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Abstract

The human Ccr4–Not complex is a central regulator of post-transcriptional gene regulation,
impacting on translation and mRNA degradation. In mRNA degradation, Ccr4–Not
participates in the shortening of the mRNA poly(A)-tail via two catalytic subunits. The
Caf1 nuclease is encoded by the highly similar paralogues CNOT7 or CNOT8. In addition
to its poly(A)-specific ribonuclease activity, this subunit also provides a structural role by
binding Ccr4, the second catalytic nuclease subunit encoded by the paralogues CNOT6 or
CNOT6L. To facilitate investigations into the roles of the Caf1 subunit, and to complement
genetic tools, we set out to identify inhibitors of the enzymatic activity of Caf1/CNOT7. To
this end, we screened a library of 10,880 chemically diverse, drug-like compounds using a
fluorescence-based biochemical assay. This effort led to the discovery of 15 inhibitors
of Caf1/CNOT7 with biochemical IC50 values below 25 µM. Molecular docking was
performed to explore potential binding modes of these compounds. The compounds
reported here may be useful to differentiate between catalytic and non-catalytic roles of
Caf1/CNOT7. In addition, they may be valuable starting points for the development of
more potent inhibitors of the Caf1/CNOT7 poly(A)-selective ribonuclease.

Keywords: Caf1; CNOT7; CNOT8; mRNA; deadenylase; inhibitor; nuclease; gene regulation;
compound screening

1. Introduction
The eukaryotic Ccr4–Not complex plays an important role in post-transcriptional

gene regulation by influencing translation and mRNA degradation [1–5]. In yeast and
human cells, the complex is the main enzyme involved in shortening of the poly(A) tail
(deadenylation) and can directly interact with the translating ribosome [6–8].

In mRNA degradation, the Ccr4–Not complex collaborates with Pan2-Pan3 in mRNA
deadenylation, which is the first and often rate-limiting step in cytoplasmic mRNA degra-
dation [3,9–11]. The complex contains two catalytic subunits with poly(A)-selective ri-
bonuclease activity. The Caf1 subunit belongs to the RNAse D superfamily of nucleases
and provides the complex with 3′-5′ exoribonucleolytic activity selective for poly(A) se-
quences [12,13]. In addition, the Caf1 subunit has a structural role that facilitates binding of
the second poly(A)-selective nuclease, Ccr4. The Ccr4 subunit binds Caf1 via a leucine-rich
repeat (LRR) domain [14–16], while its catalytic activity is provided by an endonuclease–
exonuclease–phosphatase (EEP) domain [17]. Currently, there is conflicting evidence as
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to whether the Caf1 and Ccr4 subunits collaborate during deadenylation, or whether
they have specialised functions. Some studies reported possible inter-dependence of the
two catalytic subunits [18–20], while other reports suggested that the catalytic subunits act
independently [21,22].

In metazoan cells, the Caf1 and Ccr4 subunits are each encoded by two paralogues,
CNOT7/CNOT8 and CNOT6/CNOT6L, respectively [23]. In human and mouse cells,
the paralogues have overlapping roles and their functions are largely redundant [24–26].
However, targeted disruption of Cnot7 and Cnot8 leads to different phenotypes in mice,
indicating that these paralogues are not fully redundant in all cell types. Inactivation of
Cnot8 is embryonically lethal [26]. By contrast, Cnot7 knockout mice are viable and appear
normal, but have several phenotypes, including defective spermatogenesis, resistance to
diet-induced obesity, and increased bone mass due to enhanced osteoblast activity [27–30].
Cnot7 has also been implicated in the promotion of breast cancer metastasis, which is
dependent on its nuclease activity [31].

Because the contributions of the Caf1 and Ccr4 subunits are not fully understood,
we set out to develop Caf1/CNOT7 inhibitors. Such inhibitors are useful to dissect the
catalytic and structural roles of the protein. To facilitate the discovery and development
of Caf1/CNOT7 inhibitors, we previously developed a fluorescence-based assay that is
suitable for the quantitative analysis of deadenylase activity [32]. This assay was used in
combination with virtual screening for the discovery of substituted 5-(2-hydroxybenzoyl)-
2-pyridone analogues as inhibitors of the human Caf1/CNOT7 ribonuclease [32,33]. In
addition, the assay was employed for the development of a series of 1-hydroxy xan-
thine analogues, with the most potent inhibitor displaying micromolar activity towards
Caf1/CNOT7 [34].

Because our previously identified inhibitors displayed limited potency, we aimed to
identify new starting points for the development of more potent inhibitors. To identify
new, structurally unrelated inhibitors, we set out to screen a library of 10,880 synthetic
compounds that were selected based on structural diversity and drug-likeness using our
previously described fluorescence-based assay. Using this approach, we discovered 15 drug-
like inhibitors with IC50 values below 25 µM. A further six inhibitors were identified with
IC50 values ranging from 50 to 230 µM. The compounds reported here may be useful as
pharmacological tools to analyse the function of Caf1/CNOT7 as an alternative to genetic
approaches, and are valuable starting points for the development of more potent inhibitors
of Caf1/CNOT7 using medicinal chemistry.

2. Materials and Methods
2.1. Compound Screening

A representative subset of compounds (n = 10,880, purity > 95%) was selected from
the Nottingham Managed Chemical Compound Collection. Compounds had the follow-
ing profile: MWr between 200 and 500, cLog P between 1 and 5, aromatic ring count
between 2 and 3, <10 non-terminal rotatable bonds, between 2 and 6 H-bond acceptors, and
<3 H-bond donors.

Compounds (10 mM in DMSO) were stored in a dry, inert environment at −20 ◦C
in an automated sample management system (comPOUND, TTP Labtech Technology,
Melbourn, UK). After dispensing aliquots in 96-well plates, compounds were diluted to
0.5 mM in 20% DMSO/water. Aliquots (4 mL; 25% DMSO/water) were transferred to black
U-well 384-well plates (Greiner Bio-One, Kremsmünster, Austria) using a multichannel
pipette. Subsequent screening was carried out as described before [32] with modifications
for use with a Biomek 3000 liquid handler (Beckman Coulter, Brea, CA, USA). First, enzyme
(8 µL containing 1.0 µM Caf1/CNOT7, 50 mM Tris–HCl pH 7.9, 125 mM NaCl, 5 mM
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MgCl2, 25% glycerol, 2.5 mM β-mercaptoethanol) was added. After mixing, the mixture
was left at room temperature for 15 min before the addition of RNA substrate (8 µL;
0.25 µM Flc-RNA substrate in H2O). The composition of the final reaction mixture was:
0.4 µM Caf1/CNOT7, 0.1 µM Flc-RNA substrate, 20 mM Tris–HCl pH 7.9, 50 mM NaCl,
2 mM MgCl2, 10% glycerol, 1 mM β-mercaptoethanol, 5% DMSO, and 100 µM library
compound. After incubation at 30 ◦C for 60 min, 20 µL probe mix (5 µM DNA probe,
1% SDS, 20 mM Tris–HCl pH 8.0, 0.5 mM EDTA) was added. Fluorescence was measured
using a BioTek Synergy HT plate reader using the following filters: 485 ± 20 nm (excitation)
and 528 ± 20 nm (emission). Hits were identified following data analysis in Microsoft
Excel. Screening data was visualised using GraphPad Prism (version 10.4.0).

2.2. Determination of IC50 Values

Compounds were diluted in 25% DMSO/water typically assayed across eight data
points ranging from 1|×|10−6 M to 1|×|10−3 M (final concentrations). Reaction condi-
tions and fluorescence measurements were as described above and before [32]. Non-linear
regression was carried out using GraphPad Prism 5.0. IC50 values were typically deter-
mined using three independent experiments, each containing three replicates.

2.3. Molecular Docking

Analysis of the active site of Caf1/CNOT7 was carried out using the DoGSiteScorer
algorithm [35]. A structural model of human Caf1/CNOT7 was prepared for docking
as described before [33]. Briefly, after removal of ions and water molecules, the human
Caf1/CNOT7 protein was prepared for docking using the X-ray structure of Caf1/CNOT7
in complex with CNOT1 and Ccr4/CNOT6L (PDB 7VOI, chain B) by transposition of
the Mg2+ ions in the active site of the Schizosaccharomyces pombe orthologue Pop2 (PDB
2P51) [16,36]. The addition of H atoms and conversion to pdbqt files was carried out
using UCSF Chimera [37]. Ligands were prepared for docking using the SwissParam web
portal (www.swissparam.ch) using the Merck Molecular ForceField [38,39]. Ligands were
docked in the active site of CNOT7 using Autodock Vina [40,41] on the SwissDock portal
(www.swissdock.ch; exhaustiveness 20) [42,43], using a grid of 25’25’25 Å3 centred around
the active site Mg2+ ion coordinated by Asp-40, Glu-42, and Asp-230 (coordinates 136,
10, 270). Using the default scoring function, the top-scoring ligand poses were analysed
using the Poseview algorithm accessed through the Proteins Plus portal to identify key
interacting residues [44–46]. The receptor-ligand poses were visualised using PyMol [47].

3. Results and Discussion
To discover new inhibitors of the Caf1/CNOT7 nuclease subunit of the Ccr4–Not

complex, we screened a sub-set of the Nottingham Managed Chemical Compound Col-
lection, which contains over 83,000 synthetic compounds that are commercially available
and were selected based on chemical diversity and drug-like properties. A representative
sub-set of 10,880 compounds was selected and screened in duplicate in a 384-well plate
format (Figure 1A). The library compounds were screened using a fluorescence-based
activity assay that was developed previously [32]. Briefly, purified Caf1/CNOT7 enzyme
was pre-incubated with library compounds. This was followed by the addition of a 5′

fluorescein-labelled RNA oligonucleotide containing a stretch of nine adenosine residues at
the 3′ end that served as substrate for Caf1/CNOT7. After incubation, the reaction was ter-
minated and a 3′ TAMRA-labelled DNA probe complementary to the substrate was added.
If the fluorescein-labelled substrate was degraded then the probe did not anneal, resulting
in high substrate fluorescence. However, in case Caf1/CNOT7 was inhibited, the substrate

www.swissparam.ch
www.swissdock.ch
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remained intact, resulting in annealing of the DNA probe and quenching of fluorescence
due to the close vicinity of the fluorescein and TAMRA fluorophores (Figure 1B).

 

Figure 1. Compound screening strategy to identify inhibitors of the Caf1/CNOT7 poly(A)-selective
nuclease. (A) Overview of screening strategy. A subset (10,880 compounds) of the Nottingham
Managed Chemical Compound Collection was screened in duplicate using a 384-well plate format.
The activity of hit compounds was confirmed by determining their IC50 values. (B) Fluorescence-
based assay to identify inhibitors of Caf1/CNOT7 [32]. After incubation with inactive compounds
(left), the fluorescein-labelled RNA substrate is degraded. After addition of the TAMRA-labelled
DNA probe no annealing occurs, resulting in high fluorescence. In the presence of an inhibitor
compound (right) the substrate is not degraded. After addition of the TAMRA-labelled DNA probe
annealing takes place, resulting in low fluorescence due to quenching.

Library compounds were screened at a fixed concentration (100 µM). Although batch-
effects were noted (plates 1–28, 29–36, 37–52, and 53–68), high reproducibility was observed
between hits in duplicate plates (Figure 2). The quality of the assay was also monitored
during screening by calculating the Z’ factor for each plate, which varied between 0.8 and
0.5 (excellent) in the majority of cases (63/68). Five plates showed a Z’ factor of 0.4 (moder-
ate). A relatively high number of compounds reduced activity of Caf1/CNOT7 to three
standard deviations below the mean of the screening plate (107 compounds, 0.9% of total).
Therefore, a more stringent threshold was used to select compounds for further analysis,
and compounds were identified as hits if enzyme activity was inhibited to within 3 standard
deviations of the negative control present in the same plate (Figure 2). Using this cut-off,
21 hits were identified (0.2% hit rate).

Following hit identification, the activity of the library compounds was confirmed by
determining their potency. After establishing that the library compounds did not interfere
with the fluorescence-based detection of the substrate, the IC50 values of the hits were
determined using a dilution series of the compounds (Figure 3). Fifteen compounds were
confirmed to have IC50 values <25 µM (Figure 4). A further three compounds displayed
IC50 values below 100 µM, and three compounds had IC50 values between 122 and 256 µM.
The predicted ADME profile [48] of all confirmed inhibitors indicated moderate/good
solubility, cLogP < 4, compliance to Lipinski’s rule-of-five, high predicted gastrointestinal
uptake (with exception of compounds 12 and 19), high predicted bioavailability, and the
absence of pan-assay interference compounds (PAINSs) (Supplementary Data S1).

To obtain information about the possible binding modes of the identified inhibitors,
we carried out molecular docking of the 15 compounds with IC50 values <25 µM. We used a
docking approach that was described before, which was validated using docking of anative
substrate of theenzyme (oligoA) that closely matched the original pose [33]. The active site
of Caf1/CNOT7 is composed of a large cavity with a surface area of 742.6 Å3. The centre
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of the cavity contains two Mg2+ ions that are required for catalysis and coordinated by
residues Asp-40, Glu-42, Asp-161, and Asp-230 (Figure 5, top left). Analysis of probable
binding poses (Figure 5) suggested that Phe-43, Tyr-160, and the Mg(II) ions are of particular
importance for ligand binding. Phe-43 forms probable π–π interactions with 2, 4, 9, 12,
and 15, hydrophobic contacts with compounds 1–3, 5, 10, 9, 12, and 15, and backbone
interactions as a H-bond acceptor mediated by the C=O moiety (10) and a H-bond donor via
the N-H moiety (11). Tyr-160 forms probable π–π interactions with compounds 1, 3, 6–8, 12,
13 and 15, and additional hydrophobic contacts with compounds 3, 6–8, and 13. The Mg(II)
ions were involved in numerous probable salt–metal (2–4, 7–9, 11, 13–14), cation–π (4–7,
11–12, 14–15) and metal–sulfur (8 and 12) interactions. Furthermore, probable H-bonds
were identified between the backbone C=O of Thr-41 and 9, and H-bonding mediated
by the side chains of Glu-42 and 5 and 12, and His-157 and 1. Further probable contacts
involved hydrophobic interactions between Phe-156 and 1, His-157 and 8 and 13, Leu-209
and 7 and 15, His-225 and 15, and Leu-262 and 7. The possible interactions of the inhibitors
reported here with residues Phe-43, Tyr-160, and a Mg(II) ion are interesting, because the
probable binding pose of our recently reported inhibitors also interact with these residues
of Caf1/CNOT7 [33].

Figure 2. Compound screening. Compounds (n = 10,880) were screened in duplicate using 320 library
compounds per plate. Duplicate plates are indicated in red (odd numbers) and blue (even numbers),
respectively. Error bars represent the mean and standard deviation of wells containing library
compounds for each plate. Dotted lines represent largest 3’ standard deviations of the wells containing
library compounds and negative control ± 3’ standard deviations.
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Figure 3. Determination of the IC50 values of small-molecule inhibitors of Caf1/CNOT7. Compounds
were preincubated with Caf1/CNOT7 for 15 min at room temperature, followed by the addition of
RNA substrate. After incubation (60 min at 30 ◦C), reactions were stopped by the addition of SDS
and a 5-fold molar excess of DNA probe. The mean values for each independent experiment were
plotted (Open square, experiment 1; closed circle, experiment 2; diamond, experiment 3).
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Figure 4. Structure and potency of inhibitors of the Caf1/CNOT7 poly(A)-selective ribonuclease.
IC50 values were determined using a fluorescence-based assay described previously [32]. Reported
are the mean ± standard deviation.
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Figure 5. Possible binding modes of inhibitors in the active site of Caf1/CNOT7. Top left, active
site of Caf1/CNOT7. Indicated are two Mg(II) ions (green) that are coordinated by residues Asp-40,
Glu-42, Asp-161, and Asp-230. Possible binding modes of compounds 1–15 (cyan) in the active site of
Caf1/CNOT7 are shown. Docking was carried out using Autodock Vina accessed via the SwissDock
server [40–43]. Residues making key interactions as identified using the PoseView algorithm are
indicated [45,46].

4. Conclusions
The work reported here indicates that the fluorescence-based nuclease assay reported

previously [32] is robust (Z’ > 0.5 in 63/68 384-well plates) and suitable for screening
large (>10,000) numbers of compounds using 384-well plates and automated robotic liquid
handling systems. The compound screening resulted in the discovery of 21 new inhibitors
of Caf1/CNOT7, including 15 drug-like compounds with IC50 values below 25 µM. The
compounds reported here are commercially available and can be used in biochemical
experiments as inhibitors of Caf1/CNOT7 and as starting points for the development of
more potent and cell-permeable inhibitors that inhibit Caf1/CNOT7. Such inhibitors will
be useful tools to complement genetic approaches for the further investigation of the role
of Caf1/CNOT7 in complex cellular processes and diseases such as cancer metastasis and
bone formation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biom15111563/s1, Supplementary Data S1, Predicted ADME profile.
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