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Abstract 

 
The cytosolic chaperonin CCT (Chaperonin Containing TCP-1) is an ATP-dependent double-ring protein machine 

mediating the folding of members of the eukaryotic cytoskeletal protein families. The actins and tubulins are obligate 

substrates of CCT because they are completely dependent on CCT activity to reach their native states. Genetic and 

proteomic analysis of the CCT interactome in the yeast Saccharomyces cerevisiae revealed a CCT-network of ~300 genes 

and proteins involved in many fundamental biological processes. We classified network members into sets such as 

substrates, CCT co-factors and CCT-mediated assembly processes.  Many members of the 7-bladed propeller family of 

proteins are commonly found tightly bound to CCT isolated from human and plant cells and yeasts. The anaphase 

promoting complex (APC/C) co-factor propellers, Cdh1p and Cdc20p, are also obligate substrates since they both require 

CCT for folding and functional activation. In vitro translation analysis, in prokaryotic and eukaryotic cell extracts, of a set 

of yeast propellers demonstrates their highly differential interactions with CCT and GroEL. Individual propeller proteins 

have idiosyncratic interaction modes with CCT because they emerged independently with neo-functions many times 

throughout eukaryotic evolution. We present a toy model in which cytoskeletal protein biogenesis and folding flux 

through CCT couples cell growth and size control to time dependent cell cycle mechanisms. (200 words) 

 

Introduction 

 

The cytosolic chaperonin CCT is a 1-MDa multi-subunit protein complex which functions in 

cytoskeletal protein folding in all eukaryotes (Willison; 1999; Valpuesta et al; 2002, 2005). CCT 

stands for Chaperonin Containing Tailless complex polypeptide 1 (TCP-1), and is also named TRiC 

(TCP-1 Ring Complex). CCT is a Group II chaperonin and like all chaperonins has a double-toroid 

shape enclosing a central cavity and can, upon binding and hydrolysis of ATP, assist in the folding of 

non-native proteins or in the assembly of substrates with their respective partners. CCT is constructed 

from eight protein subunits, encoded by eight homologous genes, positioned in each ring in a precise 

arrangement (Dekker et al; 2011a, Kalisman and Levitt; 2012). Each CCT subunit consists of three 

domains: the equatorial domain harbouring the ATP binding site, an intermediate domain, and the 

apical domain involved in substrate binding, as first identified in the X-ray crystal structure of the 

Group I chaperonin GroEL (Braig et al; 1994). The sequence differences between the eight CCT 

subunits are located mainly in their apical domains (Pappenberger et al; 2002, Dekker et al; 2011a) 

which provide the substrate binding specificity of each subunit (Kubota et al; 1994). The selective 

nature of the CCT machinery and its individual subunits was revealed in cryo-EM maps of CCT-actin 

(Llorca et al; 1999) and CCT-tubulin complexes (Llorca et al; 2000, 2001) and through direct 

biochemical analyses of actin binding sites (Hynes and Willison; 2000, McCormack et al; 2001, 

Neirynck et al; 2006). CCT shows sequential allosteric behaviour in its ATP-binding and hydrolysis 

regime (Horovitz and Willison; 2005, Gruber et al; 2017) and its actin folding regime (Llorca et al; 

*Author for correspondence (keith.willison@imperial.ac.uk). 
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2001, Dekker et al; 2011a, Stuart et al; 2011). Our long-standing view is that CCT actively folds a 

very restricted group of non-cytoskeletal proteins which includes many members of the 7-bladed 

WD40-propeller repeat protein family. The core set of obligate CCT substrates, together with their 

co-factors and other binding partners, is involved in ancient and fundamental biological processes 

including transcription, chromatin modification and secretion. Figure 1 shows the core CCT-

interactome in pictorial form to aid the reader grasp the depth and breadth of the system. 

 

Willison (2018) has reviewed the CCT structure and allosteric mechanism and its role in normal 

biological processes and in disease. New data on the WD40 interactions with CCT in Saccharomyces 

cerevisiae CCT and mutagenesis of CCT-binding motifs in the Cdh1 co-activator of APC/C are 

presented and reviewed in this paper. We then calculate the folding capacity of the CCT pool and the 

variance in CCT complex copy number in growing yeast and propose that access to CCT interaction 

may be a mechanism through which proteins can detect the instantaneous flux of actin and tubulin 

synthesis via CCT-binding site availability manifested through their individual effective association 

rate constants. 

The CCT Interactome 

  

All eight CCT genes are essential in yeast (Dekker et al; 2008) and even minor perturbations of any 

of their ATP binding site motifs (Amit et al; 2010) and ATP-hydrolysis kinetics (Shimon et al; 2008) 

result in loss of viability and severe growth defects which include abnormally large cell sizes and 

defective cell shapes. Although the genetic and physical CCT-interactome comprises ~300 members 

in yeast (Dekker et al; 2008) most of the components are not actively folded by CCT but are co-

factors and ancillary genetic effectors. The reason for the existence of such a large and complex 

network is that CCT has become coupled to many fundamental biological processes because it co-

evolved with, and facilitated the novel biophysical properties of the emerging cytoskeleton in the 

primitive eukaryotic cell (Kubota et al; 1994, Willison 1999, Dekker et al; 2011b). Recent 

independent computational analysis (Aswathy et al; 2016) and global experiments in yeast concur 

with the view that CCT is highly selective towards the cytoskeleton in its network specificity 

(Rizzolo et al; 2017). 

 

We produced the comprehensive yeast CCT ‘interactome’ by employing mass spectrometric 

proteomics experiments using CCT-3CBP and CCT-6CBP tagged complexes and a Synthetic Genetic 

Array (SGA) screen for synthetic lethal interactions with a temperature-sensitive cct1-2 allele 

(Dekker et al; 2008). Using the combined results of these integrative approaches, a large number of 

novel CCT physical and genetic interactors were identified, defining several functional interaction 

networks of CCT. Integral to the proteomics experiment was the focus on ATP-dependent release 

from CCT, which was taken as a potential indicator of interacting proteins that are folding substrates. 

Before subjecting CCT to LC-ESI-MS, the chaperonin, whilst bound to calmodulin-resin through the 

affinity tag in the CCT3 or the CCT6 subunit, was washed with either a buffer containing ATP or a 

plain buffer. The rationale behind this was that CCT, which is still active when bound to calmodulin-

resin, will fold and release its substrates only in the presence of ATP, and the released substrates that 

are subsequently washed away will not pass through the mass spectrometer. We identified many 

ATP-elutable CCT interacting proteins, of which the most abundant matches included known CCT 

interacting proteins, namely the folding substrates actin and tubulin, and their respective folding 

regulators Plp2p and Plp1p (Stirling et al; 2007, McCormack et al; 2009). Dekker et al (2008) only 

identified one WD40 protein in the physical interaction set but subsequent higher resolution LC-ESI-

MS analysis in our group, using more advanced mass spectrometers, routinely recovers the following 

avid CCT-binding WD40 proteins: Vid27p, Sec31p, Spt8p, Sec13p and Cdc55p. It is difficult to 

estimate the coverage of the MS analysis in our work but the dataset is certainly incomplete for many 

technical reasons such as variable biochemical stringency of CCT interactions and low cellular 
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abundance of some partner proteins such as the APC/C activators, Cdh1p and Cdc20p, which are 

dependent on CCT for their folding and maturation in vivo (Camasses et al; 2003) and in vitro 

(Passmore et al; 2003). Arava et al (2003) calculated protein synthesis rates from 5701 mRNAs in 

yeast; Actp is synthesised at a rate of 2.2 proteins per second whereas Cdh1p and Cdc20p are 

synthesised 100x and 366x more slowly. It also is unsurprising that we did not detect CCT-bound 

Cdh1p and Cdc20p because SILAC mass spectrometry fails to recover these two proteins from over 

4000 proteins identified (de Godoy et al; 2008). In the early global protein interaction screen in yeast 

the 16 CCT-binding WD40 proteins identified were all over-expressed as high copy number baits 

supporting the suggestion that many of the WD40 interactors are indeed low copy number proteins 

(Ho et al; 2002, Valpuesta et al; 2002). The core evolutionarily conserved WD40 proteins are 

components of the Type II phosphatase system (Cdc55p) and TOR complex (Lst8), RNA polymerase 

II and chromatin modification (Taf5p), RNA processing (U3 snoRNP), secretion (Coatomer I and II) 

cell cycle control through protein degradation control (Cdh1p and Cdc20p) as defined in Dekker et al 

(2008) and sketched in Figure 1. 

7-bladed WD40 repeat protein family 
 

The WD-40 repeat proteins contain multiple, tandem copies of a ~40 amino acid repeat which forms 

a blade composed of four anti-parallel β-sheets (Figure 2). The WD-repeat begins with a glycine-

histidine (GH) dipeptide and ends with the tryptophan-aspartic acid (WD) dipeptide, hence the name 

(Neer et al; 1994; Smith et al; 1999). Individual WD-repeats show great sequence variation at every 

residue position and even the GH and WD dipeptides are not invariant (Smith et al; 1999) as 

observed for Tup1p in the alignment in Figure 2. In addition, the number of tandem repeats differs 

and variable-sized insertions are found both within and between them, which makes the 

bioinformatic identification and characterisation of WD-repeat proteins very difficult. For example, 

Ski8p, a protein regulating mRNA degradation, had been predicted to contain five WD repeats in its 

primary sequence but crystallographic analysis revealed seven WD repeats within the sequence and 

the two extra repeats are so divergent from the predicted WD-consensus sequence that they cannot be 

detected from the protein’s primary sequence (Madrona and Wilson; 2004). Although there are 

examples of WD-proteins having 8-blades, such as Cdc4p (Orlicky et al; 2003) and Sif2p (Cerna and 

Wilson; 2005) the most common arrangement is for seven tandem WD-repeats to form the 

circularized β-propeller structure as in Tup1p (Figure 2). A newly constructed database of WD40-

repeat proteins (WDSPdb) lists 83 yeast proteins containing more than 6 repeats (Wang et al; 2015). 

We have constructed a 30-member sub-family of homologous 7-bladed WD40 proteins in 

Saccharomyces cerevisiae using sequential Psi-BLAST homology searching, Phyre analysis and 

hand alignment (Table 1). The members of this family in Saccharomyes cerevisiae participate in 

many different cellular functions but the common property of the WD40 propeller domains is that 

they mediate protein-protein interactions, often as components of large protein complexes. The β-

sheets of the propeller structure provide a stable platform for protein-protein interaction via the loops 

that connect them. Structure/function analysis of Doa1p shows that its propeller binds ubiquitin as do 

those from Cop1p, Sec27p and Taf5p (Pashkova et al; 2010) and the APC/C co-factors. No enzyme 

activity has yet been attributed to any propeller domain. 

 

Early studies on folding of WD40-repeat proteins from the group of Neer lead to the ‘Velcro’ model 

of folding (Garcia-Higuera et al; 1996) so named because it was noticed that the 7
th

 blade of the 

propeller structure is composed of three contiguous β-strands located at the C-terminus of the 

sequence but the fourth is encoded at the N-terminus of the repeats. The two segments associate 

together in 3D space and interact to form the Velcro cap and thus close the propeller fold. Figure 2 

shows structural details of the Tup1p Velcro cap. Bringing these four strands together in space to 

complete folding must be under careful kinetic control and it is likely that different WD40 folds have 

evolved with different folding speeds and therefore different chaperone dependencies due to kinetic 
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partitioning. Kinetic partitioning of proteins due to alterations of local folding rates in their folding 

pathways is likely to be responsible for GroE-dependent versus GroE-independent folding behaviour 

and accounts for the fact that single point mutations can convert MetK from Ureaplasma 

urealyticum, a bacterium with no GroE chaperonin system, into an obligate substrate of Escherichia 

coli GroEL/ES (Ishimoto et al; 2014). 

 

When I first made the CCT-WD40 connection it was obvious that the CCT ring had the required 

shape and dimensions to facilitate the binding of the propeller (Valpuesta et al; 2002). Recent cryo-

electron microscopy structures have shown that the human Gβ1 propeller is near native and bound to 

the CCT6, CCT3, CCT1, CCT4 side of the ring of insect CCT (Plimpton et al; 2015). If higher 

resolution structures can demonstrate that the role of CCT in WD40 propeller folding turns out to be 

the one of permitting the two ends of the repeat to interact effectively to form blade 7 it would be 

analogous to our mechanistic model for the role of CCT in actin folding in which the manipulation of 

the C-terminus of the actin intermediate is the second critical reaction step preceding release of 

folded actin (Stuart et al; 2011, Dekker et al; 2011a, Olshina et al; 2016, Willison; 2018). 

In vitro interactions between CCT and WD40 repeat proteins 

 

In order to probe different WD40 repeat proteins for their CCT interaction behavior 15 yeast proteins 

(Table 2) from the core 30-member 7-bladed WD40 set (Table 1) and the 8-bladed Cdc4p, were 

tested. They were tested for CCT and GroEL binding using standard in vitro translation time course 

systems (McCormack et al; 2001, Pappenberger et al; 2006). The results are a clear demonstration of 

multiple modes of interaction with CCT (Table 2 and Figure 3). Some proteins do not bind CCT or 

GroEL whereas others bind both chaperonins strongly (sample assay data in Figure 3). Although 14 

of these 16 proteins showed some degree of binding to CCT, only 5 demonstrated very strong 

interaction with it. These strong CCT interactors are Cdc55p, Vid27p, Taf5p, Cdh1p and Cdc20p 

each of which has been identified in other genetic and physical studies (Table 1 and Figure 1). It is 

striking that these proteins accumulate on CCT over time unlike actin which has a demonstrable 

precursor-product relationship in the rabbit reticulocyte lysate system because it is being actively 

processed and folded by CCT (McCormack et al; 2001). This reinforces a common role for CCT in 

the assembly, rather than folding, of these WD40 proteins with elements of their respective protein 

complexes, as is clearly the case for the Gβ-Gγ heterodimer assembly process (Plimpton et al; 2015). 

The stalling of the folding of WD40 propellers due to the blade 7 completion problem permits CCT 

to intervene in the process and provide a holding platform until binding partners arrive. 

CCT and co-activators of the Anaphase Promoting Complex (APC/C) 

 
Cdh1p and Cdc20p are co-activators of the Anaphase Promoting Complex/Cyclosome (APC/C), an 

ubiquitin ligase that has a prominent role in regulating cell cycle progression. The APC/C controls 

mitosis by regulating of entry into anaphase, progression through anaphase, exit of mitosis and G1 

phase, by degrading sequentially different cell cycle proteins. It is a 1.5 MDa protein complex and 

contains 13 core subunits, and 3 related adaptors, two of which are Cdh1p and Ccd20p (Yu; 2007). 

The adaptor proteins regulate the APC/C’s activity by binding to the complex to deliver target 

substrates for ubiquitination. The interaction of Cdh1p and Cdc20p with APC/C allows APC/C’s 

ubiquitinase activity. The WD40 repeat domains of Cdh1 and Cdc20p have been shown to be critical 

in substrate recognition (Kraft et al; 2005, Burton et al; 2005).  

 

CCT is the only known folding pathway for the production of functional and biologically active 

Cdh1p and Cdc20p in vivo (Camasses et al; 2003) and in vitro (Passmore et al; 2003).  Camasses et 

al; (2003) mapped the CCT-interaction sites of Cdc20p to the propeller blades 3, 4 and 5. Some new 

data which maps CCT-binding sites in Cdh1p have been obtained. It was first shown that the Cdc20p 
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and Cdh1p propellers are interchangeable for CCT interaction by swapping them over and finding 

that the hybrid proteins are processed normally by rabbit CCT. Consequently mutations in 

evolutionarily conserved residues were screened for CCT interaction by in vitro translation time 

courses. Figure 4 shows the results. There are consequential CCT-interaction sites in blades 4 

(N405A, D406A, N407A) and 5 (S436A, P437A). Disrupting the histidine (H490) of the tetrad motif 

in blade 6 arrests processing. Mutations in the ‘velcro’ interaction strand were discovered in blade 

7D, R253A and V254A, which cause complete arrest of CCT processing of the full-length protein. 

This strongly suggests the important activity of CCT towards propellers is to facilitate the joining of 

the two ends of the protein domain together. 

 

Connecting cytoskeletal protein biogenesis and folding flux to cellular networks 

 

Proteins interact with the CCT system for reasons that include folding, for the actins and tubulins, 

and just-in-time assembly processes (Dekker; 2010). Trying to locate a newly synthesized protein 

about to leave one of the 200,000 ribosomes without a high-abundance and/or high-affinity detection 

system is a difficult task due to the law of mass action. For a protein such as Cdh1p, with a rate of 

synthesis 100 times less than actin, when considering the bulk cell synthesis rate not the translation 

rate, the ability to interact with one of the 3000 CCT complexes is effectively a ‘concentrating’ 

process that moves a nascent Cdh1 protein from one of 200,000 to one of 3000 points in cytoplasmic 

space and is readily accomplished because of the very high affinity that the Cdh1 folding 

intermediate has for CCT (Passmore et al; 2003). As is the case with actin, whose native state has no 

affinity for CCT, the Cdh1 protein can fold or assemble with other partners on CCT and then leave, 

never to return because its native state or assembled state has relinquished its affinity for CCT. It is 

likely that there are many variations on this theme controlled by kinetic partitioning and other time 

dependent processes such as chemical modifications. A further detection enhancement will occur if a 

binding partner also has independent binding affinity for separate CCT subunits because the 

combined affinities become multiplicative through addition of logarithmic association rates 

constants. This effect is observed for the yeast CCT-ACT1-PLP2 system where the PLP2 co-factor 

increases the rate of native actin production by 30-fold (McCormack et al; 2009). 

 

We suggest that the availability of unoccupied and therefore unemployed CCT complexes will be a 

function of the flux through the CCT system of its two most abundant co-dependent partners, actin 

and tubulin. The number of available CCT binding sites can be used as a metric for any binding 

partner to register the instantaneous values of dActin/dt + dTubulin/dt through the copy number of 

the empty CCT complexes; physically manifested as the effective association rate constant. In 

Saccharomyces cerevisiae the number of available CCT complexes will be in the low thousands 

since CCT is present at between 3000 (Biochemical analysis; MacCormack et al; 2009) and 6000 

(Mass spectrometry; Brownridge et al; 2013) copies per yeast cell. Using mass spectrometry analysis 

of pure CCT-substrate complexes (Dekker et al; 2008) and calculations our laboratory estimates that 

50-60% of CCT is occupied with actin and tubulin folding (Figure 5A). This flux counting 

mechanism is probably the reason for actin and CCT subunit genes being amongst the most haplo-

insufficient genes for growth in yeast YPD medium (Deutschbauer et al; 2005), as are the exosome 

and U3 snoRNP subunits which are components of the CCT-core (Figure 1H and J). Haplo-

insufficiency is loss of fitness due to absence of one gene copy in a diploid. When gene copy number 

is increased in aneuploid yeast strains (Dephoure et al; 2014) many components of protein complexes 

show dosage compensation, including all the 137 haplo-insufficient ribosomal subunits. However, 

CCT subunit levels are not attenuated and continue to maintain the tightest distribution of all the 84 

protein complexes analyzed.  A further genetic test examines epistatic interactions between CCT and 

other genes. Epistasis is a measurement of the fitness of pairs of double mutants compared to wild-

type and single mutants and has been measured for 61 gene pairs in Saccharomyces cerevisiae (He et 
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al; 2010). CCT2 is strongly positively epistatic with ACT1, NUS1, RPC10 and RP55). A direct way 

to measure the variance in CCT subunit levels is to use the protein signals obtained by comparing 

haploid versus diploid yeast in datasets from mass spectrometric SILAC experiments (de Goody et 

al; 2008). Figure 5B shows a plot of haploid versus diploid protein abundance ratios for CCT and 

prefoldin complexes and actin and tubulin and PLP2. The standard deviation of the eight CCT 

subunits (mean = 0.994) is 2.8 times less than the six prefoldin subunits (mean = 1.017) and 6.5 times 

less than the 27 member WD40 protein set (values in Table 1 – excluding Vid27p).  

 

The tighter the number distributions of the main substrates, actin and tubulin, and the recipient CCT 

complex pool the more accurate and less noisy and more sensitive the flux measurement system 

becomes. In this respect it is also significant that actin, tubulin and CCT subunits sit in the centre of 

the Gaussian mean of the protein abundance distribution in yeast (Fig 5C) and protein half-life 

distribution (Fig 5D) because they will have median concentrations throughout the cytoplasm and 

median half-lives which are well in excess of the 3-hour cell cycle time for yeast growing in YPD 

medium at 30
o
C. In conclusion, according to this model CCT is not only a physical gatekeeper 

between folding space and native space but also a device which can help transmit information about 

the state of the cell to the many elements of the essential protein complexes which bind it.  
 

 

Discussion 

 

All our experiments concerning the CCT substrate spectrum in mammalian cells and yeast teach us 

that CCT has a highly-restricted set of substrates. Other laboratories disagree with us and originally 

put the figure at 9-15% of all cytosolic proteins (EMBO J 1999). The most recent study suggests 7% 

of cytosolic proteins are substrates based up binding of in vitro denatured, pulse-chase-labelled total 

cell extracts to chaperonins in vitro (Yam et al; 2008). Our laboratory has performed pulse chase 

analysis of newly translated polypeptides in mammalian cells in vivo which never recovers more than 

1% of the total protein counts bound to CCT (Sternlicht et al; 1993, Grantham and Willison, 2006). 

The labelled proteins that are bound are dominated by actin and tubulin signals. It is becoming even 

more difficult to sustain the view that CCT is a general cytosolic chaperone in the light of global 

gene and protein network analysis of the CCT interactome in yeast (Dekker et al; 2008, Rizzolo et al; 

2017) which points to the central involvement of CCT in cytoskeletal function and several essential 

cellular networks involved in chromatin remodeling, secretory pathways, phosphatase activity and 

cell cycle regulation via control of the folding of the APC/C regulators. It is remarkable how in each 

network, always one or more CCT-dependent WD40 repeat proteins are involved (Figure 1).  
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FIGURE 1. Cartoons of schemes for CCT action upon its substrates and binding complex 

formation 

 

 
 

LEGEND Figure 1. 

 

A) Direct folding to native state: Actin filaments (F-actin) are composed of a single monomer species 

(G-actin) and CCT activity yields assembly competent monomers. It is not yet known if ATP loading 

is concomitant with folding or whether nucleotide-free actin is released into the 2-5 mM ATP pool 

present in cell cytoplasm and then equilibrates with free ATP. 

B) Folding and assembly: Tubulin filaments are composed of two monomer species (α-tubulin and β-

tubulin) which both bind GTP. GTP concentration is low in cells (50µM) and CCT may well play a 

direct role in GTP loading of β-tubulin. There is strong evidence for post-CCT-dependent folding and 

assembly step(s), involving several co-factor proteins, which produce filament-assembly competent 

tubulin monomers. 

C) Production of the APC activators: Cdc20p and Cdh1p propeller proteins are CCT-dependent.  

D) Assembly of G-protein complexes (Willardson and Howlett; 2007). 

E) Type II phosphatase complex – CCT interaction conserved from yeast to humans 

F) TORC complex: WD40 subunits 

G) Secretory complexes ER and Golgi 
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H) Transcription factor and several HDAC complexes interact with CCT (Dekker et al; 2008). 

I)  RNA processing  

J) Holding activity of the Saccharomyces cerevisiae Vid27p propeller protein involved in autophagy. 
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FIGURE 2. The Velcro cap 

 

 
 

 

LEGEND Figure 2. 

 

Structural model of the propeller of TUP1 (PDB: 1erj). TUP1 is a 713-amino acid residue protein 

with a single 7-bladed propeller. The left-hand panel shows a ribbon diagram with the W, D and H 

residues of the WD40 repeat highlighted in pink which interact to form a structural element 

connecting blade 7A and 7C across which blade 7D binds like a “velcro” cap (Neer et al; 1994). The 

two right-hand panels show top and side views of the propeller; a conical frustum. The amino acid 

sequences of the interaction region between the β-sheets are shown below with the four sequences 

aligned to reflect the registration of the blades in 3D space (K. R. Willison unpublished analysis). 
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FIGURE 3. Screening WD-40-repeat proteins for CCT interaction 

 

 

 

 
 

 

 

 

 

 

 

LEGEND Figure 3. 

 

Panel (A). 6% native PAGE analysis of TAF5, UTP13, ELP2 and DOA1 after in vitro translation in 

E. coli lysate (E) or rabbit reticulocyte lysate (R) in vitro transcription/translation system to detect 

GroEL (filled arrowhead) or CCT interaction (open arrowhead) respectively. 

Panel (B). Graphs of time courses of CCT-bound protein by 6% native PAGE analysis of rabbit 

reticulocyte in vitro translation assays of TAF5, UTP13 and HAT2. 

Panel (C). 6% native PAGE analysis of time course of rabbit reticulocyte in vitro translation assay of 

VID27. Inset image of sample at the end of the time course showing interaction of CCT with Vid27p 

which can be shifted with the anti-TCP1 antibody 23C, demonstrating specificity of CCT binding. 

Vid27p is the most avid CCT binding protein in yeast (Aloy et al; 2004, Dekker et al; 2008, Rizzolo 

et al; 2017). Vid27 is a little studied, non-essential, WD40 repeat protein most closely related to 

BUB3 and possibly involved in vacuolar protein degradation and is found in yeasts and plants but not 

in higher eukaryotes. 
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Figure 4. Mapping CCT-binding residues in the Cdh1p propeller 

 

A                                        Strand 7D    

           226     MSPVR PDSKQLLLSP GKQFRQIAKV PYRVLDAP 
 

               β               β               β               β-strands        A                B        C                 D 

      Motif    GH                      xGxxDxxxxxWD 

Blade 1) 259   SLADDFYYSLIDWSSTD     VLAVALGKSIFLTDNNTGD        VVHLCDT 

 

Blade 2) 302   ENEYTSLSWIGAGS       HLAVGQANGLVEIYDVMKR         KCIRTLS 

 

Blade 3) 342   GHIDRVACLSWNNH       VLTSGSRDHRILHRDVRMP         DPFFETIE 

 

Blade 4) 383   SHTQEVCGLKWNVADN     KLASGGNDNVVHVYEGTSKS        PILTFD 

 

Blade 5) 425   EHKAAVKAMAWSPHKRG  VLATGGGTADRRLKIWNVNTS         IKMSDID 

 

Blade 6) 470   SGSQ-ICNMVWSKNTNE   LVTSHGYSKYNLTLWDCNSM         DPIAILK 

 

Blade 7) 513   GHSFRVLHLTLSNDGT     TVVSGAGDETLRYWKLFD 

 

B 
Mutations  Residue numbers Blade location CCT interaction 
CDH1 full-length N405A, D406A, N407A Blade 4 conserved strong arrest/slow processing 

CDH1 full-length S436A and P437A Blade 5 conserved strong arrest/slow processing 

CDH1 full-length H438A and K439A Blade 5 conserved slight arrest/slow processing 

CDH1 full-length S524A and N525A Blade 7 conserved slight arrest/slow processing 

CDH1 full-length D526A and G527A Blade 7 conserved Arrested 

CDH1 full-length D536A, E537A, T538A Blade 7 conserved slight arrest/slow processing 

CDH1 full-length R253A and V254A Strand 7D conserved Arrested 

CDH1 full-length L255Aand D256A Strand 7D conserved slightly arrested 

CDH1 M226-R566 R346A Blade 3 conserved Processed 

CDH1 M226-R566 E387A Blade 4 conserved strong arrest/slow processing 

CDH1 M226-R566 A429S Blade 5 conserved slight arrest/slow processing 

CDH1 M226-R566 H490R Blade 6 tetrad Arrested 

CDH1 M226-R566 D526A and G527A Blade 7 conserved Arrested 

CDH1 M226-R566 D536A, E537A, T538A Blade 7 conserved Processed 

 

LEGEND Figure 4. 

 

Mutants in the Cdh1p propeller (amino acid residues 226-566) were screened for strength of binding 

and degree of processing by CCT using in vitro translation/native gel analysis. Six mutations were 

tested in the context of the propeller domain only. 

A. The β-strands in the blades are highlighted in green. Motif: the red bold letters highlight the 

residues (GH-G-D-WD) forming the hydrogen-bonding network ('structural tetrad') which stabilizes 

the blades. The M332A mutation, coloured yellow, is included to prevent internal translation 

initiation at this methionine which reduces the accuracy of quantitation in these assays (McCormack 

et al; 2009); the equivalent residue in human CDH1 is alanine. The point mutants which arrest the 

processing are highlighted in magenta. 

B. List of 14 mutants and their CCT interaction behaviour. Strong arrest indicates that >15% of the 

counts become associated with CCT; slow processing means that the appearance of the folded Cdh1 

(either full-length or the propeller domain) is retarded compared to wild-type control. 
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FIGURE 5. Yeast CCT Capacity 

 

 
 

Legend Figure 5. 

 

Number estimates for the components of this yeast model are from the following sources. Ribosomes 

(Warner 1999). Actin, Act1p (Garrels database), CCT complex (Willison laboratory biochemistry 

and Uniprot database). Calculated mRNA copy numbers per cell based upon 15000 transcripts per 

cell growing at 30
o
C - ACT1:28.97, CDH1: 0.36, TUB2:5.94, TCP1: 1.81, CCT2: 1.56, CCT3:1.62, 

CCT4:2.16, CCT5:2.24, CCT6: 2.61, CCT7: 2.23, CCT8: 1.7, CDH1:0.36 (Arava et al; 2003).        
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TABLE 1. List of the core 7-bladed WD40 repeat containing proteins in yeast 

This set was constructed using sequential Psi-BLAST homology searching, Phyre analysis and hand 

alignment – full alignment file is available on request. Gene name, protein complex, length aa and 

haploid v diploid are from Saccharomyces cerevisiae. The UNIPROT entry list shows the genes from 

Encephalitis cuniculi parasite which a eukaryote with a minimal (~1990 genes) and compacted 

genome; all the WD40 proteins are detected by homology except TUP1. 

Number Gene name Protein complex UNIPROT Length aa HAPLOD v DIPLOID 

 1 COP1 Coatomer I Q8SSJ2 1201 1 

2 SEC27 Coatomer I Q8SRA6 889 0.96 

3 SEC13 Coatomer II Q8SQT8 297 1.05 

4 SEC31 Coatomer II Q8SRF6 1273 0.97 

5 ASC1 Ribosome Q8SRB0 319 0.93 

6 RSA4 Ribosome Q8SW59 515 1.01 

7 TAF5 TFIID Q8SQS4 798 1.12 

8 ELP2 Pol II elongation Q8SSL8 788 1.02 

9 HIR1 Histone repressor Q8SSG4 875 1.13 

10 HAT2 Acetyltransferase Q8SRK1 401 1.03 

11 SWD2 Set1p complex Q8SVQ1 329 1.15 

12 DOA1 Ubiquitin Q8SQK6 715 0.98 

13 CAC2 CAF1-p60 Q8SRA5 468 1.12 

14 TUP1 Transcription ND 713 0.91 

15 CDC55 PP2A Q8SRX4 526 1.08 

16 CDC20 APC/C Q8SS21 610 not detected 

17 CDH1 APC/C Q8SVZ6 566 not detected 

18 PRP46 RNA splicing Q8STZ5 451 1.04 

19 PFS2 PolyA factor Q8SW96 465 1.03 

20 GLE2  Nuclear Pore (NPC) Q8SRM6 365 0.98 

21 DIP2 U3 snoRNP (SSU) Q8SW87 943 0.98 

22 PWP2 U3 snoRNP (SSU) Q8SSO7 923 1.02 

23 SOF1 U3 snoRNP (SSU) Q8SSI4 489 1.02 

24 UTP13 U3 snoRNP (SSU) Q8SVM7 817 0.99 

25 UTP15 U3 snoRNP (SSU) Q8SU33 513 1.01 

26 TIF34 Initiation Factor 3 Q8SR77 347 0.98 

27 RRB1 Ribosome biogenesis Q8SRW1 512 0.95 

28 CIA1 Fe/S protein assembly Q8STN6 330 1.03 

29 YL149 Hypothetical Q8STM2 730 1.12 

30 VID27 Vacuole Q8STM0 782 1.32 
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TABLE 2.  Screening WD40-repeat proteins for CCT interaction 
Fifteen yeast proteins predicted to contain 7-blade WD40 repeats, by 3DPSSM structure based 

sequence alignment (Kelley et al; 2000) and CDC4, an 8-bladed WD40 (Orlicky et al; 2003), non-

CCT interacting, protein functional in cct1-2 mutant cells at 37
o
C (Camasses et al; 2003) were 

analysed for interaction with CCT (column 3) and GroEL (column 4) by quantitative in vitro 

translation and native gel analysis. The extent of binding to CCT or GroEL was determined by 

calculating the fraction bound to chaperonin compared to total protein synthesized (weak = < 5%, 

medium = 5-15%, strong = >15%). Results from independent studies are shown in column 5 and 

referenced in column 6 ((1. Ho et al; 2002), (2. Camasses et al; 2003), (3. Passmore et al; 2003), (4. 

Gavin et al; 2002), (5. Aloy et al; 2004)). nd indicates not done, nt indicates not previously studied. 

 

 

 

ProteinProteinProteinProtein    Protein Complex / Protein Complex / Protein Complex / Protein Complex / 
FunctionFunctionFunctionFunction    

CCT bindingCCT bindingCCT bindingCCT binding    GroEL GroEL GroEL GroEL 
bindingbindingbindingbinding    

CCT bindingCCT bindingCCT bindingCCT binding    RefRefRefRef    

     this studythis studythis studythis study    this studythis studythis studythis study    published workpublished workpublished workpublished work        

      
ASC1 Ribosome subunit/signalling weak weak nt  

CAC2 CAF1-p60 / Chromatin medium yes nt  

CDC4 Skip1 / Ubiquitin weak yes no 2 

CDC20 APC / Ubiquitin E3 strong yes yes + in vivo 1,2 

CDC55 PP2A regB / phosphatase strong nd yes + in vivo 1,3 

CDH1 APC / Ubiquitin E3 strong yes yes + in vivo 1,2,3 

DOA1 Ubiquitin weak no nt  

ELP2 Pol II elongation / 
Transcription 

negative no nt  

HAT2 HistoneAT TypeB / 
Acetylation 

weak no nt  

SEC13 Coatomer II / Secretion weak no nt  

SEC27 Coatomer I / Secretion medium nd yes 1 

TAF5 TFIID / Transcription strong yes yes 1,3 

TIF34 Initiation Factor 3 / 
Translation 

negative no nt  

TUP1 Tup1-Ssn6 / Transcription 
repression 

medium nd nt  

UTP13 U3 snoRNA (SSU) / 
Translation 

medium yes nt  

VID27 Vacuole/protein degradation Strong nd yes 4,5 
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FIGURE 1. Cartoons of schemes for CCT action upon its substrates and binding complex formation  
 

190x169mm (150 x 150 DPI)  
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FIGURE 2. The Velcro cap  

 

246x146mm (72 x 72 DPI)  
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FIGURE 3. Screening WD-40-repeat proteins for CCT interaction  
 

315x80mm (72 x 72 DPI)  
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                                       Strand 7D    

          226     MSPVR PDSKQLLLSP GKQFRQIAKV PYRVLDAP 

 

               β               β               β               β-strands        A                B        C                 D 

      Motif    GH                      xGxxDxxxxxWD 

Blade 1) 259   SLADDFYYSLIDWSSTD     VLAVALGKSIFLTDNNTGD        VVHLCDT 

 

Blade 2) 302   ENEYTSLSWIGAGS       HLAVGQANGLVEIYDVMKR         KCIRTLS 

 

Blade 3) 342   GHIDRVACLSWNNH       VLTSGSRDHRILHRDVRMP         DPFFETIE 

 

Blade 4) 383   SHTQEVCGLKWNVADN     KLASGGNDNVVHVYEGTSKS        PILTFD 

 

Blade 5) 425   EHKAAVKAMAWSPHKRG  VLATGGGTADRRLKIWNVNTS         IKMSDID 

 

Blade 6) 470   SGSQ-ICNMVWSKNTNE   LVTSHGYSKYNLTLWDCNSM         DPIAILK 

 

Blade 7) 513   GHSFRVLHLTLSNDGT     TVVSGAGDETLRYWKLFD 

 

          547   KPKAKVQPNSLIFDAFNQIR (C-terminus) 

 

B 
 

Deletion analysis  Residue Number Location CCT interaction 

CDH1 full-length N405A,D406A,N407A Blade 4 conserved strong arrest/slow processing 

CDH1 full-length S436A and P437A Blade 5 conserved strong arrest/slow processing 

CDH1 full-length H438A and K439A Blade 5 conserved slight arrest/slow processing 

CDH1 full-length S524A and N525A Blade 7 conserved slight arrest/slow processing 

CDH1 full-length D526A and G527A Blade 7 conserved arrested 

CDH1 full-length D536A,E537A,T538A Blade 7 conserved slight arrest/slow processing 

CDH1 full-length R253A and V254A Strand 7D conserved arrested 

CDH1 full-length L255Aand D256A Strand 7D conserved slightly arrested 

CDH1 M226-R566 R346A Blade 3 conserved processed 

CDH1 M226-R566 E387A Blade 4 conserved strong arrest/slow processing 

CDH1 M226-R566 A429S Blade 5 conserved slight arrest/slow processing 

CDH1 M226-R566 H490R Blade 6 tetrad arrested 

CDH1 M226-R566 D526A and G527A Blade 7 conserved arrested 

CDH1 M226-R566 D536A, E537A, T538A Blade 7 conserved processed 
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FIGURE 5. Yeast CCT Capacity  

 

152x127mm (72 x 72 DPI)  
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