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Abstract 

Regulated degradation of mature, cytoplasmic mRNA is a key step in eukaryotic gene 

regulation. This process is typically initiated by the recruitment of deadenylase enzymes by 

cis-acting factors resulting in the shortening and removal of the 3’ poly(A) tail of the target 

mRNA. The Ccr4-Not complex, a major eukaryotic deadenylase, contains two 

exoribonuclease subunits with selectivity towards poly(A): Caf1 and Ccr4. The Caf1 

deadenylase subunit binds the MIF4G domain of the large subunit CNOT1 (Not1) that is the 

scaffold of the complex. The Ccr4 nuclease is connected to the complex via its leucine-rich 

repeat (LRR) domain, which binds Caf1, whereas the catalytic activity of Ccr4 is provided by 

its EEP domain. While the relative positions of the MIF4G domain of CNOT1, the Caf1 

subunit, and the LRR domain of Ccr4 are clearly defined in current models, the position of 

the EEP nuclease domain of Ccr4 is ambiguous. Here, we use X-ray crystallography, the 

AlphaFold resource of predicted protein structures, and pulse electron paramagnetic 

resonance spectroscopy to determine and validate the position of the EEP nuclease domain of 

Ccr4 resulting in an improved model of the human Ccr4-Not nuclease module.  
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Introduction  

In eukaryotic cells, accurate control of gene expression requires the regulation of mRNA 

stability and translation in the cytoplasm. A key factor involved in these steps is the Ccr4-Not 

complex (1-5), which can be recruited to target mRNAs by cis-acting factors such as the 

A/U-rich binding protein TTP (6; 7), and the microRNA-repression complex (8; 9). In 

vertebrates, the Ccr4-Not complex can also interact with members of the BTG/TOB family of 

proteins (10; 11), including BTG2, which mediates interactions with cytoplasmic poly(A)-

binding protein 1 and is frequently mutated in lymphoma (12-15). 

The Ccr4-Not complex initiates mRNA degradation by shortening the mRNA poly(A) tail, 

which is often the rate-limiting step in the 5’-3’ degradation pathway (1; 16; 3). Significant 

progress has been made towards understanding the structure of the Ccr4-Not complex, which 

is composed of eight subunits. The large subunit CNOT1 (Not1) forms the backbone of the 

complex that connects the remaining subunits. The catalytic activity, which selectively 

degrades poly(A), is confined to the nuclease sub-complex consisting of two subunits. The 

Caf1 subunit, which is encoded by the paralogues CNOT7 or CNOT8 in vertebrate cells, 

contains a catalytic DEDD domain and binds the MIF4G domain of CNOT1 (17-19). The 

Ccr4 nuclease, which in vertebrates is also encoded by two paralogues (CNOT6 and 

CNOT6L), contains a catalytic endonuclease-exonuclease-phosphatase (EEP) domain, and a 

leucine rich repeat (LRR) domain that interacts with the Caf1 subunit (20; 17; 21). Caf1 can 

also interact with the BTG domain of BTG/TOB proteins using an interface that does not 

overlap with residues interacting with the MIF4G domain of CNOT1 or the LRR domain of 

Ccr4 (22; 23).   

Several studies showed that Caf1 and Ccr4 have distinct, but overlapping roles in cells (24-

28). Biochemical studies using the purified complex, or the isolated nuclease sub-complex 

also showed a differential contribution of the subunits, although evidence for allosteric 

regulation has also been reported (29-33; 21). A model based on the X-ray structures of the 

yeast Not1(MIF4G)-Caf1-Ccr4 complex (17) and human CNOT6L (34) suggested 

interactions between the LRR of Ccr4 and the catalytic EEP domain and a distance of 60Å 

between the tightly-bound divalent metals in the catalytic sites of Caf1 and Ccr4 (17). By 

contrast, a recently reported structure of human Caf1/CNOT7-Ccr4/CNOT6 shows the 

distance to be notably shorter (46Å) (21). Moreover, no interactions between the EEP and 

LRR domains of Ccr4 were observed in the latter model, and the position of the EEP domain 

appeared to be determined by crystal packing contacts suggesting that the linker connecting 

the LRR and EEP domains is flexible (21). 

Here, we report a structural model of the human nuclease module using a combination of 

X-ray crystallography and the AlphaFold predictive protein structure resource (35). In this 

structure, the position of the EEP domain of Ccr4 is notably different compared to the 

structures reported before. We then validated our structural model by distance measurements 

between divalent metal ions in the active sites of Caf1 and Ccr4 using pulse electron 

paramagnetic resonance (EPR) (36). The distance between the catalytic centres in our model 

correlated well with the experimental value indicating that the structure presented here 

represents an improved model of the human Ccr4-Not nuclease module. 
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Results and discussion 

Crystal structure of the human CNOT1(MIF4G)-Caf1-Ccr4 nuclease module 

To obtain a structure of the nuclease module of the human Ccr4-Not complex, we resolved a 

crystal structure of the CNOT1(MIF4G)-Caf1-Ccr4 ternary complex (Figure 1A) (Table S1). 

Clear electron density was visible for the MIF4G domain of CNOT1, Caf1 and the LRR 

domain of Ccr4 (Figure 1A). Unfortunately, the Ccr4 EEP nuclease domain could only be 

traced from residues 200-230, with the remainder of the domain not visible in electron 

density (Figure S1).  

To provide information about the position of the Ccr4 EEP nuclease domain and to orient it 

relative to the LRR domain in the model, we superimposed the predicted AlphaFold model of 

human Ccr4 (35) onto the LRR domain Ccr4 in the ternary complex with an r.m.s.d. of 0.87 

Å for 1,130 aligned atoms. The AlphaFold model shows high confidence in the relative 

positions of the LRR and nuclease domains (Figure S2) and aligns well with the EEP 

nuclease domain fragment from residues 200-230 (Figure 1B). Superimposing the AlphaFold 

model onto the LRR domain in the ternary complex enabled further assignment of residues 

506-526 in the electron density. 

The human CNOT1(MIF4G)-Caf1-Ccr4 complex structure was then used as a scaffold to 

assemble a model incorporating the metal ions in the Caf1 and Ccr4 active sites using the 

structures of CNOT1(MIF4G)-Caf1 (18) and of the EEP nuclease domain of Ccr4 (34). The 

CNOT1(MIF4G)-Caf1 binary structure (PDB ID: 4GMJ) was superimposed onto the ternary 

complex with an r.m.s.d. of 0.80 Å for 3,795 aligned atoms (Figure 1C). The structure of the 

EEP domain of Ccr4 (PDB ID: 3NGQ) was superimposed onto the AlphaFold model with an 

r.m.s.d. of 0.41 Å for 2,016 aligned atoms. In this model, the estimated distance between the 

tightly-bound Mg2+ ions in the active sites of Caf1 (coordinated by Asp40) and Ccr4 

(coordinated by Glu240) is approximately 63.9 Å (Figure 1C). 

A structure of the human Caf1-Ccr4 (CNOT6) dimeric complex was recently reported by 

Chen and colleagues (21). In this model, the Ccr4 EEP nuclease domain is in a notably 

different position with an estimated distance between the Mg2+ ions in Caf1 and Ccr4 of 

46.4 Å (Figure 1C). This suggests that the EEP nuclease domain of Ccr4 may be flexible in 

solution although it should be noted that when the Ccr4-Caf1 binary structure (PDB ID: 

7AX1) is superimposed onto the CNOT1(MIF4G)-Caf1-Ccr4 complex, the Ccr4 nuclease 

domain in the binary complex clashes with CNOT1(MIF4G) in the ternary complex 

(Figure S3). Thus, the orientation of the EEP domain of Ccr4 with respect to Caf1 and the 

LLR domain of Ccr4 in the dimeric complex reported by Chen et al. (21) is unlikely to 

represent the conformation of the EEP nuclease domain in the context of larger Ccr4-Not 

complexes. Thus, the position of the EEP domain of Ccr4 may be restricted by other subunits 

of the Ccr4-Not complex. Alternatively, the position of the EEP nuclease domain of Ccr4 

with respect to the LLR domain of Ccr4 may be more defined as predicted by the AlphaFold 

model (Figure S2).  

A structure of the yeast Not1(MIF4G)-Caf1-Ccr4 complex has also been reported, albeit with 

a partially resolved Ccr4 EEP nuclease domain, reflecting the poor ordering of Ccr4-Not 

nuclease complex crystals (17). In the absence of a complete structure of the Ccr4 nuclease 

domain, superimposing the human Ccr4 nuclease domain onto the partial yeast structure 

(PDB ID: 4B8C; r.m.s.d. of 0.95 Å for 415 aligned atoms) yields an estimated distance 
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between Mg2+ ions in Ccr4 and Caf1 of 59.7 Å (Figure 1D). However, the orientation of the 

EEP nuclease domain of Ccr4 is rotated by 28 compared to the structure presented here. 

Distance measurements between divalent metal ions in the active sites of Caf1 and Ccr4 

To provide further experimental evidence for the model of the nuclease sub-complex 

presented here, we carried out pulse electron paramagnetic resonance (EPR) experiments to 

measure the distance between the metal-binding sites of Caf1 and Ccr4. To determine 

whether the EEP domain of Ccr4 is flexible, or restricted by the LLR domain of Ccr4, we 

used a trimeric BTG2-Caf1-Ccr4 complex for these experiments (29). This complex lacks the 

MIF4G domain of CNOT1 and would allow the orientation of the EEP domain of Ccr4 as 

reported in the structure of the human dimeric Caf1-Ccr4 complex (Figure S3) (21). After 

purification of the apo-complex lacking metal ions, the protein complex was incubated in the 

presence of paramagnetic Mn2+ ions to make the sample suitable for EPR studies. Under the 

conditions used, the nuclease sites in Caf1 and Ccr4 are expected to be populated by only a 

single Mn2+ ion each (Supplementary Results, Figure S4) (37; 34). 

To measure the distance between the Mn2+ ions in the active sites of Caf1 and Ccr4, a 

RIDME (relaxation-induced dipolar modulation) experiment (36) was carried using a three 

pulse sequence 
𝜋

2
− 𝑡 −

𝜋

2
− 𝜏 − 𝜋 − 𝑡 − echo (Figure S5). The spin echo intensity 𝑆(𝑡) is 

recorded as a function of evolution time 𝑡 – a delay between the first and the second pulse, 

while the mixing time 𝜏 between the second and third pulses is kept constant. The spin echo 

intensity 𝑆(𝑡) undergoes dephasing due to spontaneous flips of the dipolar coupled 

neighbouring electron spins during the mixing interval, therefore for brevity 𝑆(𝑡) is further 

referred to as the dephasing curve. To exclude signal loss due to other sources unrelated to 

the electron spin dipolar interaction (e.g. dephasing due to flips of neighbouring nuclei), the 

dephasing curves 𝑆(𝑡) recorded with long mixing times of 𝜏 = 50 µs and 𝜏 = 180 µs were 

normalized by a dephasing curve 𝑆0(𝑡) recorded with a short mixing time of 𝜏 = 10 µs. The 

background corrected normalized dephasing curves are shown in Figure 1E. 

The RIDME dephasing curves of Mn2+ pairs in BTG2-Caf1-Ccr4 arise due to neighbouring 

spin flips with Δ𝑀𝑆 = ±1, and due to flips with Δ𝑀𝑆 = ±2, ±3, ±4, ±5, also known as 

overtones (38-40). A somewhat faster decay of RIDME dephasing curve is observed with 𝜏 =

180 µs compared to the one with 𝜏 = 50 µs (Figure 1E), suggesting a larger contribution of 

higher overtones in the former. A significant contribution of  Δ𝑀𝑆 = ±2  was previously 

found even with short mixing times (38). Therefore, the overtone weights should be specific 

to a particular ligand structure of a paramagnetic site, and these weights can be found using 

calibration with model compounds (40; 41). However, distance distributions can be evaluated 

even without such information. A lower bound on the distance between a pair of Mn2+ in 

BTG2-Caf1-Ccr4 can be obtained by modelling the 𝜏 = 50 µs RIDME dephasing curve by a 

Gaussian distance distribution without any overtones. Such model produces a Mn2+-Mn2+ 

distance distribution centred at 64.2±0.3 Å with a full width at half height of 18.2±1.2 Å 

(Figure S6).  

A better estimate of the distance between a pair of Mn2+ in BTG2-Caf1-Ccr4 can be obtained 

by finding a Gaussian distance distribution that fits both RIDME dephasing curves (with 𝜏 =

50 µs and with 𝜏 = 180 µs) concurrently. Only the contributions with Δ𝑀𝑆 = ±1  (i.e. the 

base contribution with a dipolar frequency) and Δ𝑀𝑆 = ±2 (i.e. the first overtone with double 

dipolar frequency) are taken into account, because previous work demonstrated them to be 
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dominant (39; 40). The inset in Figure 1E shows the resulting distance distribution with 

shaded areas showing the 68% confidence intervals. Such model gives an estimated 

distribution between the Mn2+ ions in two nucleases centred at 64.9 ± 1.7 Å, with the full 

width at half height of 14.4 ± 2.1 Å. The weights of the overtones are summarized in 

Table S3. 

Conclusion 

The distance between the catalytic centres in the X-ray model of the CNOT1(MIF4G)-Caf1-

Ccr4 nuclease module presented here (63.9Å) is in good agreement with the experimental 

distance measurement (64.9 ± 1.7Å). This indicates that the structure presented here provides 

an improved model of the human Ccr4-Not nuclease module that is notably different 

regarding the position of the EEP nuclease domain of Ccr4 compared to previous models (17; 

21). 

Materials and methods 

Protein expression and purification  

For protein crystallization, full length human Caf1/CNOT7 and Ccr4/CNOT6L were co-

expressed using the Bac-to-Bac Baculovirus Expression System in Sf9 insect cells. The 

human CNOT1 MIF4G domain (residues 1093-1317) was expressed in E. coli BL21 (DE3). 

For electron paramagnetic resonance spectroscopy, the BTG2-Caf1-Ccr4 trimeric human 

nuclease complex was purified as described (42) with modifications (Supplementary Data).  

Crystallization and data collection 

The CNOT1(MIF4G)-Caf1-Ccr4 complex was concentrated to 2.5 mg ml-1 and 5 mg ml-1 for 

crystallization. Crystals were grown at 293K using the sitting-drop vapour-diffusion method 

from a condition containing 0.1 M MES pH 6.5, 12% PEG20000. After optimization, the best 

crystals were grown in 0.1 M MES pH 6.0, 8% PEG20000. Crystals were cryoprotected by 

soaking in crystallization solution containing 30% glycerol, then flash-cooled in liquid 

nitrogen prior to data collection. Diffraction data were collected at 100 K on beamline 

BL18U1 of the Shanghai Synchrotron Radiation Facility (SSRF). All diffraction data were 

processed by the HKL2000 suite (43). 

Structure determination 

The human CNOT1(MIF4G)-Caf1-Ccr4 complex structure was solved by molecular 

replacement using the PHASER (44) program in PHENIX (45) with structures of the yeast 

Ccr4 LRR domain (PDB ID: 4B8C), CNOT1 MIF4G domain (PDB ID: 4GMJ) and Caf1 

(PDB ID: 4GMJ) used as ensemble search models. Refinement of the structures was carried 

out using PHENIX (45) and manual rebuilding was performed in Coot (46). Structures were 

validated by MolProbity (47). The AlphaFold model of human CNOT6L (Uniprot Q96LI5) 

was downloaded from the EMBL-EBI repository (https://www.alphafold.ebi.ac.uk/) (35). All 

structure figures were drawn using PyMOL (48). 

Pulse EPR measurements 

All EPR measurements were carried out at a temperature of ~30 K using a W-band pulse 

EPR spectrometer described before (49). The RIDME pulse sequence 
𝜋

2
− 𝑡 −

𝜋

2
− 𝜏 − 𝜋 −

𝑡 − echo employed microwave pulses with durations 𝑡𝜋

2
 / 𝑡𝜋 = 20/40 µs. The magnetic field 

for collecting RIDME data was set at the first line of Mn2+ sextet as labelled in Figure S4. 

RIDME datasets consisted of 80 time points with the maximum evolution time 𝑡 of ~4 ms. To 

https://www.alphafold.ebi.ac.uk/
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save experimental time, the RIDME dephasing curves were recorded with variable number of 

scans at each point, such that points corresponding to larger evolution times 𝑡 have more 

scans. The total experimental time for recording each dephasing curve was typically 3-5 

hours.  

Data processing was carried out using custom Python scripts. Data fitting used the Powell 

minimization algorithm implemented in the scipy library. Confidence bounds for the distance 

distribution and other parameters were obtained by analysing an ensemble of DEER traces 

generated using resampling with replacement (50). 

Data availability 

Atomic coordinates and structure factors for the reported crystal structure have been 

deposited with the Protein Data Bank (51) under accession number 7VOI. 

Supplementary material 

Supplementary material is available online and contains supplementary materials and 

methods, and supplementary results. 
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Figure 

 

Figure 1. Structure of the human Ccr4-Not nuclease module. (A) Crystal structure of the 

human (Hs) Ccr4-Not nuclease domain containing the MIF4G domain of CNOT1 (green), 

Caf1 (orange) and Ccr4 (blue). (B) Superimposition of the structure of the human (Hs) 

CNOT1(MIF4G)-Caf1 complex (PDB ID: 4GMJ) (18), the AlphaFold model of human Ccr4 

(35), and the structure of the nuclease domain of human Ccr4 (PDB ID: 3NGQ) (34) on the 

crystal structure of  the nuclease module. Divalent metal ions in the active sites of Caf1 and 

Ccr4 are shown (bright green). (C) Superimposition of the structure of the human (Hs) Caf1-

Ccr4 complex (PDB ID: 7AX1) (21) with the structure of the nuclease complex, viewed from 

the side (left panel) and the top (right panel). The MIF4G domain of CNOT1 is omitted for 
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clarity. Active-site divalent metal ions (bright green) in Caf1 and Ccr4 are indicated. The 

distances between the metal ions in the high affinity binding sites of Caf1 and Ccr4 are 

shown (37; 34). (D) Superimposition of the structure of the human (Hs) CNOT1(MIF4G)-

Caf1 complex (PDB ID: 4GMJ) (18), and the structure of the nuclease domain of human 

Ccr4 (PDB ID: 3NGQ) (34) on the crystal structure of the yeast Saccharomyces cerevisiae 

(Sc) Not1(MIF4G)-Caf1-Ccr4 nuclease module (PDB ID: 4B8C) (17). Active-site divalent 

metal ions (bright green) in Caf1 and Ccr4 are indicated. The distance between the metal ions 

in the high affinity binding sites of Caf1 and Ccr4 is shown (37; 34). (E) Normalized and 

background corrected RIDME trace for Mn2+ bound to the BTG2-Caf1-Ccr4 complex, the 

mixing time τ=50 µs (solid black line) and τ=180µs (dashed black line). The best fit 

results (red) were obtained using the distance distribution shown in the inset. The distance 

distribution (inset, solid blue) and the confidence interval corresponding to 68% (inset, light 

blue shade) are also shown. 
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Supplementary results 

EPR spectroscopy 

The field-sweep EPR spectra of high-spin (electron spin S=5/2) Mn2+ ion in an aqueous 

solution and in a complex with BTG2-Caf1-Ccr4 protein reveal multiplets of six sharp lines 

superimposed onto a broad background (shown in Fig. S4). The sharp lines arise due to the 

electron spin transitions with |𝑀𝑆 = −
1

2
, 𝑀𝐼⟩ ↔ |𝑀𝑆 =

1

2
, 𝑀𝐼⟩, where 𝑀𝑆 and 𝑀𝐼 are the 

projections of the electron and Mn2+ nuclear spins (I=5/2) respectively. The splitting between 

the six lines is given by the hyperfine (HF) interaction with Mn2+ nuclear spin. The width of 

each sharp line depends on the zero-field splitting (ZFS) interaction in the second order of 

perturbation theory (1). The broad background, on which the sextet of lines is superimposed, 

arises from electron spin transitions |𝑀𝑆, 𝑀𝐼⟩ ↔ |𝑀𝑆 + 1, 𝑀𝐼⟩ with 𝑀𝑆 ≠
1

2
.  

Both the Mn2+ HF and ZFS interactions are magnetic parameters, the magnitudes of which 

depend on the positions and type of ligands around Mn2+ ion. The splitting between the six 

lines and the their width change when Mn2+ ions in an aqueous solution are added to a 

solution containing BTG2-Caf1-Ccr4 (final concentrations [Mn2+][BTG2-Caf1-Ccr4]0.1 

mM). Such a difference in the HF and ZFS interactions implies that Mn2+ ions bind well to 

the protein complex (parameters extracted from the spectra in Fig. S4 are summarized in 

Table S2). Upon such binding, no free Mn2+ remains in the solution, because the field-sweep 

spectra feature only one set of hyperfine splittings. In addition, the field-sweep spectra show 

no features corresponding to a nuclease site with a pair of occupying Mn2+ ions (2). This 

finding agrees with the notion that one metal ion in Caf1 and Ccr4 is bound with high 

affinity, and the second with low affinity (3; 4). Such result is also supported by a previous 

EPR study of Mn2+ binding to a nuclease site in DNA-polymerase (5). There it was shown 

that the two ion binding sites in the nuclease have significantly different binding constants of 

about ~10 µM and ~1000 µM for the “tight” and “weak” sites respectively. Therefore, given 

the concentrations of both the [BTG2-Caf1-Ccr4] and [Mn2+]≈100 µM, the nuclease sites in 

BTG2-Caf1-Ccr4 are expected to be populated only by a single Mn2+ ion each.  

 

Supplementary materials and methods 

Protein expression and purification  

For protein crystallization, full length human Caf1/CNOT7 and Ccr4/CNOT6L were co-

expressed using the Bac-to-Bac Baculovirus Expression System in Sf9 insect cells. Both 

cDNAs were cloned with a glutathione S-transferase tag into the pFastBac vector (Invitrogen) 

to obtain the Bacmid. A cDNA encoding the human CNOT1 MIF4G domain (residues 1093-

1317) was cloned into the pGEX-6p-1 vector (GE Healthcare) and expressed in E. coli BL21 

(DE3). Caf1-Ccr4 and CNOT1(MIF4G) were first purified by glutathione affinity 

chromatography. PreScission Protease was then used to remove the glutathione S-transferase 

tags. Caf1-Ccr4 and CNOT1(MIF4G) were then mixed in a 1:1 molar ratio overnight at 4C 

and further purified on a HiLoad 16/60 Superdex 200 column (GE Healthcare) to obtain the 

CNOT1(MIF4G)-Caf1-Ccr4 ternary complex.  

For electron paramagnetic resonance spectroscopy, the BTG2–Caf1–Ccr4 trimeric human 

nuclease complex was purified as described (6) with modifications. Briefly, the trimeric 

complex was expressed in E. coli BL21 (DE3) transformed with plasmids pACYC-Duet-1-
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StrepII-CNOT6L-CNOT7 and pQE80L-BTG2. Soluble lysates were loaded onto a 1 ml 

Strep-Tactin sepharose gravity column (IBA LifeSciences) and eluted with buffer SB (20 

mM Tris–HCl pH 7.8, 250 mM NaCl, 10% glycerol, 1 mM β-mercaptoethanol, 10 mM D-

Desthiobiotin) to isolate trimeric StrepII·Ccr4–Caf1–His·BTG2 complexes. Peak fractions 

were further purified by size-exclusion chromatography (HiPrep 16/60 Sephacryl S-200 HR 

column, GE Healthcare) equilibrated and eluted in buffer GF (50 mM Tris–HCl pH 7.9, 250 

mM NaCl, 5% glycerol, 1 mM β-mercaptoethanol). Peak fractions were pooled, and buffer 

was exchanged using a PD-10 column (GE Healthcare) to 50 mM Tris–HCl pH 7.9, 250 mM 

NaCl, 1 mM β-mercaptoethanol prepared using D2O. Proteins were concentrated using a 

Vivaspin concentrator (Sartorius) to a final concentration of 17.6 mg/ml (25 L). After 

addition of an equimolar MnCl2 concentration (150 mM, 1 L), 8.4 mg deuterated glycerol 

(glycerol-D8) was added to a final concentration of 19% (v/v). Purified proteins (5 L) were 

transferred to sample tubes and stored in liquid nitrogen. 
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Supplementary tables 

Table S1. Data collection and refinement statistics. 

Data collection  

Space group  P41212  

a, b, c (Å)  111.0, 111.0, 242.9  

α, β, γ (°)  90, 90, 90  

Resolution (Å)b  50.00-4.40 (4.48-4.40)  

Total reflections  126,351  

Unique reflectionsb  10,302 (493)  

Average I/σ (I)b  27.3 (4.7)  
aRpim (%)  5.0 (17.7)  

CC1/2(%)  99.9 (92.6)  

Redundancyb  12.3 (11.3)  

Completeness (%)b  100.0 (100.0)  

Wilson B factor (Å2)  162.0  

Refinement  

Resolution (Å)  38.74-4.40 (4.54-4.40)  

Completeness (%)  97.5 (90.2)  

No. of reflections used in refinement  10,103 (896)  

Rwork / Rfree (%)  26.3 / 32.4  

No. of non-H atoms  

Protein  5,449  

R.m.s. deviations  

bond length (Å)  0.006  

bond angle (°)  0.97  

Average B value (Å2)  

Protein  198.0  

Ramachandran plot  

Favoured (%)  92.0  

Allowed (%)  5.8  

Outliers (%)  2.3  
a Rpim = Σh[1/(nh-1)]1/2 Σi |Ih-Ih,i|/ ΣhΣiIh,i. 

b Data in parentheses correspond to the highest-

resolution shell.  
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Table S2. Summary of spectral parameters of Mn2+ ions in an aqueous solution of MnCl2 and 

Mn2+ bound to BTG2-Caf1-Ccr4.  

a Full-width at half height  

 

 

 

 

 

Table S3. Summary of parameters. Parameters were obtained using the procedure (described 

in the main text) for simultaneous fitting of the datasets shown in Fig. 1. Only the weights of 

the first overtone 𝑃2 (Δ𝑀𝑆 = ±2) are reported because the weight of the base contribution 𝑃1 

(Δ𝑀𝑆 = ±1) satisfies 𝑃1 + 𝑃2 = 1. 

Gaussian distribution centre 6.49±0.17 nm 

Gaussian distribution FWHHa 1.44±0.21 nm 

weight of the first overtone (Δ𝑀𝑆 = ±2)for the 

RIDMEb trace with 𝜏 = 50 µs 

0.11±0.07 

weight of the first overtone (Δ𝑀𝑆 = ±2) for the 

RIDMEb trace with 𝜏 = 180 µs 

0.32±0.13 

a Full-width at half height  
b Relaxation-induced dipolar modulation 

 

 

 

  

 
Mn2+ hyperfine coupling 

(MHz) 

Mn2+ sextet line FWHHa 

(MHz) 

Mn2+ (aq.) 269.5±0.6 36±1 

Mn2+ - BTG2-Caf1-Ccr4 264.0±0.8 41±1 
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Supplementary figures 

 

 

Figure S1. 2mFo-DFc difference electron density (contour: 1) covering the human 

CNOT1(MIF4G)-Caf1-Ccr4 structure. Green, CNOT1 (MIF4G) domain; orange, Caf1; blue, 

Ccr4/CNOT6L. 
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Figure S2. AlphaFold predicted structure of human Ccr4/CNOT6L. The structure figure was 

drawn using PyMOL and coloured according to confidence level (7). The right-hand panel 

was obtained via the AlphaFold server (8) at EMBL-EBI (9), which is reproduced under the 

CC-BY-4.0 licence.  
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Figure S3. Superimposition of the human (Hs) Caf1-Ccr4 structure with human CNOT1-

Caf1-Ccr4 and Caf1-Tob1 structures. (A) Superimposition of the human (Hs) Caf1-Ccr4 

structure (PDB ID: 7AX1) (10) onto the human CNOT1-Ccr4-Caf1 structure. (B) 

Superimposition of the human (Hs) Caf1-Ccr4 structure (PDB ID: 7AX1) (10) onto the 

human Caf1-Tob1 structure (PDB ID: 2D5R) (11). The superimposed structure of the BTG2 

protein (PDB ID: 3DJU) is also shown. 
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Figure S4. Field-sweep pulse EPR spectra of Mn2+ ions. The spectra in an aqueous solution 

of MnCl2 (black) and Mn2+ bound to BTG2-Caf1-Ccr4 (red) are shown. Indicated is the 

position of magnetic field for RIDME measurements shown in Fig. 1E of the main text (black 

arrow). 
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Figure S5. Three pulse version of relaxation induced dipolar modulation experiment 

(RIDME). The echo intensity 𝑆(𝑡) is recorded as a function of evolution time 𝑡. Due to 

electron spin relaxation taking place during the long mixing interval 𝜏, the 𝑆(𝑡) undergoes 

dephasing due to flips of the neighbouring dipolar coupled electron spins. 

 

 

Figure S6. Normalized and background corrected RIDME trace for Mn2+ bound to BTG2-

Caf1-Ccr4 complex, mixing time 𝜏 = 50 µs. (Black line). The best fit result obtained using 

the distance distribution shown in the inset (red line). Inset: The distance distribution (solid 

blue) and the confidence interval corresponding to 95% (light blue shade). 
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