NOT1
binding.

CAFA40 interacts with a middle region of NOT1. CAF40 con-
tains a highly conserved domain comprising six armadillo repeats
(Fig. 5A).% In yeast, CAF40 interacts with NOT1; however, the
domains mediating the NOT1 and CAF40 interaction have not
been precisely defined.” In immunoprecipitation assays, we con-
firmed that CAF40 preferentially associates with NOT1 (Fig.
5B, lane 8), specifically, the NOT1-M region (Fig. 5C, lane 9).
These results indicate that CAF40 binds NOT1 independently
of NOT2 and NOT3, which interact with the NOT1-C frag-
ment. A more detailed analysis indicates that CAF40 interacts
with the C-terminal portion of the NOT1-M fragment (residues
1,387-1,717) comprising the DUF3819 domain and not with
the MIF4G domain, which interacts with POP2>!¢ (Fig. 5D,
lane 14). Moreover, CAF40 interacts with a NOT1-M fragment
harboring a mutation that abolishes its interaction with POP2
(K1277A)' (Fig. 5D, lane 16). These results indicate that CAF40
binds NOT1 independently of POP2. Additionally, CAF40 did
not detectably interact with NOT10 and C20rf29 (see below).
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The interaction between CAF40 and NOT1 fragment 1,387—
1,717 was mediated by the highly conserved armadillo repeat
domain in CAF40 (Fig. 5E, lane 6).

NOT10 and C20rf29 (NOT11) form a conserved module
of the CCR4-NOT complex. Human CNOT10 and C20rf29
were originally identified as subunits of the human CCR4-NOT
complex.'®2° These proteins are conserved in D. melanogaster
(NOT10 and CG13567, respectively) and NOT10 co-purify with
the Dm CCR4-NOT complex.”” Both proteins are predicted to
be primarily a-helical. CG13567 contains a conserved domain of
unknown function named DUF2363 (Fig. 6A). In the accompa-
nying manuscript by Mauxion et al.,** human C20rf29 is shown
to be a bona fide subunit of the human CCR4-NOT complex
and is termed CNOTT11. In accordance with the accompany-
ing manuscript,’® we will refer to Dm CG13657 as Dm NOT11
hereafter.

In immunoprecipitation assays, we observed that NOT10
strongly interacted with NOT11, suggesting that they form a
complex (Fig. 6B, lane 7). NOT10 also interacted with itself
(Fig. 6B, lane 6). Conversely, NOT11 strongly interacted with
NOT10 (Fig. 6C, lane 6).

To investigate whether the NOT10-NOT11 interaction was
direct, we coexpressed the proteins in E. coli. We observed that
MBP (maltose binding protein)-tagged NOT10 co-purified with
GST-tagged NOT11, but not with GST, on glutathione agarose
beads (Fig. 6D, lane 6 vs. 4). Conversely, GST-NOT11 copu-
rified with MBP-NOT10 but not with MBP on amylose resin
(Fig. 6D, lane 9 vs. 8). Furthermore, the expression levels of
MBP-NOT10 increased by coexpression with GST-NOT11. We
conclude that NOT10 and NOT11 directly interact and form a
new module of the CCR4-NOT complex.

The NOT10-NOT11 complex interacts with the N-terminal
NOT1 domain. To investigate how the NOT10-NOT11 com-
plex interacts with the CCR4-NOT complex, we performed
immunoprecipitation assays in S2 cells. We observed that NOT1
and NOT10 interact with NOT11 (Fig. 7A, lanes 10 and 11,
respectively). The NOT1-NOT1I interaction was detectable only
when NOT11 was used as bait (Fig. 7A and data not shown) and
was enhanced in S2 cells in which NOT10 was also coexpressed
(Fig. 7A, lane 12 vs. 10), suggesting that NOT10 and NOT11
interact with NOTT as a complex. Further analysis revealed that
NOT10 interacts with the NOT1-N region (Fig. 7B, lane 8 and
Fig. 7C, lane 10) but not with the NOT1-M or NOT1-C frag-
ments (Fig. 7B, lanes 9 and 10 and Fig. 7C, lane 11). Moreover,
the 412 N-terminal-most residues of NOT1 were sufficient for
binding to NOT10 (Fig. 7C, lane 12), although the NOT1 frag-
ment 416-1,148 retained residual binding (Fig. 7C, lane 14).

To investigate which protein in the NOT10-NOT11 com-
plex directly interacts with, NOT1 we co-expressed GST-tagged
NOT1 N-terminal fragments (1-412 or 1-1,083) with MBP-
tagged NOT10 or NOT11 in E. coli and performed pull-down
assays. We found that NOT11, but not NOT10, interacted with
the NOT1 N-terminal fragments (Figs. 7D and E, lanes 6 and 9;
and data not shown), indicating that NOT11 is the subunit that
docks the NOT10-NOT11 complex onto the NOT1-N domain.

This result was unexpected because in immunoprecipitation
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Figure 4. The NOT2 NOT-box is not sufficient for binding to NOT1-C and NOT3-C. (A and B) Interaction between GFP-tagged NOT3 and NOT2 (full-
length or fragments) and HA-tagged NOT1-C. (C-E) Interaction between GFP-tagged NOT2 (full-length or fragments) and HA-tagged NOT1-C and

assays, NOT10 interacted with NOT1 more efficiently and
enhanced NOT11 binding (Fig. 7A). One possible explanation
for this observation is that NOT11 is present in excess in S2 cells.
Therefore, overexpressed NOT10 efficiently binds endogenous
NOT11 and NOT1, whereas overexpressed NOT11 does not
efficiently compete with endogenous NOT11 for NOT1 binding
unless NOT10 is also overexpressed. This possibility also sug-
gests that NOT10 facilitates the interaction between NOT11
and NOTT1, either by contacting NOT1 directly or by stabilizing
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the NOTT11 fold. Together, our results indicate that NOT10 and
NOTT11 form a complex that docks onto the NOTT scaffold via
interactions with NOT11 and the N-terminal NOT1 domain.
Human CNOTI10 and CNOTI11 form a complex that
interacts with the CNOT1 N-terminal domain. To investigate
whether the interactions between NOT1, NOT10 and NOT11
are conserved in humans, we performed immunoprecipitation
assays of the human orthologs in human HEK293 cells (Fig. 8A).
As observed for the D. melanogaster proteins, human CNOT10
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HA-tagged NOT1 fragment comprising the DUF3819 domain.

Figure 5. CAF40 interacts with a NOT1 fragment comprising the DUF3819 domain. (A) CAF40 contains a highly conserved domain comprising six
armadillo repeats (ARM). (B) S2 cells were transiently transfected with expression vectors encoding GFP-tagged subunits of the CCR4-NOT complex
and HA-tagged CAF40. Cell lysates were immunoprecipitated using anti-GFP antibodies and analyzed as described in Figure 1. GFP-F-Luc served as
a negative control. (C) Interaction between GFP-tagged NOT1 (full-length or fragments) and HA-tagged CAF40. (D) Interaction between GFP-tagged
CAF40 and the indicated HA-tagged NOT1 fragments. (E) Interaction between GFP-tagged CAF40 (full-length or the armadillo repeat domain) and a

interacted with CNOT1 and CNOT 11 (Fig. 8B, lanes 9 and 14,
respectively). More specifically, CNOT10 interacted with the
N-terminal domain of CNOT1 (CNOT1-N) but not with the
CNOT1-M or CNOT1-C domains (Fig. 8B, lanes 10-12). The
interaction between CNOT11 and CNOT1 was weak and was
enhanced when CNOT10 was co-expressed as observed in S2
cells (Fig. 8C, lane 6 vs. 8). In contrast to the D. melanogaster
proteins, the 302 N-terminal-most residues of CNOT1 were not
sufficient for CNOT10 binding (Fig. 8B, lane 13).

Human CNOTI11 consists of a highly conserved C-terminal
DUF2363 domain (residues 260—496; Fig. 8A) and a less con-
served N-terminal region that is absent in D NOT11. Because
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the interaction of CNOTI11 with CNOT10 is conserved, we
speculated that this interaction is most likely mediated by the
most conserved region of CNOT11, the DUF2363 domain.
Accordingly, we observed that a CNOT11 fragment comprising
the DUF2363 domain interacted with CNOT10 as efficiently as
full-length CNOT11 did (Fig. 8D, lanes 6 vs. 5). We conclude
that CNOT10 and CNOT11 form a complex that interacts with
CNOT1 in both human and D. melanogaster cells.

NOT10 and NOT11 promote the degradation of bound
mRNAs. Tethering of the CCR4-NOT complex subunits pro-
motes the degradation of polyadenylated mRNA targets.'>%
These effects have been shown for NOT1, NOT2, NOT3, CCR4
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vious studies,'™ tethering of the AN-tagged

NOT1, NOT2, NOT3, CCR4 and POP2
subunits reduced luciferase activity without
affecting mRNA abundance (Fig. 9E and

amylose resin (lanes 7-9).

Figure 6. NOT10 directly interacts with NOT11. (A) NOT10 and NOT11 (also known as CG13567
or C20rf29) are predicted to be primarily a-helical. NOT11 contains a conserved domain of
unknown function named DUF2363. (B and C) S2 cells were transiently transfected with
expression vectors encoding GFP-tagged NOT10, NOT11 or CAF40 and HA-tagged NOT10 (B)
or NOT11 (C). Cell lysates were immunoprecipitated with anti-GFP antibodies and analyzed as
described in Figure 1. (D) The interaction between recombinant GST-tagged NOT11 and an
MBP fusion of NOT10 was analyzed by SDS-PAGE followed by Coomassie blue staining. The
pull-downs were performed using glutathione agarose beads (lanes 4-6) or amylose resin
(lanes 7-9). Input samples (1%) and bound fractions (50%) were analyzed on SDS PAGE. The
asterisk indicates a contaminant protein that copurified with GST (lane 4) or bound to the

F).1*37 CAF40 was a potent translational
repressor when expressed at comparable levels,
whereas NOT10 was inactive at the concen-
tration tested (Fig. 9E). These results indi-
cate that the tethering of any subunit of the
CCR4-NOT complex leads to the recruitment
of additional subunits via direct and indirect
protein-protein interactions (except NOT10
at this concentration), resulting in the transla-

tional repression of unadenylated reporters or

and POP2.'% These data suggest that tethered complex subunits
recruit the catalytic module to promote the deadenylation and
degradation of mRNAs. Additionally, the CCR4-NOT com-
plex subunits repress the translation of mRNA reporters lacking
poly(A) tails in tethering assays, indicating that the CCR4-NOT
complex has the ability to repress translation in the absence of
deadenylation.!™” The identity of the CCR4-NOT subunits
mediating translational repression and the mechanism of this
repression are unknown.

To gain insight into the role of NOT10 and NOT11, we
compared the activity of these proteins with that of additional
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the deadenylation and degradation of polyad-
enylated mRNAs.

Multiple NOT1 domains promote target degradation.
Given that all of the CCR4-NOT complex subunits have the
ability to recruit the complete complex, tethering assays using
full-length proteins do not reveal the contribution of the individ-
ual subunits to translational repression and mRNA degradation.
Therefore, we examined the activity of isolated protein domains.
We observed that the NOT1-N fragment, which interacts with
NOT10 and NOT11, was inactive in tethering assays, irrespec-
tive of the poly(A) tail (Fig. 10A-F). Accordingly, deletion of
the NOTI-N region did not significantly affect the activity of
the NOTT1 protein in tethering assays (Fig. 10A-F). NOT1
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Figure 7. The NOT10-NOT11 complex interacts with the NOT1 N-terminal domain. (A) S2 cells were co-transfected with a mixture of two plasmids: one
expressing GFP-NOT11 and one expressing HA-NOT1. In addition, where indicated, the transfection mixtures contained a third plasmid expressing
HA-NOT10 (lanes 2, 3, 5 and 6). Cell lysates were immunoprecipitated using polyclonal anti-GFP antibodies. The inputs and immunoprecipitates were
analyzed by western blotting as described in Figure 1. (B and C) Interaction between GFP-tagged NOT1 (full-length or fragments) and HA-tagged
NOT10. (D and E) The interaction between recombinant GST-tagged NOT1 (1-1083 or 1-412) and an MBP fusion of NOT11 was analyzed by SDS-PAGE
followed by Coomassie blue staining, as described in Figure 6D.
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Figure 8. The NOT10-NOT11 complex is conserved in human cells. (A)
Human CNOT1 consists of an N-terminal (NOT1-N), middle (NOT1-M)
and C-terminal (NOT1-C) region. The POP2-binding domain adopts an
MIF4G fold and is termed the CNOT1 MIF4G domain.”'® The CNOT1-C
region harbors a conserved NOT1 homology domain. (B) GFP-tagged
CNOT1 (full-length or fragments) or GFP-CNOT11 were co-expressed
with HA-tagged CNOT10 in HEK293 cells. The GFP-tagged proteins were
immunoprecipitated from RNase A-treated cell lysates using anti-GFP
antibodies. GFP-tagged MBP served as a negative control. Inputs (1.25%
for the GFP-tagged proteins or 0.5% for HA-tagged proteins) and immu-
noprecipitates (10% for the GFP-tagged proteins or 25% for HA-tagged
proteins) were analyzed by western blotting. (C) HEK293 cells were
cotransfected with a mixture of two plasmids: one expressing GFP-
CNOT1 and one expressing HA-CNOT11. In addition, where indicated,
the transfection mixtures contained a third plasmid expressing HA-
CNOT10 (lanes 3, 4, 7 and 8). Cell lysates were immunoprecipitated us-
ing polyclonal anti-GFP antibodies. The inputs and immunoprecipitates
were analyzed by western blotting as described in B. (D) Interaction of
GFP-tagged CNOT11 (full-length or DUF2363 domain) with HA-tagged
CNOT10 in HEK293 cells.
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fragments were expressed at comparable levels (Fig. 10G). This
result suggests that the NOT1-N region and, thus, the NOT10-
NOTI1 complex may not participate in post-transcriptional
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mRNA regulation. In contrast, the NOT1-M and NOTI-C
fragments elicited translational repression and mRNA degrada-
tion (Fig. 10A-F). The activity of the NOT1-M fragment was
reduced by a single amino acid substitution (K1277A), which
disrupts POP2 binding'® (Fig. 10H), indicating that the activity
of the NOT1-M fragment is primarily mediated by the catalytic
module but not by CAF40. However, the K1277A mutation had
only a minor effect in the context of full-length NOT1 (Fig. 10I),
indicating that the interaction with POP2 contributes but is not
strictly required for NOT1 to promote translational repression
and mRNA degradation in tethering assays.

The catalytic module requires interaction with the NOT
module for full activity. We next tested the activity of POP2
and CCR4 mutants in tethering assays. A catalytically inac-
tive POP2 mutant (Cat, D53A+E55A) promoted mRNA deg-
radation as reported previously."®¥ In contrast, a POP2 mutant
(E151A)' that does not interact with NOT1 was impaired in
tethering assays (Fig. 11A). Similarly, mutations that disrupt the
interaction with CCR4 (C80E,L84E) impaired POP2 activity in
tethering assays (Fig. 11A). POP2 activity was abolished when
the mutations that disrupt NOT1 and CCR4 binding were com-
bined (Fig. 11A). The effect of these mutations was independent
of whether POP2 was catalytically active or inert (Fig. 11A).
These results indicate that wild-type POP2 requires interaction
with NOT1 and CCR4 for full activity and that the catalytic
activity of POP2 is not sufficient to trigger degradation of the
reporter in tethering assays. All POP2 mutants were expressed at
comparable levels (Fig. 11B).

For CCR4, we observed that the isolated LRR, but not the
catalytic domain (CCR4-C), was active in tethering assays at
the concentrations tested (Fig. 11C). Accordingly, a catalyti-
cally inactive CCR4 mutant also promoted target degradation
(Fig. 11C, Cat: D412A,N414A). This mutant still interacted
with POP2 (Fig. 1C, lane 14). The activity of CCR4 or the iso-
lated LRR was abolished by mutations that disrupt POP2 binding
(L42E,144E) despite the fact that these mutants were expressed
at levels comparable to the wild-type (Fig. 11D). Therefore, as
shown for POP2, the catalytic activity of CCR4 is not sufficient

RNA Biology 237
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Figure 9. For figure legend, see page 239.
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CCR4-NOT complex subunits.

Figure 9 (See previous page). All subunits of the CCR4-NOT complex elicit translational repression and mRNA degradation in tethering assays. (A and
B) S2 cells were transfected with a mixture of three plasmids: one expressing the F-Luc-5BoxB reporter, one expressing Renilla luciferase (R-Luc) as a
transfection control and a plasmid expressing the AN-HA or AN-HA-tagged subunits of the CCR4-NOT complex. Firefly luciferase activity was normal-
ized to that of Renilla luciferase and set to 100 in cells expressing AN-HA. The mean values + standard deviation of three independent experiments are
shown in panel A. (B) northern blot of representative RNA samples. The numbers below the panel indicate the F-Luc-5BoxB reporter levels normalized
to that of the R-Luc mRNA and set to 100 in cells expressing the AN-HA peptide. Mean values + standard deviation of three independent experiments
are shown. (C and D) An experiment similar to that described in A and B was performed using an F-Luc reporter lacking the Box B hairpins. (E and F)
An experiment similar to that described in A and B was performed using an F-Luc-5BoxB reporter in which the cleavage and polyadenylation signal
was substituted with a self-cleaving hammerhead ribozyme (F-Luc-5BoxB-HhR). (G) Western blot showing the expression levels of the AN-HA tagged

to trigger degradation of the reporter in tethering assays at the
concentration tested. However, it is important to note that at
higher concentrations, the catalytic domain was active.

Importantly, the POP2 and CCR4 mutants that promoted
degradation of the polyadenylated reporter also promoted trans-
lational repression of the unadenylated reporter (Fig. S1), indi-
cating that these activities are interconnected. Furthermore, at
the concentration tested, the proteins had no effect on a reporter
lacking the BoxB hairpins, indicating that the effects are specific
(Fig. S1).

The NOT2 N-terminal domain promotes the translational
repression and degradation of bound mRNAs. We also ana-
lyzed the activity of NOT2 and NOT3 fragments. For NOT?2,
we observed that the N-terminal extension and the C-terminal
region were active in tethering assays (Fig. 12A and B). In
contrast, for NOT3, only the C-terminal region, which inter-
acts with NOT2, was active (Fig. 12C and D), suggesting that
NOT3 promotes mRNA degradation through its interaction
with NOT2, which, in turn, interacts with the remainder of
the CCR4-NOT complex. As shown for POP2 and CCR4, the
NOT2 and NOT3 fragments that promoted degradation of the
polyadenylated reporter also promoted translational repression of
the unadenylated reporter but had no effect on a reporter lacking
the BoxB hairpins (Fig. S1).

The observation that the isolated NOT2 N-terminal region
promotes target degradation was unexpected because this region
exhibited no detectable interaction with the core complex sub-
units, suggesting that this region interacts with unidentified pro-
tein partners. Our observations indicate that in contrast to the
full-length proteins, only a subset of protein domains can cause
translational repression and mRNA degradation independently
(e.g., NOT2-N, NOT2-C, NOT1-M and NOT1-C). Further
studies are required to determine whether these domains have
intrinsic activity or interact indirectly with additional complex
subunits or with unknown partners to regulate mRNA expres-
sion. In particular, structural studies of the interaction of sub-
units of the complex are needed to provide information on how to
specifically disrupt these interactions, which is of critical impor-
tance to evaluate the contribution of the individual subunits to
mRNA degradation and translational repression.

Discussion
The CCR4-NOT complex is a master regulator of mRNA

expression. It promotes translational repression, which can
occur even in the absence of deadenylation, and can direct the
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irreversible degradation of mRNA targets.*®!** In addition to
its role in mRNA regulation, the CCR4-NOT complex has been
implicated in a wide range of cellular processes, including tran-
scription, ubiquitination, DNA repair and protein modification.®
Although most of the complex subunits are conserved among
eukaryotes, yeast-specific and metazoan-specific subunits have
been described, indicating that the complex composition differs
across species. Therefore, the study of this multifunctional com-
plex in diverse organisms is relevant and promises to further our
understanding of its diverse molecular functions. In this study,
we characterized the Dm CCR4-NOT complex. We confirmed
and extended the interactions that have been described in other
species and defined the domains mediating the NOT1-CAF40
interaction (Fig. 13). We further demonstrated that NOT10
and NOTII interact and dock onto the N-terminal NOT1
domain through NOT11 (Fig. 13) in both D. melanogaster and
human cells. Similar results are presented in the accompanying
manuscript describing interactions between human CNOT10,
CNOT11 and CNOT1.** We conclude that NOT10 and NOT11
form a conserved module of the CCR4-NOT complex. Finally,
our analysis of the protein domains that mediate the interac-
tions between the subunits and play a role in mRNA degradation
provides a foundation for future studies aimed at understanding
how the complex assembles and regulates the expression of target

mRNA:s.
Materials and Methods

Co-immunoprecipitation assays in D. melanogaster and human
cells. The plasmids encoding the deadenylase subunits for expres-
sion in D. melanogaster S2 cells are described in Table S1. Plasmids
encoding Dm NOT10 (CG18616), Dm C20rf29 (CG13567) and
Dm CAF40 (CG14213) were generated by inserting the corre-
sponding cDNAs into the pAc5.1-EGFP and pAc5.1-ANHA vec-
tors using the following restriction sites: EcoRV-Xbal (NOT10) and
HindIII-Xbal (CG13567 and CAF40). Co-immunoprecipitation
assays using S2 cells were performed as previously described.” S2
cells were grown in 6-well dishes, transfected using Effectene
(Qiagen) transfection reagent and harvested 3 d after transfection.
The transfection mixtures contained a total of 2—5 pg of plasmid,
including both HA-tagged and GFP-tagged proteins. A plasmid
expressing GFP-F-Luc served as a negative control. HA and GFP-
tagged proteins were detected using HRP-conjugated monoclonal
anti-HA (Roche 3F10; 1:5,000) and anti-GFP antibodies (Roche,
catalog number 11814460001; 1:2,000), respectively. All western
blots were developed using the ECL western blotting detection
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using the F-Luc-5BoxB reporter as described above.

Figure 10 (See previous page). Activity of NOT1 protein domains in tethering assays. (A and B) A tethering assay was performed as described

in Figure 9A with NOT1 (full-length or fragments). Firefly luciferase activity was normalized to that of Renilla luciferase and set to 100 in the cells
expressing AN-HA. The mean values + standard deviation from three independent experiments are shown in A. (B) northern blot of representative
RNA samples analyzed as described in Figure 8B. (C and D) Tethering assay using the F-Luc reporter lacking the Box B hairpins. (E and F) Tethering
assay using the unadenylated F-Luc-BoxB-HhR reporter. (G) Western blot showing the expression level of the protein fragments tested. (H and I)
The effect of the K1277A mutation (which disrupts POP2 binding)'® on the activity of NOT1-M and full-length NOT1 was tested in tethering assays

system (GE Healthcare) as recommended by the manufacturer.
Co-immunoprecipitation assays in human HEK293 cells were
performed as described previously.'® Plasmids expressing deadenyl-
ase subunits in human cells were described previously.” Plasmids
encoding GFP or HA-tagged human CNOT10 were generated
by inserting the CNOT10 ¢cDNA (clone on15275; Kazusa DNA
Research Institute) into the pEGFP-C1 and pAN-HA-C1 vectors,
respectively, using the BamHI and Xhol restriction sites. Plasmids
encoding GFP or HA-tagged human CNOT11 (full-length or
fragment 260-496) were generated by inserting the CNOT11
cDNA into the pI'7-EGFP-CI and pAN-HA-C1 vectors, respec-
tively, using the BamHI and Kpnl (CNOT11 full-length) or the
BamHI and Xhol (CNOT11 260-496) restriction sites.

In vitro pull-down assays. To express the Dm NOT2-C
fragment in E. coli, the corresponding cDNA was cloned into
the pnEA-NvG vector,® resulting in an N-terminal TEV pro-
tease-cleavable GST-tagged NOT2-C protein (Table S1). Dm
NOT3-C was cloned into the pETM-60 plasmid and resulted in
a vector encoding N-terminal NusA-tagged proteins. To express
the Dm NOT1 fragments 1-412 and 1-1,083 in E. coli, the cor-
responding cDNAs were cloned into the pnEA-NvG and pnEA-
NpG vectors, respectively,® resulting in N-terminal GST fusion
proteins. For co-expression, the full-length Dm NOT10 cDNA
was cloned into pnYC-NpHM, and the full-length D NOT11
cDNA was cloned into both pnYC-NpHM and pnEA-NpG vec-
tors,™® resulting in N-terminal MBP or GST fusion proteins,
respectively. GST-NOT11 or GST-NOT1 was co-expressed with
MBP-NOT10 or MBP-NOT11 in E. coli BL21 cells at 20°C over-
night. Cells were resuspended in lysis buffer [50 mM Tris-Cl (pH
7.5), 200 mM NaCl, 2 mM MgCl,, 2 mM ATP, 1 mM DTT]
supplemented with lysozyme (1 mg/ml), DNase I (5 pg/ml) and
protease inhibitors. Cell lysates were incubated on ice for 10 min,
lysed by sonication and cleared by centrifugation. Cleared lysates
were incubated with 50 pl (50% slurry) of Protino Glutathione
Agarose 4B beads (Macherey Nagel) or 50 wl (50% slurry) of
amylose resin (New England BioLabs) for 1 h at 4°C with gentle
rotation. Beads were washed three times with lysis buffer. The

bound proteins were eluted with 40 .l of sample buffer [50 mM
TRIS-HCI (pH 6.8), 2% SDS, 10% (v/v) glycerol, 100 mM
DTT and 0.05% bromophenol blue] and separated on an 11%
SDS-PAGE.

Tethering assays in S2 cells. For the AN-tethering assay,
S2 cells were grown in 6-well dishes and transfected using
Effectene transfection reagent (Qiagen). The transfection mix-
tures contained the following plasmids: 0.1 pg of reporter plas-
mid (F-Luc-5BoxB, F-Luc or F-Luc-5BoxB-Hhr), 0.4 pg of
pAc5.1-R-Luc as a transfection control and various quantities of
pAc5.1IAN-HA constructs encoding the CCR4-NOT subunits
that were adjusted to obtain comparable protein expression levels
as follows: 1,000 ng for the AN-HA control, NOT1 and NOT11;
100 ng for NOT10 and CAF40; 70 ng for CCR4; 30 ng for
NOT2 and 5 ng for NOT3 and POP2. When necessary, the total
amount of transfected DNA was adjusted to 1.5 pg using the
pAc5.1A plasmid lacking an insert. Firefly and Renilla luciferase
activities were measured three days after transfection using the
Dual-Luciferase Reporter Assay System (Promega). Total RNA
was isolated using TriFast (Peqlab Biotechnologies) and analyzed
as previously described.?®
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Figure 12. The NOT2-N-terminal domain is active in tethering assays. (A and C) Tethering assays
were performed as described in Figure 9A with the indicated NOT2 and NOT3 fragments. Firefly
luciferase activity was normalized to that of Renilla luciferase and set to 100 in the cells expressing
the AN-HA peptide. (B and D) Western blot showing the expression level of the protein fragments
tested.
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