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Abstract

Tubulins play crucial roles in cell division, intracellular traffic, and cell shape. Tubulin 

concentration is autoregulated by feedback control of mRNA degradation via an unknown 

mechanism. Here, we identified tetratricopeptide protein 5 (TTC5) as a tubulin-specific ribosome-

associating factor that triggers co-translational degradation of tubulin mRNAs in response to 

excess soluble tubulin. Structural analysis revealed that TTC5 binds near the ribosome exit tunnel 

and engages the N-terminus of nascent tubulins. TTC5 mutants incapable of ribosome or nascent 

tubulin interaction abolished tubulin autoregulation and showed chromosome segregation defects 

during mitosis. Our findings show how a subset of mRNAs can be targeted for coordinated 

degradation by a specificity factor that recognizes the nascent polypeptides they encode.

Alpha and beta tubulins form obligate heterodimers (hereafter αβ-tubulin) that reversibly 

and dynamically polymerize into microtubules—cytoskeletal elements that regulate cell 

shape, drive mitosis, provide platforms for intracellular transport, and mediate cell 

movement (1). Microtubule dynamics, and the various processes that depend on it (2, 3), are 

strongly influenced by the concentration of soluble (i.e., non-polymerized) αβ-tubulin (4). 

When cells detect an increase in soluble αβ-tubulin concentration, they trigger degradation 

of tubulin mRNAs via a process termed tubulin autoregulation (5–7).

Autoregulation requires translation, indicating that ribosome-engaged tubulin mRNAs are 

selectively targeted for degradation (8, 9). Analysis of β-tubulin autoregulation in 

*Correspondence to: rhegde@mrc-lmb.cam.ac.uk.
4Present address: Center for Molecular Biology of Heidelberg University (ZMBH), 69120 Heidelberg, Germany
#I. G. and V. C. are co-second authors

Author contributions: ZL discovered TTC5 and performed all biochemical analyses. IG and SS generated and validated HeLa cell 
lines. IG designed and performed phenotypic analysis of mitosis. VC performed structural analysis of the TTC5-ribosome complex. 
NP set up and characterized the in vitro photo-crosslinking system. SS, TJM, and RSH supervised different aspects of the project. 
RSH and ZL conceived the project, oversaw its implementation, and wrote the manuscript. All authors contributed to manuscript 
editing.

Competing interests: The authors declare no competing interests.

Data and material availability: The cryo-EM map has been deposited to the EMDB (EMD-10380) and atomic coordinates have been 
deposited to the Protein Data Bank (PDB 6T59). All other data are available in the manuscript or the supplementary material.

Europe PMC Funders Group
Author Manuscript
Science. Author manuscript; available in PMC 2020 July 03.

Published in final edited form as:
Science. 2020 January 03; 367(6473): 100–104. doi:10.1126/science.aaz4352.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



mammalian cells indicates a critical role for the first four residues (Met-Arg-Glu-Ile, or 

MREI) common to all β-tubulin isoforms (10, 11). Because autoregulation is prevented by 

physical occlusion of the MREI motif (12), a factor is thought to engage this sequence on 

nascent tubulin to initiate degradation of the mRNA being translated.

We used a site-specific photo-crosslinking strategy (Fig. 1A; fig. S1) to detect cytosolic 

factors that specifically recognize the N-terminal autoregulatory motif (MREI) of nascent β-

tubulin early during its translation. A ribosome nascent chain complex (RNC) displaying the 

first 94 amino acids of 35S-methionine labelled human β-tubulin containing the UV-activated 

crosslinking amino acid p-benzoyl-l-phenylalanine (Bpa) was produced by in vitro 

translation in rabbit reticulocyte lysate. Irradiation of these RNCs with UV light generated 

nascent chain crosslinks to various proteins, only one of which was sensitive to mutation of 

residues 2, 3, and 4 of the MREI motif (Fig. 1B). This MREI-specific interaction partner 

was identified by quantitative mass spectrometry to be TTC5 (Fig. 1C), a highly conserved 

protein found widely across eukaryotes (fig. S2). TTC5 engaged the MREC motif at the N-

terminus of nascent α-tubulin comparably to the MREI motif on β-tubulin (Fig. 1D), 

consistent with position 4 being less critical than positions 2 or 3 [Fig. 1B; (11)]. Thus, 

TTC5 is a nascent polypeptide binding protein specific for the N-termini of α- and β-

tubulins.

To understand how TTC5 engages its substrates on the ribosome, we purified nascent tubulin 

RNCs in complex with TTC5 (fig. S3) and determined its structure by single-particle 

electron cryomicroscopy (cryo-EM). The TTC5-RNC reconstruction (fig. S4, S5) showed 

the ribosome with a peptidyl-tRNA, nascent β-tubulin polypeptide within the ribosome exit 

tunnel, and TTC5 bound at the mouth of the tunnel (Fig. 2A). The heterodimeric nascent 

polypeptide associated complex (NAC) was observed at its previously established binding 

site (13, 14) opposite the exit tunnel from TTC5 (see fig. S4). NAC is not specific to tubulin 

RNCs (15, 16), does not contact TTC5 in the structure, and is not discussed further.

TTC5 was seen to make two contacts with the ribosome. The first contact involves three 

highly conserved lysine side chains in the oligonucleotide binding domain of TTC5 making 

electrostatic interactions with phosphates of the 28S rRNA backbone (Fig. 2B). The second 

contact involves ribosomal protein uL24 and buries ~ 500 Å2 of TTC5 adjacent to a deep 

groove formed by the tetratricopeptide repeat domain of TTC5 (Fig. 2C). The groove faces 

the mouth of the exit tunnel and contains cryo-EM density that we assigned to the first eight 

amino acids of β-tubulin (fig. S5), consistent with photo-crosslinking results (fig. S6).

The structural model allowed us to deduce likely interactions between the MREI motif and 

conserved side chains lining the TTC5 groove (Fig. 2D). Depending on its orientation, the 

R2 side chain of nascent tubulin is within salt bridge distance of E259 and D225 of TTC5. 

E3 in nascent tubulin would likely interact with R147 in TTC5. The side chain of I4 faces a 

moderately hydrophobic surface that could accommodate a cysteine (as in α-tubulins) or 

possibly other amino acids consistent with earlier mutagenesis (11). Collectively, the 

structure shows how TTC5 binds near the ribosome exit tunnel with its peptide binding 

groove positioned to engage nascent tubulins shortly after they emerge from the ribosome.
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Recombinant TTC5 containing Bpa at position 194 in the ‘floor’ of the peptide binding 

groove (Fig. 2D) efficiently crosslinked with MREI-containing nascent chains, weakly 

crosslinked with MREV-containing nascent chains, and did not crosslink with any other 

mutants (Fig. 3A). Analysis of RNC crosslinking with various TTC5 mutants (Fig. 3B) 

validated R147, D225, and E259 as key residues within the groove that likely interact with 

R2 and E3 of nascent tubulin (see Fig. 2D). Binding assays with purified TTC5 and 

synthetic peptides (Fig. 3C; fig. S7) verified these findings and additionally showed that M1 

is critical for TTC5 binding and must strictly be at the N-terminus. Thus, the structural 

analysis rationalizes all earlier β-tubulin mutagenesis studies on autoregulation requirement 

(11) and reveals the mechanistic basis of the exquisite specificity of autoregulation for α- 

and β-tubulins (5) that uniquely contain an MREI or MREC motif at the N-terminus (17).

Mutating the ribosome-interacting residues K285 and K287 of TTC5 to glutamic acid (KK-

EE) completely abolished β-tubulin RNC binding in the crosslinking assay (Fig. 3B) despite 

unperturbed binding of TTC5 to synthetic tubulin autoregulatory peptide in a thermal shift 

assay (Fig. 3C; fig. S7). Affinity purification of recombinant TTC5 from in vitro translation 

reactions of nascent β-tubulin RNCs showed that no ribosomes were recovered with either 

TTC5(KK-EE) or the peptide binding mutant TTC5(R147A), in contrast to wild-type TTC5 

(Fig. 3D). Thus, the avidity of bi-partite binding to the ribosome and nascent tubulin imparts 

high affinity and specificity to the TTC5-RNC interaction.

CRISPR-mediated disruption of TTC5 expression in multiple cell lines completely 

abolished the decay of α- and β-tubulin mRNAs in response to acute microtubule 

destabilization (Fig. 4A and fig. S8). Pulse labelling with 35S-methionine of wild type cells 

showed that of the major proteins visualised, tubulins were selectively reduced in their 

synthesis when cells are pre-treated with microtubule destabilizing agents (fig. S9). Selective 

reduction in tubulin protein synthesis was completely lost in TTC5 knockout cells, 

consistent with the failure to degrade tubulin mRNAs. Tubulin autoregulation, as judged by 

both mature- versus pre-mRNA levels (Fig. 4A) and rates of protein synthesis (fig. S9), 

could be restored to TTC5 knockout cells by re-expression of wild type TTC5 but not the 

peptide-binding mutant R147A or the ribosome-binding mutant KK-EE. Thus, TTC5 

engagement of nascent tubulin at the ribosome is strictly required for tubulin mRNA 

degradation when cells initiate autoregulation. Access of TTC5 to the ribosome proved to be 

a regulated event.

The TTC5-RNC complex was found to be disrupted by a cytosolic factor whose activity was 

lost when cells were pre-treated with colchicine to initiate autoregulation (Fig. 4B; fig. S10). 

Loss of this inhibitory activity under autoregulation conditions was accompanied by 

increased capacity of TTC5 to engage tubulin RNCs as measured by recovery of tubulin 

mRNAs (Fig. 4C; fig. S11). These results indicate that cells ordinarily contain an inhibitory 

factor that prevents TTC5 engagement of tubulin RNCs. This TTC5 inhibitor is inactivated 

when cells perceive excess αβ-tubulin, freeing TTC5 to engage tubulin RNCs and trigger 

tubulin mRNA degradation. TTC5 access to RNCs only during autoregulation explains why 

normally growing TTC5 knockout cells did not show notably elevated tubulin mRNA and 

protein (fig. S12). Because overexpressed TTC5 in the rescue cell lines did not trigger 

tubulin mRNA degradation until cells perceive excess αβ-tubulin (fig. S12), it seems the 
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inhibitor is not easily saturated. Future work will identify the inhibitor and its mechanism of 

regulation.

Chromosome alignment and segregation during mitosis are sensitive to altered microtubule 

dynamics (18–21), motivating us to monitor these parameters in cells impaired in tubulin 

autoregulation (Fig. 4D). TTC5 knockout HeLa cells showed ~6.5-fold higher rate of 

chromosome alignment errors in metaphase (Fig. 4E, fig. S13), ~2.4-fold higher rate of 

segregation errors during anaphase (Fig. 4E, fig. S13), and a subtle but highly reproducible 

increase of mitotic duration (fig. S14). These phenotypes in TTC5 knockout cells were 

rescued by re-expression of wild type TTC5 but not the peptide binding or ribosome binding 

mutants of TTC5 (Fig. 4E, fig. S13, S14). Although the specific basis of mitotic defects in 

TTC5 knockout cells remains to be determined, we can ascribe the phenotypes to 

autoregulation, and not another TTC5 function (22–24), because the effects were not rescued 

by two unrelated point mutants of TTC5 that perturb autoregulation by different 

mechanisms.

TTC5 represents a highly selective and regulated ribosome-associating factor that only 

engages the ~2-3% of a cell’s ribosomes actively synthesizing α- and β-tubulins. By 

marking tubulin-translating ribosomes, TTC5 is ideally positioned to recruit yet unidentified 

downstream effectors to this site that trigger mRNA decay. More generally, the translating 

ribosome represents a platform from which to effect abundance control of key cellular 

proteins because translation initiation (25), elongation (26), polypeptide fate (27), and 

mRNA stability (28) can all be locally regulated from this site. Specificity for particular 

substrates would be imparted by recognition of the nascent protein emerging from the 

ribosome exit tunnel. Thus, cells may contain a family of substrate-specific ribosome-

associating factors analogous to TTC5 that dynamically tune the abundance of key proteins 

such as histones (29) and chaperones (30). The methods and paradigm of co-translational 

abundance control established here should provide a framework for studying this mode of 

cellular regulation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. TTC5 interacts with the N-termini of nascent tubulins.
(A) Experimental strategy to detect interaction partners close to the N-terminus of nascent 

tubulin. The UV-activated crosslinking amino acid p-benzoyl-l-phenylalanine (Bpa) is 

introduced site-specifically at position 7 using amber suppression (see fig. S1). (B) Photo-

crosslinking analysis of 35S-labelled 94-amino acid long ribosome-nascent chain complexes 

(RNCs) of human β-tubulin and mutants (indicated in red) in the N-terminal MREI motif. 

The positions of non-crosslinked tRNA-associated nascent chain (NC-tRNA) and a 

crosslinking partner specific to wild type tubulin (red asterisk) are indicated. Other nascent 

chain crosslinks agnostic to the MREI motif are indicated by black asterisks. (C) 

Quantitative mass spectrometry of proteins co-purified with wild type (WT) versus MHQV 

mutant (mut) β-tubulin RNCs plotted by molecular weight. (D) Photo-crosslinking and 

immunopreciptation (IP) analysis of 35S-labelled 94-amino acid long RNCs of α- or β-

tubulin compared to the indicated mutants.
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Fig. 2. Mechanism of ribosome-nascent chain engagement by TTC5.
(A) Overview of the cryo-EM derived structure of the complex between TTC5 and a 

ribosome containing the first 64 amino acids of β-tubulin. (B) Close-up view of the TTC5 

interaction with 28S rRNA. Three conserved lysine residues in TTC5 within electrostatic 

interaction distance of the rRNA backbone are indicated. (C) The surface of TTC5 that 

interacts with ribosomal protein uL24 is indicated in orange. The 28S-interacting residues 

from panel B are shown in yellow. The N-terminal 8 amino acids of the β-tubulin nascent 

chain is shown in red within its binding groove of TTC5. (D) Close-up view of the N-

terminal 8 amino acids of nascent β-tubulin (MREIVHIQ) within TTC5. Yellow spheres 

denote C-β atoms for the indicated side chains (not modelled). R147 is within salt-bridge 
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distance of E3, and D225 and E259 are within salt-bridge distance of R2. F194 on the ‘floor’ 

of the binding groove, shown in Fig. 3A to crosslink with nascent β-tubulin, is indicated.

Lin et al. Page 10

Science. Author manuscript; available in PMC 2020 July 03.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Fig. 3. Avidity-based RNC binding imparts specificity to TTC5.
(A) Photo-crosslinking analysis of 35S-labelled 94-amino acid long ribosome-nascent chain 

complexes (RNCs) of human β-tubulin and N-terminal mutants (indicated in red) with 

recombinant StrepII-tagged TTC5 containing the photo-crosslinking residue Bpa at position 

F194. The nascent chain crosslink to TTC5 is indicated (TTC5-XL) and verified by 

pulldown via the StrepII tag (bottom panel). (B) Photo-crosslinking analysis using 35S-

labelled 64-amino acid long ribosome-nascent chain complexes (RNCs) of human β-tubulin 

or the N-terminal MRQI mutant. Wild type or mutant recombinant StrepII-tagged TTC5 was 

included in the assay as indicated. The photo-crosslinking residue Bpa is at position 7 of the 

β-tubulin nascent chain. An aliquot of the total translation reaction was analyzed to verify 
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equal levels of nascent chain (NC) synthesis by autoradiography and equal levels of 

recombinant TTC5 (SII-TTC5) by immunoblotting for the StrepII tag. The remainder was 

UV irradiated and TTC5 crosslinks were recovered via the StrepII tag and visualized by 

autoradiography (bottom panel). (C) Summary of interaction analysis between the indicated 

recombinant TTC5 proteins and the indicated synthetic peptides in a thermal shift 

denaturation assay (see fig. S7). (D) Wild type or mutant StrepII-tagged TTC5 was included 

during in vitro translation of wild type or mutant 64-mer β-tubulin RNCs as indicated. Equal 

translation of 35S-labelled nascent chain synthesis was verified (NC total). The remainder of 

each translation was affinity purified via the StrepII tag and analyzed by staining of total 

proteins (bottom panel).
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Fig. 4. TTC5 is required for tubulin autoregulation and accurate mitosis.
(A) The indicated HEK293 cell lines were either left untreated or treated for 3 h with 

colchicine. The relative amounts of the indicated mRNAs or pre-mRNAs were quantified by 

RT-qPCR and normalized to a control ribosomal RNA. Plotted is the mean ± SD from three 

replicates. Similar results are seen in HeLa cells and with different microtubule destabilizing 

agents (fig. S8). (B) Pre-formed RNC-TTC5 complexes (see fig. S10) were mixed with 

buffer or cytosol from TTC5 knockout cells that had been pre-treated (+col) or not (-col) 

with colchicine for 3 hours. All samples were subjected to UV crosslinking to monitor the 

nascent chain interactions. The positions of the non-crosslinked tRNA linked nascent chain 

(NC-tRNA) and TTC5 crosslink (TTC5-XL) are indicated. (C) TTC5-knockout HEK293 

cells were pretreated for the indicated times with colchicine and used to prepare lysates. One 

of the control samples included colchicine added after cell lysis (indicated as 0*). The 

products recovered by binding to recombinant TTC5 were analyzed for β-tubulin mRNA by 

quantitative RT-PCR. The relative recoveries are plotted (mean ± SD from three replicates). 

Similar results were seen for α-tubulin and when nocodazole was used instead of colchicine 

to trigger autoregulation (fig. S11). (D) Diagram (left) and examples (right) of accurate (top) 

and erroneous (bottom) chromosome alignment and segregation visualized with SirDNA dye 

during mitosis in HeLa cell lines (see fig. S13). Scale bar = 5 µm. (E) Quantification of 

errors in chromosome alignment and segregation in the indicated HeLa cell lines. Plotted is 
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mean ± SEM from 4-6 independent biological replicates (dots) with 200-400 analyzed cells 

per replicate. Not significant (n.s.) and p<0.001 (**) in paired Student’s t-tests are indicated.

Lin et al. Page 14

Science. Author manuscript; available in PMC 2020 July 03.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts


	Abstract
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4

