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ABSTRACT 

Antiproliferative BTG/Tob proteins interact directly with the CAF1 deadenylase subunit of 

the CCR4-NOT complex. This binding requires the presence of two conserved motifs, boxA 

and boxB, characteristic of the BTG/Tob APRO domain. Consistently, these proteins were 

shown to stimulate mRNA deadenylation and decay in several instances. Two members of the 

family, BTG1 and BTG2, were reported further to associate with the protein arginine 

methyltransferase PRMT1 through a motif, boxC, conserved only in this subset of proteins. 

We recently demonstrated that BTG1 and BTG2 also contact the first RRM domain of the 

cytoplasmic poly(A) binding protein PABPC1. To decipher the mode of interaction of BTG1 

and BTG2 with partners, we performed nuclear magnetic resonance experiments as well as 

mutational and biochemical analyses. Our data demonstrate that, in the context of an APRO 

domain, the boxC motif is necessary and sufficient to allow interaction with PABPC1 but, 

unexpectedly, that it is not required for BTG2 association with PRMT1. We show further that 

the presence of a boxC motif in an APRO domain endows it with the ability to stimulate 

deadenylation in cellulo and in vitro. Overall, our results identify the molecular interface 

allowing BTG1 and BTG2 to activate deadenylation, a process recently shown to be 

necessary for maintaining T-cell quiescence.  

 

Keywords: RNA decay, CCR4-NOT complex, deadenylase, regulation of gene expression, 

APRO domain, poly(A) tail, poly(A) binding protein PABPC, protein arginine methylase 

PRMT1, antiproliferative activity, cancer  
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INTRODUCTION 

Members of the BTG/Tob family of proteins (BTG for B-cell translocation gene and Tob for 

Transducer of ErbB2) are characterized by the presence of a conserved domain at their N-

terminus, the BTG domain, also called the APRO domain 1. These proteins are present in 

metazoans, with 6 members in vertebrates. The latter can be classified in three subgroups 

based on their overall organization and sequence similarity (Fig. 1): the two closely related 

factors with short C-terminal tails BTG1 and BTG2, the two related Tob1 and Tob2 proteins 

possessing the longest C-terminal moiety, and the more distantly related BTG3 and BTG4 

proteins 1-3. In addition to a common organization, BTG1 and BTG2 present at the C-terminus 

of their BTG/APRO domains a boxC motif 4, hereafter defined as the 11 amino-acid long 

sequence DGSICVLYEAS in BTG1 and DGSICVLYEEA in BTG2. Besides sequence 

similarities, the BTG/Tob proteins have been associated with anti-proliferative properties as 

their ectopic over-expression in cultured cells reduces cell proliferation 5-12. Consistently, 

their endogenous expression was often observed to correlate with cell cycle arrest 13-17. 

Moreover, numerous analyses have reported their connection to human cancers and suggested 

tumor suppressor functions (reviewed in 3, 18, 19). In particular, correlations between their level 

of expression, disease progression and survival outcome have been observed and, on this 

basis, they were proposed as candidate prognosis biomarkers 20-22. BTG/Tob proteins are also 

involved in cellular differentiation. In particular, BTG1 and BTG2 have been implicated in 

neuronal development (reviewed in 23) and hematopoiesis 16, 17, 19, 24, 25. 

Remarkably, several BTG/Tob proteins were independently found to interact with CAF1 9, 26, 

27. The latter is a subunit of the CCR4-NOT complex, a multi-protein assembly conserved in 

all eukaryotes that was shown to be the predominant deadenylase catalyzing the mRNA 

poly(A) tail shortening that initiates eukaryotic mRNA decay (28-33 to cite a few). Two 

subunits of the CCR4-NOT complex harbor deadenylase activities, CAF1, for which 2 
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paralogues named CNOT7 and CNOT8 exist in mammals, and CCR4, with 2 paralogues in 

mammals as well: CNOT6 and CNOT6L. BTG/Tob proteins directly bind to either the 

CNOT7 or the CNOT8 deadenylase (those will collectively be referred to as CAF1). This 

interaction has been documented at the structural level through the resolution of the crystal 

structure of a complex containing human CNOT7 and a N-terminal part of human Tob1 34. 

This showed that the Tob1-CAF1 interaction involves residues of the strongly conserved 

boxA and boxB motifs found within the globular fold of the APRO domains, supporting the 

idea that all BTG/Tob proteins adopt a similar mode of interaction with CAF1 and that their 

evolutionary conserved role is to impact the functions of the CCR4-NOT complex. The 

resolution of the structures of free human and mouse BTG2 revealed that its 3D organization 

is similar to the one of the N-terminal region of Tob1 35. In the BTG2 structure, boxC 

corresponds essentially to the final beta-strand of the APRO domain 35. Overall, structural 

analyses established that the APRO domain folds as a unique and independent globular 

module, which does not significantly change its conformation upon CAF1 binding. 

Functionally, ectopic over-expression of BTG2 or Tob1 in cells stimulated CAF1 activity 

leading to deadenylation and decay of RNA reporters and endogenous transcripts 36-38. 

Importantly, the ability of the BTG/Tob proteins to stimulate mRNA deadenylation and decay 

correlated with their anti-proliferative activity 11, 12, 39. In contrast to BTG proteins, Tob 

factors present in their C-terminal regions two PAM2 motifs (Poly(A)-Binding-Protein-

Interacting Motif 2) that mediate their association with the MLLE domain of cytoplasmic 

Poly(A)-Binding-Proteins (PABPC) 40-42. Mutations in PAM2 motifs that abrogate Tob1 

binding to PABPC also abrogated Tob1 capacity to stimulate mRNA deadenylation 36, 37. 

These observations suggested a model by which Tob proteins stimulate RNA deadenylation 

by recruiting the CCR4-NOT complex to mRNA through their interaction with PABPC. This 

hypothesis was further supported by tethering experiments: when Tob proteins were bound 
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directly to transcript reporters via tethering, their ability to stimulate deadenylation of the 

reporter didn’t depend anymore on intact PAM2 motifs 39. Unexpectedly, BTG1 and BTG2 

were also found to interact directly with PABPC1 12. This observation suggested that BTG1 

and BTG2 use a mechanism similar to Tob factors to stimulate mRNA deadenylation, even 

though the motifs involved in the respective interactions of these proteins with PABPC differ. 

Consistently, in the absence of PAM2 motifs in BTG1 and BTG2 factors, a mutational 

analysis revealed that a 4 amino acid substitution in the boxC motif, a region conserved in the 

APRO domain of BTG1 and BTG2 but absent from Tob factors, BTG3 and BTG4, blocked 

BTG2 binding to PABPC1 and its ability to stimulate deadenylation 12.  

Based on yeast 2-hybrid assay results, the protein arginine methyltransferase PRMT1 was 

reported to interact with BTG1 and BTG2, but not with BTG3 4, 43. Deletion mapping 

suggested that the boxC motif was required for PRMT1 interaction with BTG1 and BTG2 4. 

Following this initial analysis, expression of BTG1 or BTG2 proteins containing or lacking 

their boxC motif was used to interpret their biological impacts as being mediated by PRMT1, 

for example during erythrocyte differentiation 24, following stimulation of B lymphoma cells 

44 or for induction of cell-cycle arrest of pre-B cells 16.  

The observations that mutation or deletion of the BTG1/2 boxC motif impaired binding to 

PABPC1 or PRMT1, respectively, raised the need to better understand the role of this motif in 

mediating interaction with partners. Here, we confirm that BTG1 and BTG2 boxC is the 

principal site mediating interaction of their APRO domains with PABPC1. We show further 

that, when grafted into another APRO domain, this sequence is sufficient to promote 

interaction with PABPC1. In contrast, we were unable to corroborate that the boxC motif is 

directly involved in the BTG2-PRMT1 interaction. Thus, our results reveal that the biological 

effects attributed to the recruitment of PRMT1 by BTG1 and BTG2, based on their 

obliteration in boxC deletion mutants, should be carefully reinterpreted. Indeed, our results 
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indicate that BTG1 and BTG2 boxC is a key determinant for their capacity to induce general 

deadenylation. This process was shown to contribute to various biological programs such as 

the maintenance of T cells in a quiescent state 17, 45.   
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MATERIAL AND METHODS 

Plasmid constructions 

Plasmids and oligonucleotides used in this study are presented in Supplementary Table 1 and 

2, respectively. DNA fragments amplified with PCR were verified by sequencing. 

Cell culture and transfections 

HEK293 cells stably expressing CNOT7-TAP fusion protein 46, and HEK293 Tet-Off cells 38, 

were maintained in DMEM medium containing 4.5 g/l glucose, GlutaMAX, 10% fetal calf 

serum and 40 μg/ml gentamycine. They were transfected with TurboFect transfection reagent 

(Thermo Scientific) according to the manufacturer’s recommendation. 

RNA extraction and RACE-PAT 

Total RNA was extracted using the NucleoSpin RNA kit (Macherey-Nagel). To monitor the 

poly(A) tail length of the β-globin transcript reporter, a modified RACE-PAT assay was 

performed as described previously 12, 46. PCR products were fractionated on 3% agarose gels, 

stained with ethidium bromide. Those were digitized using Typhoon FLA 9500 (GE 

Healthcare) and quantification was done using the ImageJ software 47. 

Protein co-immunoprecipitation and western blot 

Co-immunoprecipitation experiments were performed using GFP-Trap magnetic agarose 

beads (Chromotek). Specifically, cells grown in 10cm dishes were lysed 24 hours after 

transfection in 200µl lysis buffer (10 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.5mM EDTA, 

0.5% Igepal CA-630) supplemented with protease inhibitors (Complete Protease Inhibitor 

Cocktail EDTA-free, Roche). After centrifugation, 300 μl of wash buffer (10 mM Tris-HCl 

pH 7.5, 150 mM NaCl and 0.5 mM EDTA) was added to the supernatant. Cell lysates were 

then incubated with 10 µl GFP-Trap magnetic beads for 1 hour at 4 °C. After recovery, beads 

were washed three times with wash buffer and eluted 10 min at 95°C with Laemmli sample 
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buffer (60 mM Tris-HCl pH 6.8, 10% glycerol, 0.002% bromophenol blue, 2% sodium 

dodecyl sulfate and 5% dithiothreitol).  

Western blotting was performed by standard procedures and visualized with the Amersham 

Imager 600 (GE Healthcare). CNOT7-TAP, GFP fusion proteins and PRMT1 were revealed 

with peroxidase anti-peroxidase soluble complex (P1291, Sigma-Aldrich) used at 1/3000 

dilution, monoclonal antibody anti-GFP (JL-8, Clontech) used at 1/2000 dilution and 

monoclonal antibody anti-PRMT1 (PRMT1-171, Sigma-Aldrich) used at 1/1000 dilution 

respectively. The Luminata Crescendo Western HRP Substrate (Millipore) was used as HRP 

substrate. 

Yeast two-hybrid assay 

The diploid yeast strain Y187/L40 (MATα/MATa, ade2-101/ade2, his3-200/his3Δ200, leu2-

3,-112/leu2-3,-112, lys2-801am::LYS2::(lexAop)4-HIS3/LYS2, MEL1/?, met-/MET, trp1-

901/trp1-901, gal4Δ/gal4-542, gal80Δ/gal80-538, ura3-52::URA3::GAL1UAS-GAL1TATA-

lacZ/URA3::(lexAop)8-lacZ) was transformed simultaneously with the LexA-Binding-

Domain and Gal4-Activating-Domain-derived plasmids by standard LiAc procedure. 

Interaction between the different chimeric proteins was monitored by β-galactosidase 

production using the Beta-Glo Assay System (Promega) according to the manufacturer’s 

recommendation. 

Purification of recombinant proteins 

Recombinant proteins were produced in E. coli BL21-CodonPlus strain (Stratagene) grown in 

autoinduction media (Formedium).  

GST and GST-BTG2(APRO). Bacteria were lysed by sonication in buffer (30 mM HEPES-

KOH pH 7.5, 100 mM NaCl, 1 mM CHAPS and 2 mM dithiothreitol (DTT)) supplemented 

with protease inhibitors (Complete Protease Inhibitor Cocktail EDTA-free, Roche) and 

Benzonase (BaseMuncher, Expedeon). GST-tagged proteins were purified with affinity 
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chromatography on GSTrap FF column and then on Sephacryl S200 16/50 column (GE 

Healthcare Life Sciences) with PBS 1X and stored in PBS 1X. 

6His-PABPC1(1–190) and 6His-CNOT7: Bacteria were resuspended in lysis buffer (30 mM 

HEPES-KOH pH 7.5, 300 mM NaCl and 1 mM DTT) supplemented with protease inhibitors 

(Complete Protease Inhibitor Cocktail EDTA-free, Roche) and Benzonase (BaseMuncher, 

Expedeon) and lysed by sonication. Proteins were purified with affinity chromatography on 

HisTrap FF crude column (GE Healthcare Life Sciences) followed by a size exclusion 

chromatography step on Superdex 75 column (GE Healthcare Life Sciences). Proteins were 

stored in gel filtration buffer containing 20 mM HEPES-KOH pH 7.5, 50 mM NaCl and 

0.5 mM TCEP. 6His-CNOT7 sometime appeared as a doublet probably owing to trimming a 

few N- or C-terminal unstructured and less conserved residues with this construct 34.  

GST-Tob1(APRO) and GST-Tob1-DGSICVLYEEA. Bacteria were lysed by sonication in 

buffer (50 mM Tris-HCl pH 8, 150 mM NaCl and 2 mM dithiothreitol (DTT)) supplemented 

with protease inhibitors (Complete Protease Inhibitor Cocktail EDTA-free, Roche). GST-

tagged proteins were purified with affinity chromatography on GSTrap FF column and then 

on Sephacryl S200 16/50 column (GE Healthcare Life Sciences) with PBS 1X and stored in 

PBS 1X. 

Recombinant proteins for NMR studies. Recombinant 6His-PABPC1 RRM2 (amino acids 85 

to 190) and 6His-GB1-fusion proteins (PABPC1 RRM1, amino acids 1 to 99, BTG2 and 

BTG2(APRO), amino acids 1 to 126) were over expressed in BL21(DE3) Codon plus (RIL) 

cells (Novagen). Cells were grown in LB rich or M9 minimal media supplemented with 

15NH4Cl or 15NH4Cl and 13C-glucose at 37°C until OD600 reached 0.6-0.8, then protein 

expression was induced with 0.5 mM isopropyl β-D-thiogalactoside (IPTG) at 20°C for 19 to 

22 hours. Cells were harvested at 4°C, 20 min at 6000rpm and pellets were lysed with a 

microfluidizer at 75 PSI (0.52 MPa) in 20 mM Tris-HCl pH 8, 800 mM NaCl, 2 mM MgSO4, 
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5 mM CaCl2, 10 mM imidazole, 10 mM β-mercaptoethanol, 0.25 mg/mL lysozyme, 10 

µg/mL DNase, one complete EDTA free protease inhibitor tablet (Roche) in a total volume of 

50 mL. Lysate cleared by centrifugation at 4°C for 30 min at 17000 rpm was applied onto a 5 

ml HiTrap Chelating HP column (GE Healthcare) charged with nickel on an AKTA prime 

system, washed with 20mM Tris-HCl pH 8, 800 mM NaCl, 10 mM imidazole and 10 mM β-

mercaptoethanol and eluted with 50% of the same buffer but containing 500 mM imidazole. 

Pooled fractions were dialyzed against 3 L buffer (20 mM Na2HPO4 pH 7, 100 mM NaCl, 1 

mM EDTA, 1 mM DTT) in the presence of an in house made TEV protease (1:50 ratio mg-

TEV: mg-purified protein) at RT overnight to remove the 6His-GB1-tag. Additional dialysis 

against 2 L of the same buffer but without EDTA was performed for 4 hours. The protein was 

further purified by reloading the sample on the HiTrap Chelating HP column to remove the 

6His-GB1-tag, overnight dialyzed as above, followed by size exclusion chromatography 

using the Superdex75 prep grade size exclusion column (GE Healthcare) in 20 mM Na2HPO4 

pH 7, 100mM NaCl, 1mM DTT. 6His-PABPC1-RRM2 was purified as above but without the 

TEV cleavage and the second HiTrap Chelating HP column step. The proteins were stored at -

80°C.  

NMR spectroscopy 

Backbone experiments were performed in 20 mM MES pH 5.5, 50 mM NaCl, 1 mM DTT, 

10% D2O, 298K for PABPC1 RRM1 and in 20 mM Na2HPO4 pH 7, 100 mM NaCl, 1 mM 

DTT, 298K for BTG2(APRO) at 600 MHz. For the 1H, 15N and 13C assignments of the 

protein backbone of PABPC1 RRM1 and BTG2(APRO), 2D 1H,15N-HSQC and 3D HNCO, 

HN(CA)CO, HNCA, HN(CO)CA, HNCACB, CBCA(CO)NH and 3D 15N-NOESY-HSQC 

(mixing time of 100 ms) spectra were recorded.  

NMR titrations were done in 20 mM Na2HPO4 pH 7, 100 mM NaCl,1 mM DTT, 10% D2O at 

298K using Bruker AVIII-500 MHz, AVIII-600 MHz and AVIII-700 MHz (equipped with 
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cryoprobes). As the backbone experiments of RRM1 were recorded in a different buffer, an 

additional 3D HNCACB of PABPC1 RRM1 validated the backbone assignments also in the 

phosphate buffer. For titration experiments, unlabeled proteins were titrated into 15N labelled 

proteins at 100-400 μM. The combined chemical shift difference was calculated according to 

(δH2+(δN/6.51)2)1/2, were δH and δN were the difference in the 1H and 15N chemical shifts 

respectively. NMR data were processed with Topspin 3.1 (Bruker) and the analysis performed 

using Sparky (T. D. Goddard and D. G. Kneller, SPARKY 3, University of California San 

Francisco). The backbone assignments of PABPC1 RRM1 and BTG2(APRO) have been 

deposited in the BMRB data bank under Accession Number 50526.  

In vitro deadenylation assays 

In vitro deadenylation assays were performed in 60 μL final reaction volume using 100 nM of 

a synthetic 20(A) RNA oligonucleotide labelled with Fluorescein at its 5′ end (Dharmacon), 

0.7 M of 6His-PABPC1(1–190), 1.8 M of GST, GST-BTG2(APRO), GST-Tob1(APRO) 

or GST-Tob1-DGSICVLYEEA fusion proteins, and 0.4 M of 6His-CNOT7. Reactions were 

performed at 30°C in buffer containing 20 mM HEPES-KOH pH 8.0; 100 mM KCl; 0.5 mM 

DTT; 0.1% Igepal CA-630; 5 mM MgAc. At indicated time points, one aliquot (10 L) of the 

reaction was mixed with an equal volume of RNA dye buffer (100 mM Tris-HCl pH 7.5; 

1 mM EDTA; 0.001% bromophenol blue; 0.001% xylene cyanol; 0.05% sodium dodecyl 

sulfate; and 92% formamide) and kept on ice. Products were fractionated by electrophoresis 

on 15% denaturing polyacrylamide gel, detected with a Typhoon FLA 9500 (GE Healthcare), 

and quantified with the ImageJ software. 
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RESULTS 

NMR mapping of residues mediating the BTG2-PABPC1 interaction strengthens the key 

role of the boxC motif 

We previously reported that BTG1 and BTG2 APRO domains interact with the first RRM 

domain of the cytoplasmic Poly(A)-Binding Protein PABPC1 12. Furthermore, a 4 amino acid 

substitution in BTG2 boxC specifically impaired binding with PABPC1 RRM1 12. Yet, as the 

structure of the BTG2 APRO - PABPC1 RRM1 heterodimer remains unknown, one couldn’t 

exclude that the boxC mutation indirectly affected association of these two factors without 

targeting directly the interaction interface. To identify residues involved in protein contact 

between BTG2 and the RRM1 domain of PABPC1, we resorted to NMR chemical shift 

mapping. We carried out backbone resonance assignments of BTG2(APRO) and titrations of 

recombinantly expressed 15N labelled BTG2(APRO) and unlabeled PABPC1 RRM1, or 

RRM2 as a control, monitoring resonances in 1H-15N-HSQC spectra (Fig. 2 and 

Supplementary Fig. 1). The chemical shift perturbations of 15N labelled BTG2(APRO) upon 

PABPC1 RRM1 addition are mostly in intermediate to fast exchange regime on the NMR 

time scale (Fig. 2A and B). In contrast, upon RRM2 addition, only a few chemical shifts show 

fast exchange regime, indicating a very weak or unspecific binding of BTG2(APRO) to 

PABPC1 RRM2 (Fig. 2B blue and Supplementary Fig. 1). These data confirm the specificity 

of the BTG2 APRO-PABPC1 RRM1 interaction. In these spectra, 73% of the BTG2(APRO) 

backbone residues are assigned, others being absent most likely because some exchanges 

cause line broadening and/or because of multiple conformation. Nevertheless, all central -

strands of the known human BTG2 structure (pdb code 3DJU, 35, Fig. 2C) could be assigned. 

Mapping residues whose chemical shift perturbations disappear at a ratio of BTG2(APRO)-

RRM1 above 1:0.25/1:0.5 and those with large chemical shift perturbations (twice above the 

standard deviation) on the protein sequence and on the 3D-structure identifies a region of 
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BTG2 that is likely to mediate the interaction with PABPC1 RRM1 (Fig. 2B and 2C). 

Interestingly this region encompasses the boxC motif as well as the contiguous C-terminal 

region of boxB and adjacent amino acids in the folded protein (notably at the C terminus of 

the first -helix). Most importantly, it contains the residues whose substitution was previously 

reported to block interaction with PABPC1 RRM1 12. Specificity was demonstrated by the 

fact that chemical shifts were not observed anymore when the 15N labelled mutant 

BTG2(APRO) domain carrying the 4 amino-acid substitution (BTG2-kGpvkVLYEEA, 

residues substituted in boxC are in lowercase) was mixed with unlabeled PABPC1 RRM1 

(Fig. 2D). 

In converse experiments, using 15N labelled PABPC1 RRM1 and unlabeled BTG2, we 

mapped PABPC1 residues whose chemical shifts are altered upon binding. Backbone 

resonance assignments of RRM1 revealed the involvement of RRM1 α1, β2 (Fig. 3A and B) 

and the loop following β2. Interestingly,  residues within α1 such as T23, M26 and Y28 

showed the strongest shifts and multiple residues in α1 disappeared already at a 1:0.25 

RRM1:BTG2 ratio. These major changes in chemical environment indicate direct interactions 

or conformational modifications of this element. Consistently, these shifts were not detected 

when the BTG2(APRO) domain carrying the 4 amino-acid substitution (BTG2-

kGpvkVLYEEA) preventing its interaction with PABPC1 RRM1 was used (Fig. 3C). Most 

residues whose chemical shifts are altered upon binding of BTG2 to PABPC1 form a 

contiguous surface on RRM1 (Fig. 3D, pdb code 1CVJ, 48), suggesting its direct involvement 

in the interaction with BTG2.  

Altogether, these NMR experiments confirm the involvement of BTG2 boxC and show 

chemical shift changes in the C-terminal end of α1 and part of the β-sheet, notably boxC 

residues, upon binding of PABPC1 RRM1. Conversely, PABPC1 RRM1 recognizes BTG2 

via its α1, β2 and loop following β2.  
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BTG2 boxC motif is sufficient to mediate interaction to PABPC1 

As NMR analyses confirmed a direct role of the BTG2 boxC motif in binding PABPC1, we 

next tested whether boxC in the context of an APRO domain, might be sufficient for this 

interaction. The BTG2-PABPC1 interaction was monitored through -galactosidase 

production in a yeast 2-hybrid assay. We had previously used this system to show that a N-

terminal region of human PABPC1 encompassing its first and part of its second RRM 

domains (amino acids 1 to 146) interacts with the BTG1 and BTG2 APRO domains, but not 

with the Tob1 APRO domain (12, see also BTG1(APRO), BTG2(APRO) and Tob1(APRO) in 

Fig. 4A and B). Using the structural similarity between the APRO domains of BTG2 and 

Tob1 34, 35 to guide site-directed mutagenesis experiments, we constructed BTG1, BTG2 and 

Tob1 derivatives where sequences corresponding to boxC were exchanged (Fig. 4A). These 

constructs are named according to the protein backbone (BTG2 or Tob1) followed by the 

sequence of the boxC region with residues DGSICVLYEEA present in BTG2 (or common to 

BTG2 and Tob1) in upper case and residues from Tob1 in lower case (kGpvkVLYvdd, note 

the 4 shared residues in upper case) (Fig. 4A). Control assays and the 1H-15N-HSQC spectra 

of BTG2(APRO) and BTG2(APRO) boxC mutant (BTG2-kGpvkVLYEEA) demonstrated 

that these mutations did not strongly affect the folding of the APRO domain in these 

derivatives as they were still able to interact with human CNOT7 (Fig. 4B) and the chemical 

shift changes were only observed in the corresponding boxC region and the neighboring β3 

strand (Fig. 2A and D). Consistent with previous results 12, substituting 4 of the 5 residues at 

the N-terminus of boxC in the BTG2 APRO domain (boxC mutant construct BTG2-

kGpvkVLYEEA) abolished the interaction with PABPC1(1-146) (Fig. 4B). Interestingly, 

introduction of a partial or complete BTG2 boxC into the Tob1 APRO domain in derivatives 
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Tob1-DGSICVLYvdd and Tob1-DGSICVLYEEA, respectively, was sufficient to create a 

binding site for the first RRM domains of PABPC1 as shown by a >10-fold increase in -

galactosidase production in the 2-hybrid assay (Fig. 4B). This gain-of-function result 

demonstrates the key role of boxC within the APRO domain in mediating the interaction with 

PABPC1. We concluded that the boxC motif in the context of an APRO fold is not only 

necessary but also sufficient to allow binding to the first RRM domains of PABPC1.  

 

Grafting a boxC motif into the Tob1 APRO domain enhances its ability to stimulate 

deadenylation in cellulo and in vitro 

Having generated Tob1 APRO domain derivatives able to bind PABPC1, we next tested 

whether this property also enabled the chimeric proteins to stimulate deadenylation. To this 

end, constructs encoding GFP- and HA-tagged wild-type BTG2 and Tob1 APRO domains, as 

well as their chimeric derivatives, were transfected in HEK293 Tet-Off cells 38 together with a 

-globin mRNA reporter expressed under the control of a tetracycline-regulated promoter. 

The steady-state poly(A) tail length of the -globin transcript was then monitored by RACE-

PAT, a RT-PCR-based assay 12, 46. In this assay, in agreement with results published 

previously 12, stimulation of deadenylation by the BTG2(APRO) fusion protein results in 

shorter poly(A) tails of the -globin reporter as compared to control cells expressing GFP 

alone or the BTG2 boxC mutant (BTG2-kGpvkVLYEEA) (Fig. 5A, 5B and 5C, note that 

RACE-PAT was performed in duplicate to establish reproducibility). Long poly(A) tails are 

observed in cells expressing the wild-type Tob1 APRO domain (Fig. 5A, 5B and 5C). These 

tails appeared slightly longer than those detected in GFP transfected cells, probably as a result 

of ectopically expressed Tob1(APRO) acting as a competitor toward endogenous BTG/Tob 

factors, binding CAF1 without promoting deadenylation. When a partial or complete BTG2 

boxC motif was grafted into the Tob1 APRO domain (Tob1-DGSICVLYvdd and Tob1-
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DGSICVLYEEA), the poly(A) tails of the β-globin reporter transcript were shorter compared 

to those observed in cells expressing wild-type GFP-Tob1(APRO) (Fig. 5A, compare lanes 9-

10 and 11-12 with lanes 7-8; profiles in Fig. 5B and box plots in Fig. 5C). Yet, expression of 

the Tob1 derivatives was not as efficient as expression of wild-type GFP-BTG2(APRO) in 

shortening the reporter poly(A) tails (Fig. 5A, compare lanes 9-12 and lanes 3-4 respectively). 

Since the expression level (Fig. 5D) and binding to CNOT7 (Fig. 4B) are similar between the 

Tob1 chimera and the BTG2(APRO) construct, we hypothesize that the Tob1 derivatives 

have a less potent intrinsic ability to stimulate deadenylation possibly because of reduced 

binding to PABPC1 relative to BTG2(APRO) (Fig. 4B). Nevertheless, this gain-of-function 

indicates that grafting the BTG2 boxC into a Tob1 backbone confers the ability to stimulate 

mRNA deadenylation in vivo. 

To ascertain that introduction of a boxC motif in Tob1 directly enhances its ability to 

stimulate deadenylation, we conducted in vitro deadenylation assays 12 with purified CNOT7, 

PAPBC1and BTG/Tob derivatives. Recombinant GST-BTG2(APRO), GST-Tob1(APRO), a 

Tob1(APRO) derivative carrying the BTG2 boxC (GST-Tob1-DGSICVLYEEA) and GST, as 

well as 6His-tagged CNOT7 and 6His-tagged PABPC1(1-190) encoding its 2 first RRMs 

were produced in E. coli (Fig. 6A). Purified proteins were mixed with a 5’-fluorescein-labeled 

20-oligoadenosine long RNA substrate and samples were collected at various time points of 

incubation. Monitoring the resulting deadenylation by denaturing gel electrophoresis 

demonstrated a progressive shortening of the oligo(A) substrate by 6His-CNOT7 in presence 

of 6His-PABPC1(1-190) and GST over the 60 min of the reaction (Fig. 6B, lanes 2-6). 

Consistent with previous results 12, 49, GST-BTG2(APRO) strongly accelerated deadenylation 

with 91% of the substrate completely degraded by 15 minutes (lanes 8-12). At the same time 

point, no completely deadenylated product was observed in the presence of GST-

Tob1(APRO) (lanes 14-18). The Tob1-DGSICVLYEEA chimera accelerated deadenylation 
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(lanes 20-24) relative to controls, with 90% of the substrate completely deadenylated after 60 

minutes (lanes 20-24). For comparison, at the same time point, only 38% of final 

deadenylated product was present in reactions containing wild-type Tob1(APRO) (Fig. 6B, 

lane 18). The enhanced ability of BTG2(APRO) to stimulate in vitro deadenylation relative to 

the recombinant Tob1 chimera parallels our in cellulo results (Fig. 5A, 5B and 5C). 

Importantly, no substrate degradation was detected when the RNA was incubated with the 

recombinant proteins in the absence of 6His-CNOT7 (Fig. 6B, lanes 1, 7, 13 and 19) 

indicating that CNOT7 was the sole activity responsible for the deadenylation observed. This 

result confirms that introduction of a boxC motif in the Tob1 APRO domain confers to the 

chimeric construct the ability to stimulate CNOT7 deadenylase activity in vitro. 

Altogether, our results demonstrate that replacing a few residues of the Tob1 APRO domain 

by those of BTG2 boxC is sufficient to mediate PABPC1 binding and thereby stimulate 

mRNA deadenylation in cellulo and in vitro. 

 

Association with PRMT1 is not a conserved feature of BTG/Tob proteins 

It has been shown previously that BTG1 and BTG2, but not BTG3, interacted with PRMT1 in 

yeast 2-hybrid assays and pull-downs of in vitro translated proteins 4, 43. To the best of our 

knowledge, there is no data documenting an interaction of Tob proteins with PRMT1. To 

determine which members of the human BTG/Tob protein family associate with PRMT1, we 

performed co-immunoprecipitation (IP) experiments with YFP-tagged full-length human 

BTG/Tob proteins. The proteins were expressed in HEK293 cells that stably express a TAP-

tagged version of the CAF1 paralogue CNOT7 46. All BTG/Tob proteins co-precipitated 

CNOT7-TAP (Fig. 7) even though the CNOT7-TAP signal observed in the co-IP with YFP-

BTG1 was reproducibly low. We have routinely observed that BTG1 co-precipitates CNOT7 

less efficiently than the other BTG/Tob members even in the context of endogenous CNOT7 
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(Supplemental Fig. 2A). Nevertheless, YFP-BTG1 stimulated the decay of a co-expressed -

globin reporter mRNA as efficiently as BTG2 (Supplemental Fig. 2B), indicating that the 

YFP-BTG1 construct is functional. Assaying PRMT1 revealed efficient co-IP only with YFP-

BTG2 (Fig. 7). As BTG1 has been reported to interact with PRMT1 in two-hybrid and in 

vitro binding assays 4, 43, we were surprised to observe that PRMT1 was not detected in co-

precipitation with YFP-BTG1. However, given that YFP-BTG1 does not co-precipitate 

efficiently CNOT7, it is possible that the same applies to PRMT1. Overall, we observed that 

PRMT1 interacts with BTG2 but not BTG3 in co-IP experiments, consistent with the results 

of previous two-hybrid and in vitro binding assays 4, 43. Our analysis shows further that 

BTG4, Tob1 and Tob2 do not co-IP PRMT1, indicating that its interaction with BTG2, and 

possibly BTG1, is not a general feature of all human BTG/Tob family members. 

 

BTG2 boxC motif does not mediate the interaction of BTG2 with PRMT1 

Gradual deletions from the C-terminus of BTG1 identified the boxC motif as required for its 

interaction with PRMT1 in a yeast 2-hybrid assay 4. An internal boxC deletion also abolished 

BTG1-PRMT1 heterodimer formation. Further, in a pull-down assay, in vitro translated 

PRMT1 precipitated with GST-BTG2 but not with a boxC-deleted GST-BTG2 protein 4. 

These observations led the authors to propose that the boxC motif, conserved only in the 

BTG1 and BTG2 APRO domains, was responsible for their association with PRMT1. As we 

uncovered that boxC is required for the interaction with PABPC1, we aimed to better 

characterize its role in mediating the association of BTG2 with PRMT1. To this end, we 

expressed a battery of derivatives of the BTG2 and Tob1 proteins fused to GFP and HA tags 

(Fig. 8A) in the HEK293 cells that stably express CNOT7-TAP, and tested their ability to co-

precipitate CNOT7-TAP and endogenous PRMT1 (Fig. 8B). Deletion of the boxC motif from 

either the full length BTG2 protein or its APRO domain led to their inability to co-precipitate 
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PRMT1 (Fig. 8B). However, these constructs did not co-precipitate CNOT7-TAP either, and 

were furthermore poorly expressed. Moreover, GFP aggregates could be visualized in the 

transfected cells (Supplemental Fig. 3). We attribute these properties to improper folding of 

the APRO domain lacking the boxC sequence, rendering the resulting polypeptides 

completely inactive. Indeed, the boxC motif contributes to the globular fold of the BTG2 

APRO domain as determined by X-ray crystallography 35, which likely explains the inability 

of boxC deletion mutants to co-precipitate CNOT7 and PRMT1. Substituting boxC residues 

of BTG2 by those found at equivalent positions in the structure of Tob1 (GFP-BTG2-

kGpvkVLYEEA-HA and GFP-BTG2-kGpvkVLYvdd-HA) bypasses the folding problems of 

the mutant constructs, as shown by their ability to bind CNOT7 (Fig. 8B). These derivatives 

retained the ability to bind PRMT1 (Fig. 8B) revealing that the BTG2 boxC residues are not 

required for binding PRMT1. As some residues are conserved between the sequences of Tob1 

and BTG2 (Fig. 8A), we also introduced in the BTG2 APRO domain residues found at the 

equivalent location in BTG3 (construct GFP-BTG2-knnafivaEEA). Notably, BTG2 boxC and 

its BTG3 equivalent do not share common residues. This derivative co-precipitated CNOT7, 

indicating that it was at least partially folded. Moreover, it also precipitated PRMT1. Taken 

together, these results indicate that the boxC motif is not required for the association of BTG2 

with PRMT1, supporting that earlier observations were likely the result of improper folding 

of deletion constructs. In parallel, we also introduced the BTG2 boxC sequence in Tob1 

(GFP-Tob1-DGSCIVLYvdd-HA and GFP-Tob1-DGSCIVLYEEA-HA constructs). The 

resulting proteins were correctly expressed, associated with CNOT7 but failed to co-

precipitate PRMT1 (Fig. 8B) despite the presence of a BTG2 boxC motif. This indicates that 

the boxC motif is not sufficient to mediate association with PRMT1. In summary, we 

confirmed that the BTG2 APRO domain co-precipitates specifically with PRMT1, yet our 

detailed mutational analysis failed to identify a role for boxC in this association.  
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DISCUSSION 

This study aimed to characterize the basis for binding of BTG1 and BTG2 with their PRMT1 

and PABPC1 partners and the biological roles of these interactions. Our results confirm that 

BTG2 interacts with these two partners. While we demonstrate that its boxC motif is 

necessary and sufficient in the context of an APRO domain for PABPC1 binding and ensuing 

biological consequences, our observations indicate that, in contrast to earlier interpretations, 

the boxC motif is not essential for the interaction of BTG2 with PRMT1. 

Evidence for the BTG1/2-PRMT1 interaction stemmed from 2-hybrid assays and pull-down 

of in vitro translated protein with recombinant factors 4, 43. Here, we confirm the association 

of BTG2 with PRMT1 by co-precipitation experiments consistent with previous reports 50, 51. 

We did not observe co-IP of PRMT1 with YFP-tagged BTG1 but, at this stage, cannot rule-

out that this results from less efficient co-precipitation. Our data indicate further that, with the 

possible exception of BTG1, other BTG/Tob family members do not show interaction with 

PRMT1 in co-IP experiments. Original evidence for the boxC motif to be involved in the 

interaction of BTG1 and BTG2 with PRMT1 were based on the analysis of deletion mutants 

4. This observation is not confirmed by substitution analysis, and the discrepancy is likely due 

to a folding problem. Indeed, we now know that the boxC motif is an integral element of the 

APRO domain globular fold 34, 35. In its absence, the entire APRO domain is likely unfolded, 

as indicated by its inability to bind CNOT7 (Fig. 8), and thus also incapable to bind other 

partners. The specific BTG2 elements needed for its association with PRMT1 remain 

unknown. An increase in specific protein methylation has been observed following BTG1 or 

BTG2 expression, and was linked to growth arrest of hematopoietic cells 16, 24, 44, inhibition of 

apoptosis during DNA double strand break repair 51 and regulation of transcription factor 

activities 50, 52, 53. Enhanced methylation was proposed to result from the direct interaction of 

BTG1 and BTG2 with PRMT1, and in some instances, these effects were not observed upon 
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deletion of boxC from BTG1 or BTG2 16, 24, 44. However, in light of our observations of the 

impact of this mutation on the interaction with CNOT7, PRMT1 and possibly other partners, 

no direct mechanistic conclusions can be drawn. Identification of the elements mediating 

direct or indirect association of BTG2 (or BTG1) with PRMT1 will be important to decipher 

the mechanisms involved in these processes and in particular to verify whether increased 

protein methylation is a direct consequence of BTG1 or BTG2 interaction with PRMT1. 

NMR structural analyses, interaction assays as well as functional analyses demonstrate that 

the conserved boxC motif present in BTG1 and BTG2 mediates their association with 

PABPC1 RRM domains. The NMR data clearly identifies boxC in BTG2 and RRM1 in 

PABPC1 as the two regions making direct contacts (Fig. 2 and 3). These observations agree 

with our interaction mapping and the fact that substitutions in boxC prevent BTG2-PABPC1 

binding (Fig. 4, 12). It is noteworthy that our results rest largely on the analyses of mutants in 

which residues at equivalent position to boxC were swapped between different members of 

the BTG/Tob family. This strategy ensured that the resulting proteins are properly folded, a 

conclusion supported by monitoring CNOT7 binding in addition to NMR analyses (Fig. 2 and 

4).  

Importantly, introduction of a boxC motif in the Tob1 APRO domain was sufficient to allow 

its interaction with PABPC1 and to enable stimulation of deadenylation in cellulo and in 

vitro. The Tob1 chimera was less efficient than BTG2(APRO) to induce poly(A) shortening 

in these assays, likely as a result of a lower affinity to PABPC1 (Fig. 4B) stemming from the 

contribution of other residues that fine tune this interaction (Fig. 2). Yet, this gain-of-function 

result strongly argues for a mechanism by which the BTG1 and BTG2 APRO domains recruit 

the CAF1 deadenylase to the 3' poly(A) extremity of mRNAs through their capacity to 

interact with CAF1 and PABPC1 simultaneously, thereby triggering deadenylation. In 

contrast, Tob proteins interact with CAF1 through their APRO domains and with PABPC1 
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through PAM2 motifs in their C-terminal region downstream of the APRO domain 36, 37, 39, 41. 

As PAM2 motifs are also found in many other proteins involved in translational regulation 

and/or mRNA decay 40, 54, Tob proteins have to compete with these factors, unlike BTG1 and 

BTG2. The relative interactions of PAM2-containg proteins with PABPC1 depend on their 

differential binding affinities 55 and may be regulated by post-translational modifications 56. 

Interestingly, BTG3 and BTG4 were also proposed to interact with poly(A)-binding proteins. 

Indeed, BTG4 has been shown to regulate, together with CAF1, maternal mRNA decay 

during late oocyte maturation and early embryogenesis in mice 57-59. This agrees with the high 

expression of BTG4 in oocytes 57, 58. The importance of BTG4 in these processes is 

emphasized by the identification of mutations in humans responsible for female infertility 

resulting from defects in embryonic development 60. Yet, the mechanism by which BTG4 

targets maternal mRNAs for degradation is still under debate, and may involve the association 

of BTG4 with the ubiquitous nuclear poly(A) binding protein PABPN1 59, the maternally 

expressed PABPN1L protein 61, or the embryonic cytoplasmic poly(A) binding protein 

PABPC1L 58. The latter study also reported an association between BTG3 and PABPC by co-

IP experiments with ectopically over-expressed fusion proteins 58, but the consequences of 

these interactions are unknown. Given that BTG3 and BTG4 lack PAM2 or boxC motifs, 

further analyses are required to delineate their mode of interaction with poly(A)-binding 

proteins. Nevertheless, these observations suggest a general mode of action by which all 

BTG/Tob family members regulate mRNA deadenylation via a dual interaction. They serve 

as adaptors that recruit CAF1 deadenylases as effector enzymes, through the conserved boxA 

and boxB motifs of the APRO domain, to polyadenylated mRNAs via their association with 

poly(A)-binding proteins through a more variable mode of interaction.  

As poly(A)-binding proteins cover the poly(A) tails of all cellular mRNAs, this raises the 

question whether BTG/Tob factors induce the deadenylation of all mRNAs or whether some 
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specific mRNAs are targeted. In the latter case, additional mechanisms would be required to 

ensure transcript specificity. Ectopic over-expression of BTG2 or Tob1 in cells has been 

found to target all reporters and endogenous transcripts tested 36, 38. However, Tob1 was also 

shown to interact directly with the RNA-binding protein cytoplasmic polyadenylation 

element-binding protein 3 (CPEB3) 62, identifying a possible mechanism for preferential 

action. Indeed, Tob1-mediated recruitment of CAF1 to mRNAs containing CPE elements in 

their 3' UTR triggered their enhanced deadenylation and decay 62. The region of Tob1 

involved in the binding to CPEB3 is present downstream of its APRO domain and is 

conserved only in Tob1 and Tob2. Accordingly, Tob1 and Tob2 were shown to regulate the 

stability of the CPE-containing c-myc mRNA to control cell growth 63. Interestingly, a recent 

report showed that endogenous BTG1 and BTG2 expression in naïve T cells triggers global 

mRNA decay 17. This study showed further that this function is important to control naïve T 

cell quiescence by maintaining the activation signal below a threshold. Indeed, conditional 

depletion of the Btg1 and Btg2 genes in murine T cells led to their enhanced activation and 

proliferation even in the absence of stimulation 17. These recent results confirm the important 

function BTG1 and BTG2 play in controlling cellular activation states by regulating global 

mRNA decay. The capacity of the CCR4-NOT complex to adjust the global rate of mRNA 

degradation 45 indicates that this is a fundamental process by which cells control gene 

expression patterns in organismal development and cellular differentiation programs.  
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FIGURE LEGENDS 

Figure 1 – Organization of BTG/Tob proteins 

The 6 human BTG/Tob proteins are schematically presented to scale with grey box indicating 

the APRO domain that binds to the CAF1 deadenylase. This domain contains the conserved A 

and B boxes as well as, in the case of BTG1 and BTG2 the C box. The scheme also indicates 

the location of PAM2 motifs which are present in the C-terminal extensions of TOB1 and 

TOB2. The latter interact with the MLLE domain of PABPC proteins. 

 

Figure 2 – NMR identification of the BTG2 residues involved in its interaction with 

PABPC1 RRM domains 

A) Overlay of 1H-15N HSQC spectra of free BTG2(APRO) (blue) and in complex with 

increasing amounts of RRM1 (1:0.25 red; 1:0.5 orange; 1:1 green; 1:2 cyan; 1:5 magenta). 

Some key residues are indicated by a box and the close-up view shown below. The number of 

scans (NS) is indicated. 

B) Combined chemical-shift perturbations of BTG2(APRO) upon binding to RRM1 (black) 

or RRM2 (blue). The secondary structure and amino acid sequence are shown at the top, the 

boxB region is highlighted in green and boxC in violet. The black or blue horizontal line 

represents the two times the s.d. of all chemical shift differences. Peaks which disappear at 

1:0.25 or 1:0.5 and did not return at higher ratios are indicated by bars with >0.16 ppm 

(dashed line). 

C) Cartoon representation of the structure of the human BTG2 APRO domain (pdb code 

3DJU), corresponding to the protein sequence shown in B. Residues that show significant 

chemical shift changes (above the 2x sd) or disappear upon addition of RRM1 are shown in 

blue or red respectively. Undetectable or unassignable backbone residues are colored in 

orange. BoxC residues are indicated in violet.  
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D) Overlay of 1H-15N HSQC spectra of BTG-kGpvkVLYEEA (blue) and BTG-

kGpvkVLYEEA in complex with RRM1 (1:2, red). 

 

Figure 3 – NMR identification of the PABPC1 RRM1 residues involved in the interaction 

with BTG2 

A) Overlay of 1H-15N HSQC spectra of free RRM1 (blue) and in complex with increasing 

amounts of BTG2 (1:1 red; 1:2 orange). Some key residues are indicated by a box and the 

close-up view shown below. In the close-up view, arrows show the direction of the chemical 

shift change. Aliased negative peaks in pink correspond to the amides of arginine side chains. 

The number of scans (NS) is 2, otherwise indicated if different. 

B) The combined chemical-shift perturbations of RRM1 upon binding to BTG2 (1:2.5 ratio; 

blue). The secondary structure is represented at the top and the region with high chemical 

shift changes (in α1 and β2) is highlighted in orange. Key residues are labelled. The 

horizontal line represents two times the s.d. of all chemical shift differences. Peaks which 

disappear at 1:0.25 or 1:0.5 and did not return at higher ratios are shown by bars with >0.18 

ppm (dashed line). 

C) Overlay of 1H-15N HSQC spectra of RRM1 (blue) and RRM1 in complex with increasing 

amounts of BTG-kGpvkVLYEEA (1:1 red; 1:2 yellow; 1:5 green). 

D) Cartoon representation of RRM1; modified from PABP RRM12 structure (pdb code 

1CVJ). Chemical-shift perturbations upon BTG2 addition larger than 2x sd are colored in red 

while signals which disappear at 1:0.25/0.5 are shown in blue.  

 

Figure 4 - The boxC motif is sufficient and necessary to allow binding to PABPC1 

A) Schematic representation of human BTG1, BTG2 and Tob1 proteins and mutation 

introduced. The conserved boxA (A) and boxB (B) motifs, signatures for the BTG/Tob 
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family, are indicated. The sequences mutagenized, overlapping the 11 amino acid boxC motif 

specific for BTG1 and BTG2, are presented with color code: amino acids of the boxC motif 

are in purple while equivalent residues in Tob1 are in green. To facilitate identification of 

substituted positions, uppercase letters indicate residues present in BTG2 boxC while 

lowercases correspond to amino acids specific for Tob1. 

B) Interaction of wild-type and mutant BTG1, BTG2, and Tob1 APRO domains with CNOT7 

and the first part of the PABPC1 multi-RRM domain in yeast two-hybrid assay. The 

Y187/L40 yeast strain was co-transformed with plasmids expressing the indicated LexA-

Binding-Domain and Gal4-Activating-Domain fusion proteins. Interaction between the 

different chimeric proteins indicated was assessed by β-galactosidase assays performed in 

duplicates. Activities are expressed in arbitrary units and plotted on a logarithmic scale. Three 

biological replicates were assayed and the corresponding standard deviation plotted as error 

bars. 

 

Figure 5 - Presence of a boxC motif enhances Tob1 APRO ability to stimulate 

deadenylation in cellulo 

A) Reverse transcription polymerase chain reaction (RT-PCR) amplification of the poly(A) 

tails of the β-globin reporter transcript. HEK293 Tet-Off cells were co-transfected with 

plasmids expressing the β-globin reporter and the different HA- and GFP-tagged BTG/Tob 

fusion proteins as indicated (or empty GFP expression vector). Fragments comprising 

∼200 bp of the 3′ UTR of the β-globin mRNA in addition to poly(A) tails were amplified 

using a RACE-PAT assay. Experiment was repeated twice with, in each case, two biological 

duplicates.  
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B) Profiles of the poly(A) tail lengths of the β-globin reporter. The gel presented in A was 

quantified using ImageJ and relative average profiles were plotted after adjusting the maximal 

signal intensity to 100% for each lane. 

C) Poly(A) tail lengths were analyzed and presented as box plots indicating weighted mean, 

weighted upper and lower quartile, and weighted 5-95% distribution. Significant p values (*: 

p<0,05; ** p<0,01) from ANOVA tests between corresponding wild-type and mutant proteins 

are indicated. 

D) A western blot analysis of the cell lysates corresponding to the transfections performed in 

A is shown. 

 

Figure 6 - A chimeric Tob1 APRO domain with a boxC motif stimulates CNOT7 

deadenylase activity in vitro 

A) SDS–PAGE analysis of purified recombinant proteins used in in vitro deadenylation 

assays. One microgram of purified proteins was resolved on 12% SDS–PAGE gel stained 

with Coomassie blue. 6His-CNOT7 appeared as a doublet. 

B) In vitro deadenylation assay with purified CNOT7, wild-type and mutant BTG2 and Tob1 

APRO domain derivatives, and first RRM domains of PABPC1. A 5′ Fluorescein-labelled 

poly(A) substrate of 20 residues was incubated in defined conditions (see Methods) with 

purified 6His-CNOT7 and 6His-PABPC1(1-190) as well as GST alone, GST-BTG2(APRO) 

or GST-Tob1(APRO), or GST-Tob1-DGSICVLYEEA as indicated. Reaction products were 

fractionated on 15% denaturing polyacrylamide gel. Experiment was performed three times 

with similar results.  

 

Figure 7 - Co-precipitation of PRMT1 with BTG2 
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Co-immunoprecipitation of CNOT7-TAP and endogenous PRMT1 with YFP-tagged 

BTG/Tob proteins. HEK293 cells expressing stably CNOT7-TAP were transfected with 

plasmids expressing YFP-BTG/Tob fusion proteins or only YFP as control. YFP-tagged 

proteins were precipitated with GFP-Trap magnetic agarose beads and the co-precipitation of 

endogenous PRMT1 and of CNOT7-TAP was analyzed by western blotting. The anti-GFP 

antibody used for western blot detection weakly cross-reacts with the protein A domain of the 

TAP tag, hence CNOT7-TAP is also detected (marked by an asterisk). Note that the 

molecular weight of YFP-BTG4 is identical to the one of CNOT7-TAP. The correct 

expression of YFP-BTG4 is demonstrated by the co-precipitation of CNOT7-TAP that is not 

observed with YFP alone. YFP-BTG4 expression is also shown in Supplementary Fig. 2A. 

 

Figure 8 - The boxC motif is not mediating the interaction of BTG2 with PRMT1 

A) Schematic representation of human BTG2, BTG3, Tob1 and their derivatives used in this 

experiment. The same color code is used than in Fig. 4A with in addition BTG3 in orange. 

B) Co-immunoprecipitation of CNOT7-TAP and PRMT1 with BTG2/Tob proteins. HEK293 

cells stably expressing CNOT7-TAP were transfected with plasmids expressing GFP-

BTG/Tob-HA fusion proteins or empty GFP expression vector. Proteins were precipitated 

with GFP-Trap magnetic agarose beads and the co-precipitation was analyzed by western 

blotting. CNOT7-TAP is visible after revelation with anti-GFP antibody (marked by an 

asterisk) because the antibody weakly binds also to the protein A domain of the TAP tag. In 

this experiment, the CNOT7-TAP signal is not visible in eluates because of the shorter 

exposition time. A weak co-precipitation with Tob1(APRO) was detected in this experiment 

but wasn’t reproducible. 
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SUPPLEMENTARY FIGURES  

 

 

Supplemental Figure 1 - Absence or weak interaction between BTG2 and PABPC1 

RRM2 

A) Overlay of 1H-15N HSQC spectra of free BTG2(APRO) (blue) and in complex with 

increasing amounts of PABP RRM2 (color code as in Fig. 1A). The number of scans 

(NS) is 2, otherwise indicated if different.  

B)  Comparison of key residues of RRM1 and RRM2.  
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Supplemental Figure 2 - Expression of YFP-BTG1 stimulates mRNA decay despite a 

less efficient co-precipitation of endogenous CNOT7 

A) Co-immunoprecipitation of endogenous CNOT7 with YFP-tagged BTG/Tob proteins. 

HEK293 cells were transfected with plasmids expressing YFP-BTG/Tob fusion proteins or 

only YFP as control. YFP-tagged proteins were precipitated with GFP-Trap magnetic agarose 

beads and the co-precipitation of endogenous CNOT7 (home-made polyclonal rabbit 

antiserum) was analyzed by western blotting. 

B) Transcriptional chase experiments showing mRNA decay of the b-globin mRNA reporter 

in the presence of ectopically expressed YFP proteins. HEK293-TOF cells were co-

transfected with reporter plasmid and plasmids expressing YFP-BTG1, YFP-BTG2 or YFP 

alone as control. Chase time indications correspond to hours after doxycyclin addition. 

Experiments were repeated twice. Signals obtained for replication-dependent H2B mRNAs 
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that are not poly-adenylated are shown as loading controls. Quantification of the results 

indicated half-lives of 12.25 ± 2.15, 7.7 ± 0.31 or 7.7 ± 1.53 hours respectively for the 

reporter co-transfected with YFP, or YFP-BTG1 or YFP-BTG2. 

C) A western blot analysis of the cell lysates corresponding to the transfections performed in 

B is shown as a control. 
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Supplemental Figure 3 - GFP-BTG2 derivatives deleted of the boxC motif accumulate in 

cellular aggregates 

HEK293 cells were transfected with plasmids expressing GFP-BTG2 fusion derivatives or 

GFP alone as indicated. 24 hours after transfection, images of living cells were captured with 

a FLoid Cell Imaging Station (Life Technologies). Arrows point to some aggregates. 
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SUPPLEMENTARY TABLES 

Supplementary Table 1: Plasmids used in this study 

Plasmid Vector Insert Reference/construction 

pBS2446  cDNA human BTG2 IMAGE 
5186556  

pBS2561 pET24 derivative  Encodes 6His-mouse CNOT7 Reference 1 
pBS2800 pTet-ß-globin   Reference 1 

pBS3352 pGEX-2T Encodes GST-BTG2(APRO) 
(amino acids 1 to 126)  Reference 1 

pBS3415 pET24 derivative Encodes 6His-human 
PABPC1(FL) Reference 1 

pBS3425   human Tob1 cDNA Open Biosystems clone MHS1010-
7430248 

pBS3426   human BTG3 cDNA Open Biosystems clone 
LIFESEQ4640478 

pBS3428   human BTG1 cDNA Open Biosystems clone MHS1010-
9206137 

pBS3499 pCIneo  
Encodes human Tob1 APRO 
domain (amino acids 1 to 117) 
with C-terminal HA tag 

Reference 1 

pBS3503 pGEX-2T Encodes GST-Tob1(APRO) 
(amino acids 1 to 117)  Reference 1 

pBS4406 pP6 
Encodes a Gal4-Activating-
Domain – PABPC1 (amino 
acids 1 to 146) fusion protein 

Reference 1 

pBS4409 pP6 
Encodes a Gal4-Activating –
Domain – human CNOT7 
fusion protein 

Reference 1 

pBS4413 pB27 
Encodes a LexA-Binding-
Domain - BTG2(APRO) fusion 
protein 

Reference 1 

pBS4550 pB27 
Encodes a LexA-Binding-
Domain – BTG1(APRO) fusion 
protein 

Reference 1 

pBS4551 pB27 
Encodes a LexA-Binding-
Domain – Tob1(APRO) fusion 
protein 

Reference 1 

pBS4611 pET24 derivative Encodes 6His-PABPC1(1-190) Reference 1 

pBS4849 pCIneo  
Encodes 
Tob1(APRO)DGSICVLYvdd-
HA 

Site-directed mutagenesis of pBS3499 
with OBS5628 and OBS5629 to change 
sequence KGPVK (amino acids 106 to 
110) in Tob1 to DGSIC 

pBS4944 pET24 derivative Encodes 6HIS-PABPC1-RRM2 
(amino acids 85 to 190) 

PCR on pBS3415 with 
OBS5453+OBS6068 cut XbaI-BamHI 
+ pET24 cut XbaI-BamHI 

pBS5189 pEGFP-C3 Encodes GFP-BTG2(APRO)-
HA Reference 1 

pBS5193 pEGFP-C3 
Encodes GFP-
BTG2(APRO)kGpvkVLYEEA-
HA 

Site-directed mutagenesis of pBS5189 
with OBS5449 and OBS5450 to change 
sequence DGSIC (amino acids 116 to 
120) in BTG2 to KGPVK 

pBS5194 pEGFP-C3 Encodes GFP-Tob1(APRO)-
HA Reference 1 

pBS5295 pEGFP-C3 Encodes GFP-BTG2-HA Reference 1 
pBS5335   human BTG4 cDNA Dharmacon clone ID 5271706 
pBS5525 pcDNA6.0 Encodes V5-His-humanTob2 This work 
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pBS5581 pcDNA3-YFP Encodes YFP   

pBS5582 pcDNA3-YFP Encodes YFP-humanBTG1(FL) 
PCR on pBS3428 with G3668 and 
G3669 cut BglII-XhoI + pBS5581 cut 
BamHI-XhoI 

pBS5583 pcDNA3-YFP Encodes YFP-humanBTG3(FL) 
PCR on pBS3426 with G3670 and 
G3671 cut EcoRI-XhoI + pBS5581 cut 
EcoRI-XhoI 

pBS5584 pcDNA3-YFP Encodes YFP-humanTob1(FL) 
PCR on pBS3425 with G3674 and 
G3675 cut BglII-XhoI + pBS5581 cut 
BamHI-XhoI 

pBS5585 pcDNA3-YFP Encodes YFP-humanBTG2(FL) 
PCR on pBS5295 with G2711 and 
G2752 cut BamHI-XhoI + pBS5581 cut 
BamHI-XhoI  

pBS5586 pcDNA3-YFP Encodes YFP-humanBTG4(FL) 
PCR on pBS5335 with 
OBS7390+OBS7391 cut BsaI-XhoI + 
pBS5581 cut BamHI-XhoI 

pBS5594 pcDNA3-YFP Encodes YFP-humanTob2(FL) 
PCR on pBS5525 with 
OBS7392+OBS7393 cut BamHI-XhoI 
+ pBS5581 cut BamHI-XhoI 

pBS5799 pCIneo  
Encodes 
Tob1(APRO)DGSICVLYEEA-
HA 

Site-directed mutagenesis of pBS4849 
with OBS_VDDEEA_F and 
OBS_VDDEEA_R to change sequence 
VDD (amino acids 114 to 116) in Tob1 
to EEA 

pBS5875 pEGFP-C3 Encodes GFP-Tob1(APRO) 
DGSICVLYvdd-HA 

PCR cut XhoI-PstI amplified with 
OBS3338 and OBS6169 from pBS4849 

pBS5876 pEGFP-C3 Encodes GFP-Tob1(APRO) 
DGSICVLYEEA-HA 

PCR cut XhoI-PstI amplified with 
OBS3338 and OBS6169 from pBS5799 

pBS5895 pB27 
Encodes a LexA-Binding-
Domain – Tob1(APRO) 
DGSICVLYvdd fusion protein 

PCR cut SfiI amplified with OBS5268 
and OBS8262 from pBS5875  

pBS5896 pB27 

Encodes a LexA-Binding-
Domain – Tob1(APRO) 
DGSICVCLYEEA fusion 
protein 

PCR cut SfiI amplified with OBS5268 
and OBS8261 from pBS5876  

pBS5903 pEGFP-C3 Encodes GFP-
BTG2(APRO)DboxC 

PCR cut XhoI-EcoRI amplified with 
OBS_deltaboxc_F and 
OBS_deltaboxc_R from pBS5189 

pBS5915 pEGFP-C3 Encodes GFP-BTG2DboxC-
HA 

Site-directed mutagenesis of pBS5295 
with OBS_btg2FLdeltaboxC_F and 
OBS_btg2FLdeltaboxC_R to delete 
sequence DGSICVLYEEA (amino 
acids 116 to 126) in BTG2  

pBS5923 pEGFP-C3 Encodes GFP-BTG2(APRO) 
kGpvkVLYvdd-HA 

Site-directed mutagenesis of pBS5189 
with OBS_btg2KGPVKVLYVDD_F 
and OBS_btg2KGPVKVLYVDD_R to 
change sequence DGSICVLYEEA 
(amino acids 116 to 126) in BTG2 to 
KGPVKVLYVDD 

pBS5973 pGEX-2T Encodes GST-Tob1(APRO) 
DGSICVLYEEA  

Site-directed mutagenesis of pBS3503 
with OBS8569 and OBS8570 to to 
change sequence KGPVKVLYVDD to 
DGSICVLYEEA  

pBS6111 pEGFP-C3 
Encodes GFP-
BTG2(APRO)knnafivaEEA-
HA 

Site-directed mutagenesis of pBS5189 
with OBS8573 and OBS8574 to change 
sequence DGSICVLY (amino acids 116 
to 123) in BTG2 to KNNAFIVA 

pBS6163 pETGB1-1a   kind gift from G. Stier and A. Geerlof 
(EMBL, Heidelberg, Germany) 
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pBS6164 pETGB1-1a Encodes 6His-GB1-PABPC1-
RRM1 (amino acids 1 to 99) 

PCR on pBS3415 with 
OBS1957+OBS6158 cut XhoI-BsaI + 
pBS6163 cut XhoI-NcoI 

pBS6165 pETGB1-1a Encodes 6His-GB1-
BTG2(APRO) 

PCR on pBS5295 with 
OBS668+OBS6726 cut  EcoRI-BspHI 
+ pBS6163 cut NcoI-EcoRI 

pBS6166 pETGB1-1a Encodes 6His-GB1-
BTG2(APRO)kGpvkVLYEEA 

PCR on pBS5193 with 
OBS668+OBS7487 cut EcoRI-BspHI + 
pBS6163 cut NcoI-EcoRI 

pBS6167 pETGB1-1a Encodes 6His-GB1-BTG2 
PCR on pBS2446 with 
OBS668+OBS2316 cut EcoRI-BspHI + 
pBS6163 cut NcoI-EcoRI 

 

Supplementary Table 2: Oligonucleotides used in this study 

Name Sequence 

G2711 ATTGGATCCATGAGCCACGGGAAGG 

G2752 GGCCTCGAGGCTGGAGACTGCCATCAC 

G3668 ATATAGATCTATGCATCCCTTCTACACC 

G3669 ATATCTCGAGTTAACCTGATACAGTCAT 

G3670 ATATGAATTCATGAAGAATGAAATTGCT 

G3671 ATATCTCGAGTTAGTGAGGTGCTAACAT 

G3674 ATATAGATCTATGCAGCTTGAAATCCAA 

G3675 ATATCTCGAGTTAGTTAGCCATAACAGG 

OBS_btg2FLdeltaboxC_F GCGGCCAGTGGGCCTCCCCAATGC 

OBS_btg2FLdeltaboxC_R GCATTGGGGAGGCCCACTGGCCGC 

OBS_btg2KGPVKVLYVDD_F CAAGGTCTTGTACGTGGACGACAATATGTACCCATAACGAC 

OBS_btg2KGPVKVLYVDD_R GTCGTATGGGTACATATTGTCGTCCCAACGTACAAGACCTTGA 

OBS_deltaboxc_F CCGCTCGAGACCATGAGCCACGGGAAGGGAA 

OBS_deltaboxc_R TATGAATTCTTACTCCCCAATGCGGTAGGA 

OBS_VDDEEA_F GGATCCATCTGCGTGCTTTACGAGGAGGCGAATTCCATGTACC

C 

OBS_VDDEEA_R CCTAGGTAGACGCACGAAATGCTCCTCCGCTTAAGGTAGATG

GG 

OBS668 GGATGCGGCCGCAATCATGAGCCACGGGAAGGGAACCGA 

OBS1957 GCGCTCATGAACCCCAGTGCCCCCAG 
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OBS2316 CGGGAATTCTAGCTGGAGACTGCCATCAC 

OBS3338 GGCCTCGAGGGATCCATGCAGCTTGAAATCCAAGTAG 

OBS5268 ATCGGCCGGACGGGCCATGCAGCTTGAAATCCAAGTAG 

OBS5449 CCGCATTGGGGAGAAGGGCCCCGTCAAGGTCTTGTACGAGGA

GGC 

OBS5450 GCCTCCTCGTACAAGACCTTGACGGGGCCCTTCTCCCCAATGC

GG 

OBS5453 GCCGGATCCTTAGAATTCTTTTGCCCTAGCTCCAAGTTC 

OBS5628 CCAAATTGGTGAAGACGGATCCATCTGCGTGCTTTACGTGGAT

G 

OBS5629 CATCCACGTAAAGCACGCAGATGGATCCGTCTTCACCAATTTG

G 

OBS6068 GGCTCTAGATAAGGAGGATATATATGCATCACCATCACCATC

ACATGTGGTCTCAGCGTGATCCA 

OBS6158 GCCCTCGAGTTAGCCTACTCCACTTTTGCGAAG 

OBS6169 GACCTGCAGTCATGCGTAGTCTGGTACGTCGTAT 

OBS6726 ACCGAATTCCTAGGCCTCCTCGTACAAGACGC 

OBS7381 CTGGGATCCTTATGGCGACTGTCGAACC 

OBS7390 AACGGTCTCGGATCCATGAGAGATGAAATTGCAACAA 

OBS7392 TCAGGATCCATGCAGCTAGAGATCAAAGTGGC 

OBS7393 AACCTCGAGTCAGTTGGCCAGCACCACGG 

OBS7487 ACCGAATTCCTAGGCCTCCTCGTACAAGACCTT 

OBS8261 ATCGGCCCCAGTGGCCCTTAATTCGCCTCCTCGTAAAGCACG 

OBS8262 ATCGGCCCCAGTGGCCCTTAATTATCATCCACGTAAAGCACG 

OBS8569 GTTTCTTACCAAATTGGTGAAGACGGCTCCATCTGCGTCTTGT

ACGAGGAGGCCAATTAGAATTCATCGTGACTG 

OBS8570 CAGTCACGATGAATTCTAATTGGCCTCCTCGTACAAGACGCA

GATGGAGCCGTCTTCACCAATTTGGTAAGAAAC 

OBS8573 TCCTACCGCATTGGGGAGAAAAACAATGCATTCATTGTTGCC
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GAGGAGGCCAACATGTA 

OBS8574 TACATGTTGGCCTCCTCGGCAACAATGAATGCATTGTTTTTCT

CCCCAATGCGGTAGGA 
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SUPPLEMENTARY METHODS 

Transcriptional chase experiments and Northern blot analysis 

HEK293 Tet-Off cells were transfected with 0.4 µg of the pTet-b-globin plasmid (pBS2800) 

and 0.4 µg of the GFP-BTG expressing plasmids in 6-cm diameter culture dishes with 

Effectene transfection reagent (Qiagen). Two days after transfection, a transcriptional chase 

was performed by addition of doxycyclin (2 µg/ml). Chase times correspond to hours after 

doxycyclin addition and to times of RNA extraction. 

10 µg of total RNA was electrophoresed onto 1.4% agarose/6% formaldehyde gels and 

transferred to Hybond-N+ membranes (GE Healthcare). After transfer, blots were stained 

with methylene blue to check for equal loading and hybridized to probes synthesized by in 

vitro transcription with the T7 RNA polymerase (Promega). Hybridization signals were 

visualized with Typhoon FLA 9500 (GE Healthcare). 
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