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“There is grandeur in this view of life, with its several powers, having been originally breathed 

into a few forms or into one; and that, whilst this planet has gone cycling on according to the 

fixed law of gravity, from so simple a beginning endless forms most beautiful and most wonderful 

have been, and are being, evolved.” 

– Charles Darwin, On the Origin of Species 
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EVOLUTIONARY PLASTICITY AND QUALITY CONTROL OF THE PROTEOME 

Conor J. Howard 

 

ABSTRACT 

Proteins are the molecular machines that perform the work of the cell. If DNA is the 

blueprint of life, proteins are the functional forms encoded by that instruction. Proteins are born 

through the process of protein translation, in which a given sequence of nucleotides is decoded 

into a corresponding chain of amino acids by the protein factory that is the ribosome. These 

chains of amino acids fold into sequence-specific structures capable of a diverse range of 

functions including chemical catalysis, membrane transport, force generation, and many more. 

As DNA inevitably mutates over time, the protein it encodes can concurrently drift in amino acid 

sequence and chemical properties. This presents opportunities for a cell to adapt to its 

environment by rewiring its protein machinery, but also challenges in accommodating potentially 

toxic loss-of-function changes. Herein is a collection of research investigating both how protein 

networks can be rewired through evolution and how the cell executes quality control of protein 

production – two different, yet intimately linked, nodes of cellular adaptation and survival. In the 

first chapter I discuss how protein kinases have an inherent plasticity that allows them to traverse 

broadened specificity intermediates throughout evolution, allowing for repeated sampling of new 

network connections. In the following chapter, I discuss how intrinsic protein-protein 

cooperativity can drive the development of similar DNA binding sites in multiple different 

biological lineages (an example of convergent evolution). In the final three chapters, I discuss 

how the Ribosome-associated Quality Control (RQC) complex combats proteostasis insult at the 

earliest stage of intervention – protein translation. The RQC engages incompletely synthesized 
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proteins that have stalled within the ribosome, elongating and targeting them for degradation to 

prevent their potentially toxic accumulation. RQC failure has ramifications for protein 

homeostasis in general, but the integrity of this process is particularly important in long-lived, 

terminally differentiated cells like neurons and RQC defects are associated with 

neurodegenerative disease. Notably, RQC-driven protein elongation (or “CAT tailing”) occurs in 

a non-templated manner, involving only the ancient core of the ribosome and one RQC 

component with no role for mRNA or other canonical protein translation factors. The RQC 

component responsible for this peculiar activity appears to be conserved across all branches of 

life. In the concluding section, I discuss how the emergence of this non-templated peptide 

synthesis activity may have coincided with – or even predated – the evolution of canonical 

peptide synthesis, thereby potentiating the exploration of diverse protein sequence space before 

the fixation of a nucleotide code. The subsequent development of programmed protein synthesis 

led to the emergence of the innumerably complex biological forms and functions we see today. 
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Ancestral resurrection reveals evolutionary mechanisms of kinase plasticity 

 

Conor J Howard1*, Victor Hanson-Smith2*, Kristopher J Kennedy1, Chad J Miller3, Hua Jane 

Lou3, Alexander D Johnson2, Benjamin E Turk3, Liam J Holt1 

 

 

1 Department of Molecular and Cell Biology, University of California, Berkeley, Berkeley, 

United States 

2 Department of Microbiology and Immunology, University of California, San Francisco, San 

Francisco, United States 

3 Department of Pharmacology, Yale University School of Medicine, New Haven, United States 

* these authors contributed equally to this work 

 

 

 

 

 

 

 

 

 

This work was originally published in eLife 2014; 3:e04126 and is reproduced under a Creative 

Commons Attribution 4.0 International license (CC BY 4.0)   



 3 

ABSTRACT 

Protein kinases have evolved diverse specificities to enable cellular information 

processing. To gain insight into the mechanisms underlying kinase diversification, we studied the 

CMGC protein kinases using ancestral reconstruction. Within this group, the cyclin dependent 

kinases (CDKs) and mitogen activated protein kinases (MAPKs) require proline at the +1 

position of their substrates, while Ime2 prefers arginine. The resurrected common ancestor of 

CDKs, MAPKs, and Ime2 could phosphorylate substrates with +1 proline or arginine, with 

preference for proline. This specificity changed to a strong preference for +1 arginine in the 

lineage leading to Ime2 via an intermediate with equal specificity for proline and arginine. 

Mutant analysis revealed that a variable residue within the kinase catalytic cleft, DFGx, 

modulates +1 specificity. Expansion of Ime2 kinase specificity by mutation of this residue did 

not cause dominant deleterious effects in vivo. Tolerance of cells to new specificities likely 

enabled the evolutionary divergence of kinases. 
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INTRODUCTION 

Phosphorylation networks coordinate many cellular processes. Their importance is 

underscored by the prevalence of kinases: the human genome encodes >500 kinases (Manning et 

al., 2002b) and over 100,000 phosphorylation sites have been identified (Hornbeck et al., 2012). 

The number and diversity of kinases expanded with increasing numbers of cell types during the 

evolution of metazoa (Manning et al., 2002a). The addition of new kinase families with new 

specificities presumably increases the information processing capacity of the cell, thus enabling 

the emergence of more complex biological processes (Beltrao et al., 2009; Lim and Pawson, 

2010). 

To achieve precise regulation, kinases have evolved mechanisms to selectively 

phosphorylate specific substrates. This specificity is encoded at multiple levels. The active site of 

some kinases is optimized to bind to a defined peptide sequence, referred to as the primary 

specificity. Kinases may have additional peptide interaction surfaces that bind to docking motifs 

on the substrate distinct from the site of phosphate transfer. Non-substrate proteins called 

scaffolds can also form tertiary complexes to direct the interaction between kinase and substrate. 

The sub-cellular localization of a kinase can limit access to a subset of proteins. Finally, systems-

level effects such as substrate competition and the opposing activities of phosphatases all affect 

the degree to which substrates are phosphorylated in the context of the cell (Reviewed 

in Remenyi et al., 2005; Ubersax and Ferrell, 2007). 

Phosphoregulatory networks are well suited to rapid information processing because 

phosphorylation reactions act on time scales of minutes (Olsen et al., 2006). For this reason, 

kinase networks are crucial for processes that require a high degree of temporal control, such as 

the cellular division programs, mitosis, and meiosis. Taking mitosis as an example, kinase 
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networks control a wide range of cell sizes (2 µm to several mm) and cell biology (from a single 

to a thousand chromosomes, closed vs open mitosis). Thus the phosphorylation networks that 

underlie these processes must adapt to enable these changes in cell biology. There has been 

considerable progress in the understanding of transcription-factor network evolution in recent 

years, and these studies have helped understand the generation of morphological diversity 

(Carroll, 2008) and key principles of transcriptional rewiring (Tuch et al., 2008). Despite recent 

progress (Holt et al., 2009; Tan et al., 2009; Alexander et al., 2011; Cross et al., 2011; Freschi et 

al., 2011; Pearlman et al., 2011; Capra et al., 2012; Lee et al., 2012; Beltrao et al., 2013; Coyle et 

al., 2013; Goldman et al., 2014), there is still relatively little known about the evolution of kinase 

signaling networks. 

Phosphoregulatory networks evolve by the gain or loss of protein–protein interactions, 

either by changes to substrates or by changes to kinase specificity. Within substrates, the gain or 

loss of kinase interaction motifs and phosphorylation sites have occurred relatively rapidly 

(changes occur within a few millions of years of divergence, Holt et al., 2009; Beltrao et al., 

2009). These substrate mutations affect only one protein at a time; therefore detrimental 

pleiotropic effects are avoided. Alternatively, networks can evolve by changing kinase 

specificity. Kinases act as hubs of phosphoregulatory networks and can coordinate the activities 

of hundreds or even thousands of substrates (Manning et al., 2002a; Matsuoka et al., 2007; Holt 

et al., 2009; Hornbeck et al., 2012). Changing the specificity of a kinase, therefore, can destroy 

many network connections, while also potentially creating a large number of new connections. It 

might be expected that there is a strong negative selection pressure against such drastic 

remodeling of kinase networks, but it is nevertheless clear that kinases have evolved diverse 

specificities, particularly following gene duplication (Mok et al., 2010). The mechanisms 
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underlying this diversification are poorly understood, and it is unknown how kinases 

successfully evolve significant changes to their biochemistry and network biology. 

To learn how kinase specificity evolves, we studied the evolutionary history of the 

CMGC (Cyclin Dependent Kinase [CDK], Mitogen Activated Protein Kinase [MAPK], 

Glycogen Synthase Kinase [GSK], and Casein Kinase [CK]) group of kinases. The CMGC group 

also contains the CDK-Like kinases (CDKL), SR-kinases, Homeodomain-Interacting Kinases 

(HIPKs), CDC-Like Kinases (CLKs), Dual-Specificity Tyrosine Regulated Kinases (DYRKs), 

and a paralogous superfamily of kinases including LF4, the mammalian RCK kinases (ICK, 

MOK, and MAK), and the fungal IME2 kinases. CMGC kinases coordinate a wide range of 

cellular functions in different species. CDKs are the major coordinators of cell division in both 

mitosis and meiosis (Morgan, 2007). MAPKs are crucial for many cellular decisions, including 

proliferation, differentiation, and stress responses (Chen and Thorner, 2007; Morrison, 2012). 

The Ime2 kinase is crucial for meiosis in S. cerevisiae (Dirick et al., 1998; Benjamin, 2003), 

while its orthologs in other Ascomycetes control distinct processes including mating (Sherwood 

et al., 2014), differentiation (Hutchison and Glass, 2010), and response to light (Bayram et al., 

2009, for a review see Irniger, 2011). The Ime2 paralogs in mammals (the RCK kinases) control 

diverse processes including spermatogenesis and control of retinal cilia-length (MAK), as well as 

intestinal cell biology, control of cell proliferation, organogenesis, and cellular differentiation 

(MOK and ICK) (Fu, 2012). 

Within the evolutionary history of CMGC kinases, gene duplications followed by 

diversification resulted in multiple paralogous kinases with distinct specificities that coordinate 

diverse biological functions. For example, the specificities of Cdk1 and Ime2 are mostly non-

overlapping (Holt et al., 2007). In addition to acquiring distinct modes of regulation, it is likely 



 7 

that the divergence of the biological functions of this kinase family is, in part, due to evolution of 

their primary specificities. Therefore, understanding the mechanisms that drive specificity 

change and the consequences of these changes is crucial to rationalize the structures of modern 

phosphoregulatory networks. The shared evolutionary history of CMGC kinases, combined with 

their diverse specificities, make them an ideal gene family for studying the evolution of kinase 

specificity. 

In this study, we determined the primary substrate specificity of eight extant kinases from 

the IME2/RCK/LF4 group of kinases and found variation in the amino acid that is preferred 

immediately C-terminal to the phosphoacceptor (the +1 position). To determine the mechanisms 

by which these specificities evolved, we used maximum likelihood phylogenetic models to 

reconstruct sequences for all ancestors of the CMGC kinases. We then resurrected seven 

ancestral kinases in the lineage starting with AncCMGI, which is the last common ancestor of 

the CDK, CDKL, MAPK, GSK, CLK, and IME2/RCK/LF4 kinases, up until the modern LF4, 

RCK, and IME2 kinases. Biochemical characterization of these resurrected kinases allowed us to 

trace the evolution of primary specificity in this lineage. In addition, we determined a key 

residue that modulates primary specificity at the +1 position. By mutating this residue in modern 

IME2 we showed that, at least in some circumstances, the cell can readily tolerate changes that 

expand kinase specificity. 
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RESULTS 

The Ime2/RCK/LF4 kinase family has variable +1 specificity 

To understand how kinase specificity changes over a long evolutionary timescale, we 

determined the phosphorylation site specificities of eight kinases from the superfamily of kinase 

paralogs that includes fungal Ime2, the mammalian RCK kinases (ICK, MOK and MAK), and 

the LF4 kinases in algae and protists. This superfamily controls diverse biological processes, and 

we hypothesized that differences in primary specificity may underlie some of this functional 

divergence. In addition, previous work has shown that S. cerevisiae Ime2 and mouse ICK differ 

in their +1 specificities (Fu et al., 2006; Holt et al., 2007). 

We used a positional scanning peptide library (PSPL, Hutti et al., 2004) to characterize 

the full primary specificity of these kinases (Figure 1-1A). Briefly, we used a set of 182 peptide 

mixtures, in which a central phosphoacceptor position (an equal mixture of serine and threonine) 

was surrounded by random sequence. Within each mixture, one of nine positions was fixed to a 

single amino acid residue (see schematic, Figure 1-1A, top). Peptides were subjected in parallel 

to a radiolabelled kinase assay, and the extent of radiolabel incorporation indicates which 

residues are preferred or disallowed by the kinase at each position within the peptide sequence. 

As previously reported for S. cerevisiae Ime2 and mouse ICK, PSPL analysis revealed 

that all kinases assayed share a strong preference for arginine at the −3 position and proline at the 

−2 position (Figures 1-1(S1) and 1-1(S2)). However, we found that selectivity for residues C-

terminal to the phosphoacceptor was more variable. Specifically, the preferred residue at the +1 

position varied between arginine (+1R) for the S. cerevisiae, Candida glabrata, and Yarrowia 

lipolytica Ime2 homologs and proline (+1P) for the three mammalian RCK kinases. Neurospora 
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crassa Ime2 and Naegleria gruberi LF4 phosphorylated peptides with +1R and +1P relatively 

equally (Figure 1-1C). All kinases also tolerated alanine (+1A) relatively equally. 

Additional biochemical characterization using four consensus peptides that were varied at 

the phosphoacceptor (0) and +1 positions (acetyl-R-P-R-S/T-R/P-R-amide) revealed differences 

in steady-state kinetics underlying the +1 specificity switch. Figure 1-1B shows Michaelis–

Menten curves for a pair of peptide substrates with identical sequence except for having either 

proline (red) or arginine (blue) at the +1 position. S. cerevisiae Ime2 phosphorylated the +1R 

peptide with 65-fold greater efficiency (kcat/KM) than the corresponding +1P peptide, and these 

differences were attributable to differences in both the kcat and the KM values. As anticipated, 

the N. gruberi homolog LF4 phosphorylated the +1R and +1P peptides with similar kinetics, 

while mouse MOK showed a twofold preference for the +1P peptide (Table 1). 

In summary, primary specificity at the +1 position is relatively plastic among 

IME2/RCK/LF4 kinases, while the other major specificity determinants remained strongly 

conserved. Taken together with previous characterization of other CMGC kinases (Songyang et 

al., 1996, 1994; Fu et al., 2006; Holt et al., 2007; Sheridan et al., 2008; Mok et al., 

2010; Alexander et al., 2011; Bullock et al., 2009; Kettenbach et al., 2012), our results suggest 

two evolutionary hypotheses. One possibility is that the ancestor of modern CMGC kinases had 

dual specificity for arginine and proline and then lost either proline or arginine to specialize 

extant kinases. Alternatively, the +1 specificity for arginine could have evolved as a switch from 

proline to arginine. 

Ancestral reconstruction of the CMGC group of kinases 

We sought to reconstruct the evolutionary events that led to the modern diversity of 

IME2/RCK/LF4 specificities. To achieve this goal, we curated a library of 329 amino acid 
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sequences sampled broadly from acrross the CMGC group and then reconstructed their 

evolutionary history using maximum likelihood phylogenetic methods (Thornton, 2004; see 

‘Materials and methods’). The resulting phylogeny and reconstructed ancestral sequences were 

strongly supported by the evolutionary model (Figure 1-2, Figure 1-2(S1)). The full library of 

CMGC kinase ancestors is available at http://104.131.121.138/cmgc.10.2013/. 

The common ancestor of CDK, CDKL, MAPK, GSK, and IME2/RCK/LF4 (AncCMGI) 

had a modest +1 proline preference and was cyclin-independent 

We synthesized DNA encoding the maximum likelihood common ancestor of CDK, 

CDKL, MAPK, GSK, and IME2/RCK/LF4 (referred to as AncCMGI). We expressed and 

purified the kinase from both S. cerevisiae and E. coli. We obtained active kinase in both cases. 

We employed positional scanning arrays to determine the primary specificity of AncCMGI, as 

described above and in Figure 1-1. Many kinases have fairly degenerate primary specificities 

(Mok et al., 2010) and rely on docking, scaffolding, and localization to discriminate their correct 

substrates (Ubersax and Ferrell, 2007). We therefore reasoned that an ancestral kinase might 

have lower specificity than the extant enzymes derived from this ancestor. Indeed, there have 

been several studies in which enzymes have become sub-specialized from broad-specificity 

ancestors following gene duplication during evolution (Thornton, 2003). However, we observed 

that AncCMGI had a well-defined primary specificity, with a strong preference for arginine at 

the −3 position and proline at the −2 position (Figure 1-2B). These N-terminal determinants 

correspond to the conserved motif found in the IME2/RCK/LF4 kinases as well as the DYRK 

kinases (Figure 1-2A). Interestingly, AncCMGI could phosphorylate peptides having either a 

proline or an arginine residue at the +1 position, though it displayed a 5.6-fold preference for 

proline (Figure 1-2B). Thus AncCMGI appeared to have a modest +1 proline preference, in 
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contrast to the more stringent proline requirement of the extant CDK and MAPK families 

(Himpel et al., 2000; Fu et al., 2006; Holt et al., 2007; Mok et al., 2010; Alexander et al., 2011). 

Thus, the specificity of AncCMGI contains elements of the diverged specificities of many major 

sub-families of the CMGC group. 

Notably, the domain architecture of AncCMGI is most similar to IME2/RCK/LF4 

kinases. That is, AncCMGI contains the canonical CMGC insert loop, but it lacks any C-terminal 

extension (found in MAPKs). Furthermore, AncCMGI does not appear to require cyclin for 

activity (as with CDKs): we observed no significant co-purifying proteins, and E. coli does not 

encode any cyclin orthologs (Figure 1-2, Figure 1-2(S3)). These data indicate that the cyclin 

dependence of CDKs and the requirement for an additional C-terminal extension to stabilize the 

Cα helix in MAPKs are characteristics that arose later during evolution (E. coli does not encode 

any cyclin orthologs [Figure 1-2, Figure 1-2(S3)]). In addition, AncCMGI contains a MAPK-like 

TXY motif in the activation loop. Phosphorylation of this motif is required for the activation of 

MAPKs. Because E. coli lack endogenous kinases capable of phosphorylating this TXY motif, 

AncCMGI is likely activated through autophosphorylation, similar to extant mammalian DYRK 

and GSK family kinases (Cole et al., 2004; Lochhead et al., 2005). 

+1 specificity evolved from modest proline preference to strong arginine preference via an 

expanded specificity intermediate 

In order to learn the trajectory by which kinase specificity at the +1 position evolved, we 

reconstructed ancestral kinases within the CMGC group at multiple evolutionary time points 

before and after the +1 specificity change from proline to arginine was presumed to have 

occurred (Figure 1-3A). These kinases were assayed using consensus peptide substrates with 

identical sequence except for having either proline (red) or arginine (blue) at the +1 position. The 
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log-ratio of arginine/proline preference from this assay is plotted in Figure 1-3B. Because the +1 

specificity could be dependent on the surrounding sequence context present in the consensus 

peptide substrates, we also characterized the full primary specificities of AncLF4 and AncICK 

kinases by PSPL arrays (Figure 1-3, Figure 1-3(S1)). While the specificity for arginine at the −3 

position and proline at the −2 position was conserved among these ancestors, we observed 

significant variation in their relative preference for +1R vs +1P (Figure 1-3B,C; Figure 1-

3, Figure 1-3(S1)). As described above, AncCMGI appears to have preferred +1P substrates. On 

the phylogenetic branch leading to the common ancestor of the IME2/RCK/LF4 group (i.e., 

AncNgru), the +1 specificity relaxed to equally accommodate both +1R and +1P (+1PR). This 

hybrid specificity was conserved in the LF4 lineage and also on the branch leading to AncICK. 

Evolution after AncICK, however, proceeded along two divergent evolutionary paths. Namely, 

the specificity reverted to the ancestral +1P-preferring state along the branch leading to the 

mammalian RCK kinases (ICK and MAK). In contrast, the specificity shifted to +1R in the 

fungal lineage leading to the ancestor of the IME2 kinases (i.e., AncIME2). AncIME2 had a 

moderate preference for +1R, and this preference is maintained in other fungal IME2 ancestors, 

becoming more pronounced in the ancestor of Yarrowia lipolytica (AncYlip). These results are 

summarized in their phylogenetic context in Figure 1-3A and are robust to statistical 

uncertainties about the reconstructed ancestral sequences, although the degree of +1 proline 

selectivity was slightly lower in AncCMGI-B1 and higher in AncCMGI-B2 (see ‘Materials and 

methods’, Figure 1-3, Figure 1-3(S2)). 

The phosphoacceptor influences +1 specificity 

In initial results comparing +1 specificities obtained from our positional scanning peptide 

library arrays to those from our ratiometric peptide assays, we noticed that ICK was an outlier 
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among the mammalian RCKs: this kinase phosphorylated peptides with +1R and +1P equally in 

our ratiometric assay, while the arrays showed a clear +1P preference (albeit with detectable 

phosphorylation of the +1R peptide mixture, Figure 1-4, Figure 1-4(S1)). We had initially used 

peptides with only serine as a phosphoacceptor in our ratiometric assay, while the PSPL array 

peptides contained equal mixtures of serine and threonine. We therefore reasoned that the nature 

of the phosphoacceptor might influence the +1 specificity of kinases. To test this hypothesis, we 

analyzed additional peptide sets with equal mixes of serine and threonine, or with only threonine 

as the phosphoacceptor in our ratiometric assay. From these experiments, we found that, indeed, 

the phosphoacceptor affects +1 specificity: serine causes a shift towards +1R preference, while 

threonine causes a shift towards +1P preference (Figure 1-4, Figure 1-4(S1)). This dependence of 

+1 specificity on the phosphoacceptor is present in AncCMGI and is maintained in all ancestors 

and extant members of the IME2/RCK/LF4 family (Figures 1-3B and 1-4C, Figure 1-3(S2)). 

The DFGx residue in the kinase activation loop is a determinant of +1 specificity 

To understand how kinase phosphorylation site specificity changes in evolution from a 

structural standpoint, we sought to identify specific residues in the kinase catalytic domain that 

mediate +1 specificity. Kinase substrate co-crystallography and biochemical analysis of large 

numbers of kinases have revealed some of the rules connecting kinase sequence to specificity 

(Zhu et al., 2005; Goldsmith et al., 2007; Mok et al., 2010). The peptide-binding groove is 

formed from a number of structural elements within the kinase catalytic domain. One key point 

of kinase-substrate interaction is the activation loop, a conformationally flexible region that 

extends between two highly conserved amino acid motifs, DFG, and APE, connecting the N- and 

C-terminal kinase lobes (Huse and Kuriyan, 2002). Previous work revealed that the amino acid 

immediately C-terminal to the conserved DFG motif contributes to preference for serine vs 
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threonine at the phosphoacceptor (Chen et al., 2014). This residue was previously referred to as 

the DFG+1 residue, but here we will refer to this amino acid as the DFGx residue to avoid 

confusion with the +1 amino acid position of the substrate peptide. Since the DFGx residue 

communicates with the phosphoacceptor, and the phosphoacceptor in turn influences +1 

specificity, we hypothesized that the identity of the DFGx residue may be a determinant for +1P 

vs +1R specificity. This hypothesis is consistent with X-ray crystal structures of kinase peptide 

complexes, in which the +1 residue in the substrate is in close proximity to the DFGx residue 

(Soundararajan et al., 2013) (Figure 1-4A). Our ancestral reconstructions indicate that the DFGx 

residue was a leucine in AncCMGI and then mutated to serine multiple times in the CMGC 

family (Figure 1-4B). Further, the presence of leucine vs serine at DFGx in present-day kinases 

correlates with specificity for +1P vs +1R. Taken together, this suggests that Leu vs Ser at DFGx 

could affect kinase specificity at the +1 site. To test this hypothesis, we examined the effect of 

mutating Leu to Ser in mammalian ICK (L146S). This single mutation at DFGx made ICK 

approximately threefold more proline specific, such that its specificity resembled that of MOK 

(Figure 1-4C). Conversely, mutating the DFGx residue in the opposite direction in MOK 

(S148L) had the reverse effect of converting MOK from +1P preference to a non-selective kinase 

(+1PR). We also mutated the DFGx residue in S. cerevisae Ime2 and in the ancestors 

AncLF4(S152L), AncICK(L152S), and AncCMGI(L151S). In all cases, we observed that 

mutation from leucine to serine at DFGx shifted kinase function towards +1P specificity, while 

mutation from serine to leucine at DFGx shifted the kinases towards +1R specificity (Figure 1-

4C). We note that though DFGx mutation was sufficient to substantially shift the +1 residue 

preference, other residues must also be important for +1 specificity, since proline to arginine 

selectivity shifts occur in the evolution of CMGC kinases without a DFGx mutation. 
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In addition to affecting kinase selectivity at the +1 position, as anticipated mutation of the 

DFGx residue also impacted phosphoacceptor preference (see Figure 1-4, Figure 1-4(S2)). 

However, the identity of the DFGx residue appeared to only modestly affect the phosphoacceptor 

specificity in comparison to specificity at the +1 position, and did not follow a clear pattern. 

These results are in keeping with previous observations that CMGC kinases are generally less 

specific than other kinase groups for the phosphoacceptor residue (Chen et al., 2014; Figure 1-

4, Figure 1-4(S3)). We also examined phosphoacceptor preference in our resurrected CMGC 

ancestors. A general trend is observed in which AncCMGI has a slight preference for serine and 

this shifts towards a slight threonine preference in the lineage leading to Ime2 (Figure 1-4, Figure 

1-4(S4)). 

The S. cerevisiae meiotic phosphoregulatory network tolerates expansion of kinase 

specificity 

In S. cerevisiae, Ime2 is expressed exclusively during meiosis and is required for all 

stages of this process, including meiotic initiation, S-phase, the meiotic divisions, and 

gametogenesis (Yoshida et al., 1990; Dirick et al., 1998; Benjamin, 2003; Holt et al., 

2007; McDonald et al., 2009). This meiotic exclusive expression allows us to engineer allelic 

replacements of IME2 without any impact on vegetative cells, and then assess the ability of 

strains to complete various aspects of the meiotic program. 

The Ime2 DFGx mutant shifts from a strong +1R preference to an expanded specificity 

that tolerates both proline and arginine at the +1 position. This mutant has a comparable turnover 

to the wild-type kinase (Figure 1-4, Figure 1-4(S2)) and therefore can be used to meaningfully 

test the effect of changing primary specificity on phosphoregulatory networks in vivo. To this 
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end, we replaced the endogenous IME2 gene with the ime2-DFGx allele and assayed the ability 

of cells to undergo meiosis. 

As reported previously (Benjamin, 2003), a kinase-dead version of Ime2 (ime2-K97R) 

failed to support meiosis (not shown). However, cells with both copies of IME2 replaced with a 

DFGx mutant (ime2-L231S) completed meiosis, but with a reduction of sporulation efficiency 

thus indicating that the ime2-DFGx allele has significant activity in vivo (Figure 1-5A). The 

homozygous ime2-DFGx cells that did correctly form tetrads had reduced spore viability (Figure 

1-5B, Figure 1-5(S1)), and initiated S-phase (Figure 1-5C) and the meiotic divisions (Figure 1-

5D) with a 2–3 hr delay. These defects may be caused by a weakening of network connections 

due to a reduced preference for arginine at the +1 position in the DFGx mutant. 

The defects in the homozygous ime2-DFGx (L231S) strain could be due to either a 

weakening of existing network connections, a gain of new network connections that interfere 

with meiotic processes or a combination of both. We reasoned that the loss of important 

phosphorylation events would be recessive and could be compensated for by the presence of a 

wild-type IME2 allele, while the gain of new phosphorylation sites would be dominant. To test 

for dominant effects in the DFGx mutant, we generated heterozygous IME2/ime2-

DFGx strains. IME2/ime2-DFGx strains had no noticeable defects in meiosis or sporulation. 

DNA replication and divisions occurred on schedule, spore formation was normal, and spore 

viability was high (Figure 1-5). Therefore, we conclude that the defects seen in the homozygous 

DFGx mutant strains are most likely due to weakening of network connections, rather than the 

creation of new deleterious phosphorylation sites. This experiment is analogous to gene 

duplication followed by paralog divergence in evolution and indicates that the meiotic 
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phosphoregulatory network can tolerate divergence of specificity in a second copy of 

the IME2 gene. 
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DISCUSSION 

We resurrected multiple ancestral CMGC kinases and characterized their specificities in 

order to reveal the evolutionary trajectories by which specificity at the +1 site in present-day 

kinases diversified. The ancestor of all CMGC kinases had slight specificity for proline at its +1 

site (+1P), and then subsequently evolved broader specificity for both proline and arginine 

(+1PR) along the lineage leading to mammalian RCK and fungal IME2 kinases. After the 

(+1PR) hybrid ancestor, evolution followed various trajectories. In mammalian RCK kinases, the 

specificity reverted to the ancient modest proline specificity, while in N. gruberi LF4 and N. 

crassa Ime2 the equal preference for proline and arginine was maintained. In S. cerevisiae, Y. 

liplolytica, and C. glabrata, the hybrid intermediate kinase evolved towards arginine specificity 

(+1R). Our molecular manipulation experiments showed that substitutions at a single residue in 

the active site of the kinase sequence, at the DFGx site, had a significant effect in determining 

+1P vs +1R specificity. Finally, by studying kinase function in vivo, we showed that cells 

tolerate the hybrid +1PR specificity. Taken together with the measured specificities of 

reconstructed CMGC kinases, these results suggest that the evolutionary trajectory from +1P to 

+1R passed through a historic ancestor with hybrid +1PR specificity. However, due to the 

modest degree of +1 specificity in AncCMGI (5.6-fold by PSPL and 2-fold in the context of an 

otherwise perfect consensus peptide) together with slight fluctuations in degree of specificity in 

alternate reconstructions, an alternative possibility is that AncCMGI was a broad specificity 

kinase that sub-functionalized to modern proline or arginine specific kinases. 

Our results are consistent with previous phylogenetic studies suggesting that IME2 

kinases are closer to the ancestral state and that CDKs are more derived (Krylov et al., 2003). In 

fact, we observed that AncCMGI, the maximum likelihood common ancestor of CDK, 
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CDKL, MAPK, GSK, and IME2/RCK/LF4, has essentially the same specificity as the mouse 

MOK kinase and does not require a cyclin or any C-terminal extension for its activation. Our 

phylogenetic reconstructions indicate, therefore, that cyclin dependence is a derived 

characteristic. Although our study focused on the evolutionary trajectory leading from AncCMGI 

to the IME2/RCK/LF4 superfamily, we in fact reconstructed ancestral sequences in all lineages 

of the CMGC tree, including the ancestors leading to mammalian CDKs and MAPKs. This 

library of ancestral kinases is a rich resource that can be used to elucidate the evolutionary paths 

by which MAPKs and CDKs acquired their unique forms of allosteric regulation. 

Selectivity for proline at the +1 position is a unique characteristic of the CMGC group, as 

kinases from other groups appear to strongly disfavor proline (Zhu et al., 2005). This proline 

selectivity has been attributed to an arginine residue found at the C-terminus of the activation 

loop (at the xAPE position) that is unique to the CMCG group. In structures of CMGC kinases, 

this arginine residue interacts with the backbone carbonyl group of another residue in the 

activation loop, termed the ‘toggle residue’, to orient it away from the bound substrate. In 

contrast, in other kinase groups the toggle residue carbonyl is oriented toward the substrate, 

forming a hydrogen bond with the amide proton of the +1 residue. Thus, the presence of arginine 

at the xAPE position is thought to explain the +1 preference of CMGC kinases for Pro, a 

secondary amino acid lacking an amide proton. However, because all CMGC kinases have 

arginine at this position, and not all CMGC kinases prefer proline at the +1 position, other 

residues must be responsible for our observed differences in substrate specificity among 

members of this group. We have identified the DFGx residue as one such determinant. Our 

ancestral reconstructions predict several additional amino acids as determinants of +1 specificity, 

and future work will illuminate their effects. 
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Computational analyses have suggested that kinases display little inter-positional 

dependence in their primary peptide specificity and that each substrate peptide amino acid 

interacts with the kinase active site more or less independently (Joughin et al., 2012). Our 

observation that +1 specificity is dependent on the identity of the phosphoacceptor represents an 

exception to this model. This inter-positional dependence is ancestral and has been maintained in 

the entire IME2/RCK/LF4 family of kinases. The common role for the DFGx residue in 

influencing specificity for both the +1 and phosphoacceptor residues provides a structural basis 

for inter-dependence between the two positions. It is likely that similar inter-positional 

dependencies exist in other kinase families in cases where the two residues share an overlapping 

binding site. For example, crystal structures of tyrosine kinase–peptide complexes have revealed 

a single binding pocket accommodating both the +1 and +3 residues (Bose et al., 2006). Such 

information should be considered when designing future phosphorylation site prediction 

algorithms. 

Previous studies have shown that specificity-shifting mutations tend to lead to large 

losses in enzyme activity. As such, the evolution of new specificity often proceeds by first 

acquiring permissive amino acid substitutions that stabilize the protein conformation and then 

next acquiring substitutions that shift specificity. For example, in the case of the glucocorticoid 

receptors, it was inferred that neutral mutations that stabilized a new conformation must have 

been acquired before the specificity-shifting mutation could arise in the receptor's active site 

(Ortlund et al., 2007). In another example, it was shown that permissive mutations were required 

in influenza neuraminidase prior to acquisition of drug resistance mutations that subtly altered 

binding specificities (Bloom et al., 2010). In directed evolution experiments, additional 

compensating mutations were required to restore wild-type levels of activity to proteases mutated 
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in their specificity pockets (Varadarajan et al., 2008). This requirement for multiple epistatic 

mutations is likely to slow the evolution of specificity in these systems, while also significantly 

reducing the chance of convergent specificity evolution. The evolution of CMGC kinase 

specificity at the +1 site, however, is an outlier to this paradigm. CMGC kinases seem to be 

relatively tolerant to modulation of +1 specificity by mutation of the DFGx residue: this 

mutation did not lead to a significant loss of activity in any of the six kinases we tested. This is 

an unusual case where a single amino acid mutation can drive divergence of specificity without 

the need for additional stabilizing mutations. Perhaps this tolerance explains the repeated 

convergent evolution of the DFGx residue. 

There has been considerable evolutionary diversification to the primary specificities of 

the CMGC kinases such that paralogs diverged by more than two billion years have almost no 

overlap in their preferences. In order to make progress studying a tractable period of 

evolutionary change, we focused our analysis on the sub-family rooted at the common ancestor 

of Cdk1 and Ime2 (i.e., AncCMGI). Following AncCMGI, a gene duplication occurred, and the 

specificities of the two descendant paralogs almost completely diverged. Cdk1 recognizes a 

[S/T*]-P-x-[K/R] motif, while its paralog Ime2 recognizes R-P-x-[S/T*]-R (Figure 1-2A; Holt et 

al., 2007). We studied the mutational trajectory of the paralog leading to Ime2, and a similar 

analysis awaits for the paralog leading to Cdk1. The mechanism by which both paralogs were 

retained is unclear, although previous work has revealed how other gene paralogs were retained 

according to various evolutionary behaviors, including sub-functionalization (Force et al., 

1999; Finnigan et al., 2012), neo-functionalization (Bridgham, 2006; Conant and Wolfe, 2008), 

and avoidance of paralog interference (Baker et al., 2013). Future work studying the Cdk1 

paralog will reveal to what extent these models fit the evolution of CMGC kinases. 
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The evolution of phosphoregulatory networks is analogous to the evolution of gene 

transcription regulatory networks (Moses and Landry, 2010). In both cases, changing the 

specificity of the regulator gene—either a kinase or a transcription factor—can potentially lead 

to the loss of essential network connections and also potentially create a large number of new 

connections (Figure 1-6). The gain or loss of connections might be a barrier to evolution if the 

changes were to interfere with existing biology. Nevertheless, it is clear that both transcription 

regulators and kinases have undergone extensive diversification in their specificities and network 

connections. Although much has been written about the evolution of transcription regulators, 

there has been comparatively little work on the evolutionary patterns and processes of kinases 

and phosophoregulatory networks. In light of the fact that the DFGx mutation shifts specificity 

from +1R to an expanded +1RP without a loss of activity, this allele provides a model for us to 

investigate whether dominant effects might constrain phosphoregulatory network evolution. The 

specificity modulation in the DFGx mutant could in theory generate hundreds of new 

phosphorylation events and modulate the rates of many more. However, our initial genetic 

analysis of the DFGx mutant suggests that expansion of Ime2 specificity is not highly toxic to 

cells. As long as a wild-type copy of IME2 is present, the second copy can expand its activity 

without any noticeable reduction of meiotic efficiency. 

There are several possible explanations for the tolerance of the meiotic network to the 

DFGx heterozygous state. First, it could be that the modulation of primary specificity does not 

lead to a large number of phosphor transfer events to novel peptides. This would be the case if 

secondary specificity determinants such as docking interactions, scaffolding, or localization were 

dominant over primary specificity. For example, if the kinase was constrained to a subset of 

proteins by strong docking interactions, the potential to phosphorylate other proteins might be 
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limited. Second, it could be that new phosphorylation events are occurring but that they have 

mild or insignificant biological consequence (Landry et al., 2009). It remains an open question 

what proportion of the tens of thousands of phosphates detectable in the cell serve to modulate 

substrate function: perhaps it is a minority. Thirdly, it could be that phosphatases in the cell 

dominate over the novel phosphorylation events from the DFGx mutant kinase. In this case, 

phosphates would be transferred to new substrate peptides, but phosphatases would quickly 

remove them, such that steady-state substrate phosphorylation levels are low. Genetic 

experiments with phosphatase mutants could be informative here, and these experiments are 

ongoing. 

In conclusion, we combined ancestral reconstruction and functional biochemistry to 

elucidate part of the mechanism by which the ancestor of the CDK and IME2 kinase families 

switched from a slight +1P to +1R specificity. This specificity change is likely to have evolved 

via an expanded specificity intermediate, suggesting that phosphoregulatory networks are robust 

enough to tolerate the introduction of new specificities. We have obtained initial evidence that 

the extant network that controls meiosis in S. cerevisiae can tolerate the introduction of the 

expanded specificity ime2-DFGx allele without a large loss of fitness. Evolution of new kinases 

is likely to begin with the chance generation of new specificities that give some advantage. 

However, to ensure an evolutionary future for new kinases, novel substrate connections need to 

arise and the balance with competing phosphatases must be tuned to generate advantageous 

networks that support the ever-elaborating diversity of life. 
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Note added in proof 

During the process of submission the authors have learned that the DFGx specificity 

mutation described in this study is also observed in multiple cancer kinases including Aurora A, 

PKCgamma, Haspin, DDR1, ITK, TRKA, IRAK3 and BRAF (Creixell et al. unpublished), 

suggesting that amino acid changes that occur during evolution are resampled in cancer. It will 

be interesting to see if these mutations cause specificity changes in the context of oncogenesis. 
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MATERIALS AND METHODS 

Plasmids 

Kinases were either cloned by PCR from respective organisms or from gifts: N. 

crassa Ime2 was a gift from Louise Glass, ICK and MOK cDNA were gifts from Tom Sturgill 

and Zheng Fu (Fu et al., 2006), MAK cDNA was a gift from Alex Bullock, N. gruberi genomic 

DNA was a gift from Lillian Fritz-Laylin (Fritz-Laylin et al., 2010). Ancestral kinases were 

synthesized either from gBlock gene fragments (IDT) or by Genscript. All plasmids were 

assembled by Gibson isothermal assembly (Gibson et al., 2009), cloned in E. coli XL1-blue 

strains, and prepared by miniprep (Qiagen, Redwood City, CA). The list of plasmids used in this 

study is presented in Table 1-1(S1). 

Clarification of mammalian RCK family gene names 

The RCK family of kinase is identified by various synonyms in the literature. Therefore, 

to avoid confusion, the mammalian RCK kinases used in this study are: 

1. ICK Mus musculus (MGI:1934157, Mouse synonym: 2210420N10Rik; Human 

orthologue ICK, HGNC:21219, Human synonyms: Intestinal Cell Kinase, KIAA0936, 

LCK2, MGC46090, MRK);  

2. MOK Mus musculus (MGI:1336881, Mouse 

synonyms: MAPK/MAK/MRK Overlapping Kinase, MOK, Rage, Stk30; Human 

orthologue MOK, HGNC:9833, Human synonyms: Renal Tumor Antigen, RAGE1, 

STK30);  

3. MAK Homo sapiens (HGNC:6816, Male germ cell-Associated Kinase, Human 

synonyms: dJ417M14.2, RP62).  
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Yeast strains 

Yeast strains were generated by standard transformation and crossing protocols. Protein 

purification was performed from W303 strains. We initially performed meiotic experiments in 

SK1 strains derived from the Herskowitz collection (Benjamin, 2003), but later switched to SK1 

strains from Angelika Amon (a gift from Elçin Ünal). Both SK1 strains gave similar results but 

the Amon background was more consistent. All yeast strains were generated by standard LiAc 

transformation (Amberg et al., 2005). SK1 and W303 strains were heat shocked at 42°C for 15 

and 40 min respectively. Point mutations of IME2 in the SK1 background were generated by 2-

step loop-in, loop-out gene replacement technique using selection and counter-selection of 

the URA3 marker at the IME2 genomic locus. The list of yeast strains used in this study is 

presented in Table 1-1(S2). 

Synchronous sporulation timecourses 

Liquid sporulation was conducted at 30°C as follows: strains were thawed on YP + 3% 

glycerol plates overnight, then patched on YPD plates, and grown overnight. 2 ml YPD liquid 

cultures were inoculated from patches and grown to saturation by shaking at 30°C, 250 rpm for 

21–23 hr (OD600 ≈ 7.0). Cultures were diluted in 50 mL of YP + 1% KOAc to OD600 = 0.25 and 

grown overnight by shaking at 30°C, 250 rpm for 15–16 hr. Cells were pelleted and washed once 

with sterile water, then resuspended in 1% KOAc sporulation media to OD600 ≈ 2.5. Sporulation 

cultures were shaken at 30°C, 250 rpm and samples were collected every hour for DNA staining 

and flow cytometry. 

DNA staining for flow cytometry and imaging 

Cells were fixed by mixing 0.5 ml of sporulation culture with 1 ml of EtOH. Fixed cells 

were pelleted and resuspended in water, then sonicated on a Branson Sonifier Model 450 at 10% 
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amplitude for 3 s to break up cell clumps. Cells were pelleted, then resuspended in 100 µl of 40 

µg/ml RNase A + 0.05% NP-40 + 50 mM Tris pH 7.4, and incubated at 37°C for 1 hr. Finally, 

50 µl of 40 µg/ml proteinase K + 1 µM SYTOX Green + 50 mM Tris pH 7.4 was added to each 

sample and incubated at 55°C for 1 hr prior to analysis by cytometry. 

Measurement of meiotic divisions and sporulation efficiency 

Progression of meiotic divisions was measured by epifluorescence of SYTOX Green-

stained cells. 100–200 cells were counted per sample. To measure sporulation efficiency, we 

counted the proportion of tetrad, dyad, and monad or unsporulated cells from synchronous 

sporulation cultures after 24–48 hr. 

Protein purification 

W303 S. cerevisiae strains containing a 2 µm PGAL1-kinase-TAP plasmid (pRSAB1234 

backbone, originally a gift from Erin O'Shea) were grown overnight to log phase in SC-URA 

media containing 2% raffinose (Sigma), and then expression of N-terminal kinase domains was 

induced by addition of 2% galactose (Sigma) for 4 hr at 30°C. Cells were harvested by 

centrifugation at 8000 rpm, cell pellet washed and resuspended in 1× cell volume of lysis buffer 

containing 25 mM HEPES pH 8.0, 300 mM NaCl, 0.1% NP-40, 30 mM EGTA, 1 mM EDTA, 

and a protease/phosphatase inhibitor set was added immediately prior to harvest including 80 

mM β-glycerophosphate, 50 mM NaF, 1 mM DTT, 1 mM Na3O4V, and 1 mM PMSF. The cell 

slurry was slowly dripped into liquid nitrogen to produce frozen pellets. These pellets were then 

pulverized in a cryogenic ball mill (Retsch MM301 with 50 ml stainless steel grinding jars) by 

five rounds of agitation at 15 Hz for 2 min, re-cooling the grinding jars in liquid N2 after each 

cycle. The grindate was then thawed and cell debris was cleared by centrifugation at 8000 rpm 

for 30 min followed by sequential filtration through 2.7 and 1.6 µm Whatman GD/X filters (GE). 
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C-terminally TAP-tagged kinases were immobilized on IgG Sepharose 6 Fast Flow beads (GE). 

These beads (~500 µl slurry per 1 l culture) had been pre-equilibrated in lysis buffer with 

inhibitors and were then incubated with lysate for 1 hr at 4°C. Bound beads were then loaded 

into a disposable Bio-Spin column (cat. #732-6008; BioRad) by pipette and washed with 20 ml 

total wash buffer (lysis buffer + 10% glycerol, 1 mM DTT) at 4°C. The column was then rotated 

for 20 min at 23°C in 700 µl wash buffer as a final wash to mimic elution conditions. The bound 

protein was then cleaved from the IgG beads by TEV protease in 600 µl elution buffer (0.21 

mg/ml TEV protease [QB3 MacroLab, UC Berkeley], 25 mM HEPES pH 8.0, 310 mM NaCl, 

0.09% NP-40, 26.9 mM EGTA, 0.9 mM EDTA, 1 mM DTT, and 10% glycerol) for 1 hr at 23°C. 

For bacterial purification, proteins were expressed with an N-terminal 6× HIS tag in 

Rosetta2 DE3 pLysS competent cells (QB3 MacroLab, UC Berkeley) by induction with 100 µM 

IPTG for 18 hr at 16°C. The cell pellet was resuspended in an equal volume of bacterial wash 

buffer (50 mM Tris-Cl pH 8.0, 300 mM NaCl, 10% glycerol, and 0.1% Triton X-100), freeze-

thawed once with liquid nitrogen, then lysed by 3× french press (American Instrument 

Company) cycles in the presence of 0.05 mg/ml DNAse I, 2 mM MgCl2, 5 mM β-

mercaptoethanol, and 1 mM PMSF. Lysate was cleared by centrifugation and filtration as above. 

NiNTA-Sepharose beads (GE) (~660 µl slurry per 1 l culture) were equilibrated in bacterial wash 

buffer containing 20 mM imidazole and combined at 1:1 ratio with lysate before adding a further 

2.5 mM βME, 1 mM Na3O4V, 80 mM β-glycerophosphate, 50 mM NaF, and 0.5 mM PMSF. 

This lysate was incubated with beads for batch binding overnight at 4°C. Bound beads were 

loaded onto a disposable column (as above) and rinsed with the remaining unbound fraction. The 

column was washed 3 × with 10 ml bacterial wash buffer containing 10 mM imidazole and 2 

mM βME, 3 × with 10 ml bacterial wash buffer containing 20 mM imidazole and 2 mM βME, 
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then one final time with 20 ml bacterial wash buffer containing 20 mM imidazole, 2 mM βME, 

and 2 mM ATP. The column was rotated in previous ATP solution for 15 min at 4°C in an 

attempt to remove chaperones, before rinsing once more with 5 ml bacterial wash buffer 

containing 20 mM imidazole and 2 mM βME to remove ATP. The protein was released by 

incubation with 300 µl of the above buffer containing 250 mM imidazole twice, followed by 

incubation with 300 µl of the above buffer containing 500 mM imidazole twice. All purification 

samples were analyzed by SDS-PAGE with Coomassie Brilliant Blue R-250 stain. 

Positional scanning peptide library assays 

The library consisted of 182 peptide mixtures having the general sequence Y-A-x-x-x-x-

x-S/T-x-x-x-x-A-G-K-K(biotin), where X represents an equimolar mixture of the 17 proteogenic 

amino acid residues (excluding Ser, Thr, and Cys), S/T indicates an even mixture of Ser and Thr, 

and biotin is conjugated through an aminohexanoic acid spacer to the C-terminal Lys residue. In 

each mixture, a single residue at one of the 9 ‘x’ positions was fixed as one of the 20 amino 

acids. In addition, we included two peptide mixtures in which all ‘x’ positions were degenerated, 

but the phosphoacceptor residue was fixed as either Ser or Thr. Peptides were arrayed in 1536 

well plates to a final concentration of 50 µM in 2 µl reaction buffer (50 mM HEPES, pH 7.4, 150 

mM NaCl, 10 mM MgCl2, 0.1% Tween 20) per well. Reactions were initiated by adding kinase 

mixed with ATP (final concentration 50 µM with 0.03 µCi/µl [γ-32P]ATP). Plates were incubated 

at 30°C for 2 hr, and then 200 nl aliquots were transferred to streptavidin-coated membrane 

(Promega), which was quenched by immersion in 0.1% SDS, 10 mM Tris–HCl, pH 7.5, 140 mM 

NaCl. Membranes were then washed twice with the same solution, twice with 2 M NaCl, and 

twice with 1% H3PO4, 2 M NaCl. After briefly rinsing with ddH2O, membranes were air-dried 

and exposed to a phosphor imager screen. Following scanning on a phosphor imager (BioRad), 
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radiolabel incorporation was quantified using QuantityOne software. Data were normalized so 

that the average signal for a given peptide position was 1. For visualization normalized data from 

two separate runs were averaged, log transformed, and used to generate heat maps in Microsoft 

Excel using the color scheme shown in the figures. 

Kinase Peptide assays 

Ratiometric specificities were profiled in buffer containing 77.5 mM HEPES pH 7.5, 77.5 

mM NaCl, 15.5 mM MgCl2, 250 µM ATP, 0.45 mg/ml BSA, 4.5% glycerol, and 0.2 µCi [γ-

32P]ATP. Minimal kinase concentrations sufficient for signal were determined empirically and 

ranged from 5 to 50 nM. Peptides obtained from Tufts University Core Facility 

(http://www.tucf.com) were added to a final concentration of 45 µM to start the reaction. 

Comparative peptide assays were always performed in parallel. Reaction assays were aliquoted 

onto Whatman P81 phosphocellulose (GE) strips, which were then quenched and washed 5 × in 

75 mM phosphoric acid to remove free [γ-32P] ATP. Samples were dried on a slab gel dryer 

(Model 1125B; BIORAD) and exposed to a phosphor screen (Molecular Dynamics) to determine 

the rate of [γ-32P] ATP incorporation. Phosphor screens were analyzed with a Typhoon 9400 

scanner (Amersham) using ImageQuant software (GE). Final Image quantification was 

performed using ImageJ (http://imagej.nih.gov/ij/). Michaelis–Menten curves were generated in 

a similar manner, except the buffer contained 50 mM HEPES pH 7.5, 50 mM NaCl, 10 mM 

MgCl2, 500 µM ATP, 83.3 µg/ml BSA, 0.833% glycerol, and 0.2 µCi [γ-32P]ATP. In this case, 

substrate concentration was varied for each kinase peptide combination. Data were fit by 

nonlinear regression to the Michaelis–Menten model V0 = Vmax*[S]/KM+[S] using Prism 

(GraphPad software) and Matlab (MathWorks) and this fit was used to determine values for 

Vmax and KM. 
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Phylogenetic reconstruction of ancestral CMGC kinases 

Orthologs of the CMGC gene family were identified by a BLAST search based on the 

amino acid sequence of S. cerevisiae IME2 and H. sapiens CDK1, using the NCBI BLAST tool 

(Altschul et al., 1990). To eliminate false positives, hit sequences were reverse BLAST queried, 

and we eliminated any hits that did not have either IME2 or CDK1 as a result with at least 50% 

sequence identity. Using the remaining 329 amino acid sequences, a multiple sequence 

alignment was inferred using MSAProbs with default settings (Liu et al., 2010). This alignment 

was best-fit by the LG model (Le and Gascuel, 2008) with a gamma-distributed set of 

evolutionary rates (Yang and Kumar, 1996), according to the Akaike Information Criterion as 

implemented in PROTTEST (Abascal et al., 2005). 

Using LG+G, we used a maximum likelihood (ML) algorithm (Yang et al., 1995) to infer 

the ancestral amino sequences with the highest probability of producing all the extant sequence 

data. Specifically, we used RAxML version 7.2.8 to infer the ML topology, branch lengths, and 

evolutionary rates (Stamatakis, 2006). We exported this ML phylogeny to another software 

package, PhyML (Guindon et al., 2010), in order to calculate statistical support for branches as 

approximate likelihood ratios. We next reconstructed ML ancestral states at each site for all 

ancestral nodes using the software package Lazarus (Hanson-Smith et al., 2010). We used 

sequences from the CK family as the outgroup to root the tree. We placed ancestral 

insertion/deletion characters according to Fitch's parsimony (Fitch, 1971), in which each indel 

character was treated independently. 

We extracted the ancestral sequences from the phylogenetic nodes corresponding to 

AncCMGI, AncLF4, AncNgru, AncICK, AncCneo, AncNcra, and AncYlip. We characterized 

the support for these ancestors by binning their posterior probabilities of states into 5%-sized 
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bins and counting the proportion of ancestral sites within each bin (Figure 1-2(S1)). We also 

generated alternate versions of these ancestral sequences by randomly sampling from their 

posterior distributions to generate between 2 and 3 alternate ancestors for every node, as 

described in Williams et al. (2006). 

Robustness to uncertainties in sequence reconstruction 

Ancestral sequence reconstruction is a probabilistic method and involves uncertainties in 

the amino acid identities. Even for relatively well-conserved protein families like kinases, these 

uncertainties become more pronounced when attempting to reconstruct deep ancestors. A 

summary of the statistical supports for each of the resurrected kinases is presented in Figure 1-

2(S1). For each of the seven resurrected kinases between 60 and 90 alternative amino acids were 

sampled by a Bayesian method to address the impact of uncertainties on our results. In all cases, 

both the overall primary specificities and the +1 specificities as determined by individual 

peptides were robust to uncertainties in ancestral sequence reconstruction. That is, kinases that 

we resurrected with amino acid substitutions that explored different possible amino acids had 

very similar activity levels and specificities as the maximum likelihood ancestors presented in 

the main figures. The degree of preference for proline varies slightly in the deepest alternative 

reconstruction, but the general trend of evolution from +1P preference, to expanded specificity, 

and finally to +1R preference, is maintained. The data from alternative reconstructions is 

presented in Figure 1-2(S2) and Figure 1-3(S2). Together, these results give us confidence in the 

validity of our approach. 
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Figure 1-1. The IME2/RCK/LF4 superfamily of kinases has variable specificity at the +1 
position. 

(A) Positional scanning peptide libraries were used to profile the specificity of various 
kinases: left, M. musculus MOK; middle, N. gruberi LF4; right, S. cerevisiae Ime2. Yellow 
indicates preference for a given amino acid while blue indicates counter selection. A schematic 
of the peptide library is shown above (see text for details). Data show the average of two 
replicates for each kinase. Raw data for these kinases and four other superfamily members are 
shown in Figure 1-1(S1). Data shown here exclude peptides containing fixed Ser and Thr 
residues that typically produce an artificially increased signal due to the presence of an additional 
phosphoacceptor residue; heat maps of full peptide array results for all extant kinases are shown 
in Figure 1-1(S2). (B) Michaelis–Menten plots for individual 8-mer IME2/RCK/LF4 consensus 
peptides (schematic, below) in which the +1 position is varied to be either proline (red) or 
arginine (blue). (C) Positional scanning peptide library data showing the average +1 preference 
of 8 kinases from the IME2/RCK/LF4 subgroup of CMGC kinases.  
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Figure 1-1(S1). Raw data for positional scanning peptide library arrays. 

A set of 182 peptides with the general sequence shown at bottom, but with the indicated 
position in the array fixed to the indicated amino acid residue, were phosphorylated with the 
indicated kinase with radiolabeled ATP. Aliquots of each reaction were transferred to a 
streptavidin-coated membrane, which was washed and dried for autoradiography. Spot intensities 
reflect the extent of radiolabel incorporation into the indicated peptide mixture. Note: Peptide 
mixtures having fixed Ser and Thr residues generally give spuriously higher signals than other 
components of the library due to the presence of an additional phosphoacceptor site. This artifact 
is particularly evident at the +4 position for most kinases (red asterisks) as an artifact that arises 
from the nature of the linker sequence that follows the +4 position. This linker contains two 
residues (+1 Ala and +2 Gly relative to the +4 S/T) that are fixed to preferred amino acids, and 
so the +4 S/T gets heavily phosphorylated. We have previously verified that there is actually no 
preference for S/T at the +4 position (Holt et al., 2007).  



 48 

 
 

Figure 1-1(S2). Quantified positional scanning peptide library data for all extant kinases 
analyzed. 

Spot intensities shown in Figure 1-1(S1) and a replicate run of the same kinase were 
quantified (using BioRad QuantityOne software) and normalized so that the average signal in a 
given row was equal to unity. Data from the two replicates were averaged, log2 transformed, and 
used to generate heat maps in Microsoft Excel. Positively selected residues are shown in yellow 
and negatively selected residues are shown in blue according to the scale at bottom right. Data 
for ICK were previously published (Fu et al., 2006) and are shown here in heat map form for 
comparison.  



 49 

Table 1-1. Michaelis-Menten kinetic parameters for three members of the IME2/RCK/LF4 
subgroup of kinases. 
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Figure 1-2. The common ancestor of CMGI kinases had a slight preference for proline at 
the +1 position of the substrate peptide. 

(A) Summary of current knowledge about CMGC group kinase specificity in the context 
of the maximum likelihood phylogeny of protein sequences. Major groups, such as IME2, MAK, 
ICK, etc, have been collapsed for simplicity. Branch lengths express the number of amino acid 
substitutions per protein sequence site. Branch support values are approximate likelihood ratios 
(aLRs), expressing the ratio of the likelihood of the maximum likelihood phylogeny to the next-
best phylogeny lacking the indicated branch. For example, an aLR value of 10 indicates that the 
branch is 10 times more likely than the next-best phylogenetic hypothesis. The position of the 
common ancestor of CDK, MAPK, CDKL, GSK, and the IME2/LF4/RCK superfamily 
(AncCMGI), is indicated by a purple circle. (B) Position scanning peptide libraries were used to 
determine the primary specificity of the maximum likelihood resurrected AncCMGI kinase. Raw 
peptide data are shown in Figure 1-2(S1). A complete repeat of the PSPL for a Bayesian sampled 
alternative reconstruction of AncCMGI (AncCMGI-B2) is shown in Figure 1-2(S2). A structural 
model of AncCMGI is shown in Figure 1-2(S3) in phylogenetic context along with structures 
and models for extant kinases that were derived from this ancestor.  
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Figure 1-2(S1). Support for reconstructions. 
We characterized the support for each ancestor by binning their posterior probabilities of 

states into 5%-sized bins and counting the proportion of ancestral sites within each bin. (A) 
Posterior probability of each maximum likelihood amino acid (P(ML)) is shown as a function of 
position within the kinase primary sequence. Sites with lower support generally correspond to 
loop regions. (B) Histogram showing distribution of posterior probabilities of maximum 
likelihood amino acids. Mean (x) and standard deviation (σ2) values are indicated. Complete 
reconstruction data with complete probabilities at every position is available 
at http://www.phylobox.com/cmgc.10.2013/. 
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Figure 1-2(S2). Raw data and selectivity values for a positional scanning peptide library 
array of an alternate reconstruction of AncCMGI. 

(A) Raw PSPL result for an alternative reconstruction of AncCMGI. (B) Averaged 
quantified data from (A) and a replicate analysis with AncCMGI. Data were collected and 
quantified as in Figures 1-1(S1) and 1-1(S2).  
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Figure 1-2(S3). Structural evolution in the CMGC kinase group. 

A model of AncCMGI was generated from the CDK2 structure using Phyre2. This 
structure is compared to the structures of extant CMGC kinases in their phylogenetic context. 
The core structure present in AncCMGI is colored grey. Additional domains in modern kinases 
are indicated in various colors: e.g. C-terminal extension of CDKL (cyan); C-terminal extension 
of MAPK (red); Cyclin (beige).  
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Figure 1-3. The substrate peptide +1 specificity evolved from proline in AncCMGI to 
arginine in S. cerevisiae Ime2 via an expanded specificity intermediate. 

(A) Phylogenetic tree for the IME2/LF4/RCK superfamily, also showing the positions of 
other major CMGC group families. The positions of ancestral nodes resurrected in this study are 
indicated by circles. The tree is color-coded: red indicates +1 proline preference, blue indicates 
+1 arginine preference, and purple indicates equal tolerance of both Arg and Pro at the +1 
position. (B) Seven resurrected kinases were incubated with 45 µM peptide (see schematic, 
below). Bars show the log2 ratio of +1R and +1P initial velocities (V0R/V0P). Black and white 
bars indicate Ser and Thr respectively as phosphoacceptor. Error bars are standard error of three 
assays. (C) Peptide phosphorylation rates for the same resurrected kinases shown in (B) using 
the peptides from the positional scanning peptide library having the indicated residue fixed at the 
+1 position. Data show the average of two replicates and are normalized and log2 transformed so 
that the average value for a given kinase is zero. The heat map follows the same color scheme as 
in Figure 1-1A.  
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Figure 1-3(S1). Raw data and selectivity values for full positional scanning peptide arrays 
of AncLF4 and AncICK. 

(A) Raw PSPL result for maximum likelihood reconstructions of AncNgru and AncICK. 
(B) Averaged, quantified selectivity values for two replicate runs of the kinases shown in (A). 
Data were collected and processed as in Figures 1-1(S1) and 1-1(S2).  
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Figure 1-3(S2). The substrate peptide +1 specificity evolved from proline in AncCMGI to 
arginine in S. cerevisiae Ime2 via an expanded specificity intermediate – robustness to 
uncertainty in reconstructions. 

(A) Alternative reconstructions of each of the seven resurrected kinases (‘Materials and 
methods’) were incubated with 45 µM peptide (see schematic, bottom). Bars show the log2 ratio 
of +1R and +1P initial velocities (V0R/V0P). Black and white bars indicate Ser and Thr 
respectively as phosphoacceptor. Error bars are standard error of three assays. (B) Peptide 
phosphorylation rates for the same resurrected kinases shown in (A), using the peptides from the 
positional scanning peptide library having the indicated residue fixed at the +1 position. Data 
show the average of two to three replicates and are normalized and log2 transformed so that the 
average value for a given kinase is zero. The heat map follows the same color scheme as 
in Figure 1-1A.  
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Figure 1-4. The DFGx amino acid and the phosphoacceptor influence the +1 specificity of 
extant and ancestral kinases. 

(A) Structural model of AncCMGI in complex with a consensus peptide substrate. The 
box shows the active site with the position of the DFGx amino acid highlighted in orange. ATP 
is blue and the substrate peptide is red. For clarity, sidechains are only shown for residues 
discussed in the text. (B) Phylogenetic tree indicating the identity of the DFGx amino acid and 
the transitions that occurred in the evolution of the CMGC group. Numbers indicate support for 
ancestral reconstructions. (C) Kinases were incubated with 45 µM peptide and initial velocities 
measured. In general, L to S mutations shift substrate preference towards +1P while S to L 
mutations shift preference towards +1 R. Bars show the log2 ratio of +1R and +1P initial 
velocities (V0R/V0P). Black and white bars indicate wild type or maximum likelihood kinases 
incubated with peptides that contain serine and threonine respectively as phosphoacceptor. Dark 
and light orange indicate DFGx mutant kinases incubated with peptides that contain serine and 
threonine respectively as phosphoacceptor. Error bars are standard error of three assays. Figure 
1-4(S1) shows data for ICK compared to PSPL results. Figure 1-4(S2) shows full Michaelis–
Menten curves for selected kinases and DFGx mutants.  
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Figure 1-4(S1). The phosphoacceptor affects the +1 specificity of ICK. 
ICK kinase was incubated with 45 µM peptide and initial velocities measured. Bars show 

the log2 ratio of +1R/+1P initial velocities (V0R/V0P). Black and white bars indicate that ICK 
was incubated with peptides that contain serine and threonine respectively as phosphoacceptor. 
The gray bar indicates an equal mix of serine and threonine as phosphoacceptor. The lower gray 
bar is ratio data taken from the PSPL array in Figure 1-1(S1) i.e. a ratio of phosphate 
incorporation into Y-A-X-X-X-X-X-S/T-R-X-X-X-A-G-K-K-biotin vs Y-A-X-X-X-X-X-S/T-P-
X-X-X-A-G-K-K-biotin peptides, where S/T indicates an equal mixture of serine or threonine as 
phosphoacceptor and X indicates an equal mixture of all amino acids except C, S, or T at all 
other positions except +1 and the terminal linker amino acids.  



 59 

 
 

Figure 1-4(S2). Michaelis–Menten curves for selected kinases. 
Saccharomyces cerevisiae Ime2, Saccharomyces cerevisiae Ime2-DFGx (L231S), Mus 

musculus ICK, and Mus musculus ICK-DFGx (L146S) were incubated with varying peptide 
concentrations (x-axis), and initial velocities for the reaction are plotted on the y-axis. The curves 
on the left contain serine as phosphoacceptor (S-peptides) while those on the right contain 
threonine (T-peptides). Peptides with Pro at the +1 position are colored red and marked with 
triangles, peptides with Arg at the +1 position are colored blue and marked with circles (see 
schematic, top).  
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Figure 1-4(S3). Variable phosphoacceptor preference for extant IME2/RCK/LF4 kinases. 
Kinases were incubated with 45 µM peptide and initial velocities measured. Bars show 

the log2 ratio of initial velocities with serine or threonine as phosphoacceptor (V0S/V0T). Red 
and blue bars indicate the presence of arginine and proline, respectively, at the +1 substrate 
position. Error bars are standard deviations of three replicates.  
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Figure 1-4(S4). Phosphoacceptor preference shows a general shift from threonine towards 
threonine during evolution in the IME2/RCK/LF4 lineage. 

Kinases were incubated with 45 µM peptide and initial velocities measured. Bars show 
the log2 ratio of initial velocities with serine or threonine as phosphoacceptor (V0S/V0T). Red 
and blue bars indicate the presence of arginine and proline, respectively, at the +1 substrate 
position. Error bars are standard deviations of three replicates.  
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Figure 1-5. The S. cerevisiae meiotic phosphoregulatory network tolerates an expanded 
specificity DFGx mutant. 

(A) Sporulation efficiency with various IME2 alleles: wild-type IME2 (WT), an ime2-
(L231S) heterozygote (WT/DFGx), or an ime2-(L231S) homozygote (DFGx/DFGx). (B) Fraction 
of tetrad spores that, when dissected, gave rise to colonies (representative images shown 
in Figure 1-5(S1)). (C) Synchronous meiosis was induced and DNA content analyzed by 
SYTOX-Green staining and flow cytometry (representative raw data shown in Figure 1-5(S2)). 
(D) Synchronous meiosis was induced and DNA segregation events were scored by fluorescence 
microscopy. Error bars represent standard error of three or more biological replicates.  
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Figure 1-5(S1). Representative tetrad dissections. 
Synchronous meiosis was induced for wild-type IME2 (WT), an ime2-

(L231S) heterozygote (WT/DFGx), or an ime2-(L231S) homozygote (DFGx/DFGx).  
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Figure 1-5(S2). Representative cytometry data from meiosis experiments. 
Synchronous meiosis was induced and DNA content analyzed by SYTOX-Green staining 

and flow cytometry. Approximate positions of 2c and 4c DNA content are indicated. Beyond 8 
hr, gametogenesis occurs, leading to packaging of DNA into spores and resulting in additional 
peaks.  
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Figure 1-6. Simplified schematic of one possible path of kinase network evolution. 
Hexagons represent kinases, circles represent substrates, lines connecting kinase to 

substrate indicate potential phosphoregulation.  
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Table 1-1(S1). Plasmids used in this study. 
 

 

  

          Plasmids used in this study

plasmid gene allele promoter tag vector

648 S.cer  ime2(1-404) DFGx pGAL1 TAP pRSAB1234 (2μ)

408 N.gru  LF4 WT pGAL1 TAP pRS314 (CEN/ARS)

761 N.gru  LF4 DFGx pGAL1 TAP pRSAB1234 (2μ)

757 nMOK DFGx pGAL1 TAP pRSAB1234 (2μ)

419 nICK WT pGAL1 TAP pRSAB1234 (2μ)

687 nICK DFGx pGAL1 TAP pRSAB1234 (2μ)

695 AncYlip ML pGAL1 TAP pRSAB1234 (2μ)

861 AncYlip B1 pGAL1 TAP pRSAB1234 (2μ)

694 AncNcra ML pGAL1 TAP pRSAB1234 (2μ)

860 AncNcra B1 pGAL1 TAP pRSAB1234 (2μ)

693 AncIME2 ML pGAL1 TAP pRSAB1234 (2μ)

859 AncIME2 B1 pGAL1 TAP pRSAB1234 (2μ)

767 AncICK ML-DFGx pGAL1 TAP pRSAB1234 (2μ)

692 AncICK ML pGAL1 TAP pRSAB1234 (2μ)

858 AncICK B1 pGAL1 TAP pRSAB1234 (2μ)

762 AncLF4 ML pGAL1 TAP pRSAB1234 (2μ)

822 AncLF4 ML-DFGx pGAL1 TAP pRSAB1234 (2μ)

691 AncNgru ML pGAL1 TAP pRSAB1234 (2μ)

771 AncNgru ML T7 6xHIS 2ST

856 AncNgru B1 pGAL1 TAP pRSAB1234 (2μ)

857 AncNgru B2 pGAL1 TAP pRSAB1234 (2μ)

743 AncCMGI ML pGAL1 TAP pRSAB1234 (2μ)

769 AncCMGI ML T7 6xHIS 2ST

894 AncCMGI ML-DFGx pGAL1 TAP pRSAB1234 (2μ)

744 AncCMGI B1 pGAL1 TAP pRSAB1234 (2μ)

745 AncCMGI B2 pGAL1 TAP pRSAB1234 (2μ)

675 S.cer  ime2 K97R pIME2 pRS303

733 S.cer  ime2 DFGx pIME2 pRS303
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Table 1-1(S2). S. cerevisiae strains used in this study. 
 

 

  

         S.cerevisiae  strains used in this study

strain gene allele(s) mating type background replicating plasmid

130 S.cer IME2 (1-404) WT MATa W303a*

2306 S.cer ime2 (1-404) DFGx MATa W303a* pRSAB1234 (2μ)

891 N.cra IME2 WT MATa W303a*

895 nMOK WT MATa W303a*

2549 nMOK DFGx MATa W303a* pRSAB1234 (2μ)

1796 nICK WT MATa W303a* pRSAB1234 (2μ)

2359 nICK DFGx W303a* pRSAB1234 (2μ)

1761 N.gru  LF4 WT MATa W303a* pRS314 (CEN/ARS)

2550 N.gru  LF4 DFGx MATa W303a* pRSAB1234 (2μ)

2383 AncYlip ML MATa W303a* pRSAB1234 (2μ)

2669 AncYlip B1 MATa W303a* pRSAB1234 (2μ)

2370 AncNcra ML MATa W303a* pRSAB1234 (2μ)

2676 AncNcra B1 MATa W303a* pRSAB1234 (2μ)

2369 AncIME2 ML MATa W303a* pRSAB1234 (2μ)

2668 AncIME2 B1 MATa W303a* pRSAB1234 (2μ)

2554 AncICK ML-DFGx MATa W303a* pRSAB1234 (2μ)

2368 AncICK ML MATa W303a* pRSAB1234 (2μ)

2675 AncICK B1 MATa W303a* pRSAB1234 (2μ)

2551 AncLF4 ML MATa W303a* pRSAB1234 (2μ)

2566 AncLF4 ML-DFGx MATa W303a* pRSAB1234 (2μ)

2367 AncNgru ML MATa W303a* pRSAB1234 (2μ)

2666 AncNgru B1 MATa W303a* pRSAB1234 (2μ)

2667 AncNgru B2 MATa W303a* pRSAB1234 (2μ)

2444 AncCMGI ML MATa W303a* pRSAB1234 (2μ)

2820 AncCMGI ML-DFGx MATa W303a* pRSAB1234 (2μ)

2445 AncCMGI B1 MATa W303a* pRSAB1234 (2μ)

2446 AncCMGI B2 MATa W303a* pRSAB1234 (2μ)

2694 S.cer IME2 WT / WT MATa/α SK1**

2796 S.cer ime2 K97R / WT MATa/α SK1**

2797 S.cer ime2 DFGx / WT MATa/α SK1**

2834 S.cer ime2 DFGx / DFGx MATa/α SK1**

background genotypes:
*W303a: {leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15}

**SK1: {ho::LYS2 / ho::LYS2, ura3- / ura3-, leu2::hisG / leu2::hisG, his3::hisG / his3::hisG, trp1::hisG / trp1::hisG}
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Intrinsic cooperativity potentiates parallel cis-regulatory evolution  
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ABSTRACT 

Convergent evolutionary events in independent lineages provide an opportunity to 

understand why evolution favors certain outcomes over others. We studied such a case where a 

large set of genes—those coding for the ribosomal proteins—gained cis-regulatory sequences for 

a particular transcription regulator (Mcm1) in independent fungal lineages. We present evidence 

that these gains occurred because Mcm1 shares a mechanism of transcriptional activation with an 

ancestral regulator of the ribosomal protein genes, Rap1. Specifically, we show that Mcm1 and 

Rap1 have the inherent ability to cooperatively activate transcription through contacts with the 

general transcription factor TFIID. Because the two regulatory proteins share a common 

interaction partner, the presence of one ancestral cis-regulatory sequence can ‘channel’ random 

mutations into functional sites for the second regulator. At a genomic scale, this type of intrinsic 

cooperativity can account for a pattern of parallel evolution involving the fixation of hundreds of 

substitutions.  
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INTRODUCTION 

Contingency is widespread in evolution, with chance historical changes dictating the 

repertoire of future possibilities (Bershtein et al., 2006; Bloom et al., 2006; Blount et al., 

2012; Ortlund et al., 2007; Sorrells et al., 2015; Starr et al., 2017). Nevertheless, repeated 

evolutionary events in different lineages demonstrate that evolution is, at least in some instances, 

predictable. Repeatability is broadly referred to as convergent evolution, and when a trait arises 

repeatedly by a similar molecular mechanism, it is referred to as parallel evolution (Stern, 2013). 

Beginning with Darwin (Darwin, 1883), convergence has been taken as evidence for adaptation, 

but it can also be caused by drift within the constraints that arise from the properties of biological 

systems (Losos, 2011). Instances of repeated events can be thought of as natural experimental 

replicates for finding general principles that result in convergent evolution, and this information 

could be used to predict which evolutionary paths are most probable. 

Genomic studies have found sets of genes that underlie convergent evolution of a wide 

variety of traits from across the tree of life (Bellott et al., 2010; Denoeud et al., 2014; Gallant et 

al., 2014; Mycorrhizal Genomics Initiative Consortium et al., 2015; Marvig et al., 

2015; McCutcheon et al., 2009; Nagy et al., 2014; Pfenning et al., 2014; Sherwood et al., 

2014; Soria-Carrasco et al., 2014). Such sets of genes tend to evolve in functionally related 

groups and are controlled by cis-regulatory sequences for particular transcription regulators, 

forming a transcription network. One way that an entire network can be up- or down-regulated is 

through alterations in the expression of a ‘master’ regulator, propagating a new expression level 

to all of its downstream target genes (Chan et al., 2010; McGregor et al., 2007; Rebeiz et al., 

2009; Reed et al., 2011). However, in many cases—instead of changing the expression pattern of 

a master regulator—each gene in the network independently acquires the same cis-regulatory 
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sequence, requiring hundreds of mutations across the genome (Booth et al., 2010; Borneman et 

al., 2007; Gasch et al., 2004; Kasowski et al., 2010; Lowe et al., 2011; Paris et al., 2013; Piasecki 

et al., 2010; Schmidt et al., 2010; Tanay et al., 2005; Tuch et al., 2008b). An outstanding 

question is how this process occurs. 

Several molecular mechanisms for gene-by-gene rewiring have been proposed (Britten 

and Davidson, 1971; Tuch et al., 2008b). Hitchhiking of a cis-regulatory site on a transposable 

element is a mechanism well-documented in plant and animal evolution, and can rapidly bring 

genes under new regulatory control (Bourque et al., 2008; Chuong et al., 2016; Kunarso et al., 

2010; Lynch et al., 2011; Schmidt et al., 2012). Alternatively, one transcription regulator can 

gain a protein-protein interaction with another, followed by the evolution of cis-regulatory 

sequences (Baker et al., 2012; Lynch et al., 2008; Pérez et al., 2014; Tsong et al., 2006). This 

latter mechanism is able, at least in principle, to rewire an entire set of genes at once upon 

evolution of the new protein-protein interaction; the individual gains of binding sites could occur 

secondarily. Nevertheless, many—if not most—examples of network rewiring seem to have 

occurred in the absence of evidence for either of these two mechanisms (Borneman et al., 

2007; Gasch et al., 2004; Kasowski et al., 2010; Lowe et al., 2011; Paris et al., 2013; Piasecki et 

al., 2010; Schmidt et al., 2010; Tanay et al., 2005; Tuch et al., 2008a). 

Here, we studied an example of transcription network rewiring in which ~100 ribosomal 

protein genes gained binding sites for the Mcm1 transcription regulator, and we describe 

evidence supporting a new mechanism for the concerted gains. The gain of Mcm1 binding sites 

in the ribosomal protein genes occurred in parallel in two respects: (1) the cis-regulatory sites 

were gained upstream of a large proportion of the ribosomal proteins in each species; and (2) 

they were gained independently approximately 12 – 13 times during Ascomycete evolution. At 
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each gene, several point mutations were probably necessary to produce a close match to the 16-

basepair Mcm1 binding site, thus requiring several hundred mutations across the entire gene set. 

Based on results from a variety of experimental approaches, we argue that the gain of 

Mcm1 sites was potentiated in several different clades by the presence of an ancestral 

transcription regulator of the ribosomal protein genes, Rap1. We demonstrate that Rap1 and 

Mcm1 have the intrinsic ability to cooperate in the activation of transcription, even when 

artificially introduced in species in which their sites are not found together. Biochemical and 

genetic experiments show that both regulators interact with the general transcription factor 

TFIID. We propose that the intrinsic, ancient ability of both proteins to interact with a common 

component of the general transcription machinery facilitated the repeated evolution of the Mcm1 

sites in independent lineages.  
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RESULTS 

Gains of functional Mcm1 cis-regulatory sites 

Previously, genome-wide chromatin immunoprecipitation and bioinformatics 

experiments revealed that Mcm1 cis-regulatory sites evolved independently at the ribosomal 

protein genes (RPGs) in several yeast lineages (Tuch et al., 2008a). To expand this analysis, we 

used 162 sequenced fungal genomes, identified RPG regulatory regions, and searched for cis-

regulatory sequences for Mcm1 and 11 other transcription regulators that are known to regulate 

ribosomal components in at least one species (Figure 2-1A, Figure 2-1(S1)). Mcm1 sites were 

found highly enriched (-log10(P) > 6) at the RPGs in six different monophyletic groups 

including the clades represented by Kluyveromyces lactis, Candida glabrata, and Yarrowia 

lipolytica, as well as the individual species Kazachstania naganishii, Pachysolen tannophilus, 

and Arthrobotrys oligospora. Mcm1 sites were found moderately enriched (6 > -log10(P) > 3) in 

the RPGs in seven additional lineages. 

The pattern of yeast lineages containing Mcm1 binding sites upstream of the RPGs could 

occur through three general scenarios: the Mcm1 binding sites were gained multiple times, they 

were present in an ancient ancestor and lost multiple times, or a combination of gains and losses. 

To estimate how many gains and losses occurred during the evolution of Mcm1 sites, we treated 

the presence of Mcm1 sites (-log10(P) > 3) as a discrete character and sampled 10,000 stochastic 

character maps from the posterior probability distribution of each of two models (Bollback, 

2006; Revell, 2012) (Figure 2-1B). One model assumed gains and losses to be equal in 

probability and the other estimated them as two different rates. Under both models, the number 

of gains was substantial: an average of 13.4 and 12.0 for the equal and different rates models, 

respectively (95% highest posterior density interval of 12 – 14 and 7 – 17 gains, respectively). 
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The number of losses differed between the models resulting in an average of 3.0 losses for the 

equal rates model and 17.0 for the different rates model. These models indicate that the number 

of times Mcm1 sites were gained in the Ascomycete evolution was high (12 – 13 on average) 

whereas the number of losses is sensitive to the assumptions of the model. 

Three observations support the idea that the pattern of Mcm1 cis-regulatory sequences in 

the RPGs require independent gains for most of the monophyletic clades and species with Mcm1 

sites. First, the gain model is more parsimonious because of the sparse distribution of clades with 

Mcm1 sites. This is still true when taking into account the ancient interspecies hybridization that 

occurred in two ancient members of Saccharomycetaceae (Marcet-Houben and Gabaldón, 2015) 

because in most likely scenarios, the ancestors are concordant for the absence of Mcm1 sites. 

Second, other cis-regulatory sequences show similar patterns of evolution to that of Mcm1. The 

Dot6/Tod6 and Rim101 motifs are also found upstream of the RPGs in several distantly related 

clades, although fewer clades than for Mcm1 (Figure 2-1(S1)). Other regulators show clear 

single gains in the common ancestor of all Saccharomycotina yeasts (e.g. Rap1), or 

Pezizomycotina and Saccharomycotina (e.g. Cbf1) as well as losses in sparsely distributed 

individual clades and species. These results show that gains and losses of cis-regulatory 

sequences are common upstream of the RPGs, and that they can be distinguished from each other 

based on their distinct distributions among species (Lavoie et al., 2010; Tanay et al., 2005). 

Third, it was previously shown that the entire set of genes that Mcm1 regulates changes 

extensively over the timescale of Ascomycete evolution (Tuch et al., 2008a), suggesting that 

conservation from a distant ancestor would be a marked exception to this trend. 

To test whether the Mcm1 cis-regulatory sites we identified upstream of the RPGs are 

functional, we linked several full-length RPG upstream intergenic regions to the fluorescent 
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reporter GFP. We chose RPL37 and RPS18 from Kl. lactis, each of which has Mcm1 binding 

sites and measured the expression of these reporters under nutrient-replete conditions. To test 

whether they contributed to expression, we scrambled the Mcm1 sites. In both cases, the 

scrambled site reduced expression of the reporter (RPS18 p=0.017; RPL37 p=0.027; Welch’s t-

test) but left the cell-to-cell variability unchanged (Figure 2-1C and D; Figure 2-1(S2)). Given 

that there are many known regulators of ribosomal protein transcription, this demonstrates that 

Mcm1 plays a non-redundant role in activating these genes in Kl. lactis under conditions that 

require high expression of the translational machinery. 

Selection on RPG expression levels 

Yeast ribosomes are composed of four ribosomal RNAs and 78 ribosomal proteins, 

assembled in equal stoichiometry (Woolford and Baserga, 2013). In rapidly growing cells, 

ribosomal protein transcripts are among the most highly expressed, and have short half-lives, 

leading to the estimation that approximately 50% of all RNA polymerase II initiation events 

occur at ribosomal proteins (Warner, 1999). These observations suggest that the expression of 

these genes is under strong selection as it plays a major role in energy expenditure in the cell. 

Given that the Mcm1 cis-regulatory sites increase RPG transcription levels during rapid 

growth, there are at least two plausible hypotheses for their appearance upstream of the RPGs. 

(1) In those species that have acquired Mcm1 cis-regulatory sequences, the expression of the 

RPGs is higher than in species without these sequences. (2) The gain of Mcm1 cis-regulatory 

sequences compensate for other cis-regulatory changes that lower expression of the genes, with 

no net gain in expression levels. This second hypothesis is plausible, in principle, because RPGs 

are known to lose regulator binding sites as well as gain them (Ihmels et al., 2005; Lavoie et al., 

2010; Tanay et al., 2005; Tuch et al., 2008a). 
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To distinguish between these hypotheses, we examined directly whether the RPGs have a 

higher expression level in species that have acquired Mcm1 sites compared to those that have 

not. (We performed these experiments under conditions in which we have shown Mcm1 sites are 

functional, but we do not rule out different evolutionary scenarios under other environmental 

conditions). To accurately measure differences in RPG expression, we mated different species 

pairs to form interspecies hybrids; we then measured mRNA levels by RNA-seq and assigned 

each sequencing read to one genome or the other (Figure 2-2A). Comparing the expression of 

orthologous genes in this way controls for differences in ‘trans-acting’ factors like transcription 

regulators and therefore reflects only differences caused by cis-regulatory changes (Wittkopp et 

al., 2004). 

For this allelic expression experiment, we constructed hybrids between Kl. lactis and two 

other species, Kl. marxianus and Kl. wickerhamii. These two additional species are relatively 

closely related to Kl. lactis (such that they can form interspecies hybrids), but have fewer Mcm1 

sites at their RPGs (Figure 2-2A), suggesting that Mcm1 binding site gains are ongoing in some 

lineages over this timescale. mRNA reads for each gene were normalized to genomic DNA reads 

to control for mappability and gene length (see methods). Expression levels and differential 

allelic expression of genes in the two species’ genomes were reproducible between replicates 

(Figure 2-2(S1)). At a false discovery rate of 0.05, we identified 2925 genes showing differential 

allelic expression out of a total of 4343 orthologs in the Kl. lactis × Kl. marxianus hybrid, and 

3432 out of 4319 in the Kl. lactis × Kl. wickerhamii hybrid. 

To ask broadly whether RPGs have experienced concerted cis-regulatory evolution, in 

each hybrid we asked whether the RPGs were more likely to show differential allelic expression 

in one direction relative to all genes in the genome (Figure 2-2B). In both hybrids, the RPGs 
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showed evidence for cis-regulatory evolution (hypergeometric test, p=2.36e-3 for Kl. lactis × Kl. 

marxianus hybrid; p=1.52e-6 for Kl. lactis × Kl. wickerhamii hybrid). We conclude that in these 

species, the expression of the ribosomal proteins has evolved directionally as a group 

through cis-regulatory changes. 

However, in both hybrids, the ribosomal protein genes were expressed, on average, lower 

in the Kl. lactis alleles than in alleles of either of the other species. This observation rules out the 

hypothesis that the gain of Mcm1 sites over this timescale was simply due to directional 

selection to increase expression of the ribosomal proteins as a whole (see also Figure 2-2(S2)). 

Instead, it favors the second hypothesis: ongoing evolution of Mcm1 sites in 

the Kluyveromyces clade compensates (perhaps incompletely) for other cis-regulatory changes 

that reduce RPG transcript levels. A compensatory model is consistent with the observation that 

the binding sites for other regulators (including Fhl1 and Rrn7) show a reduction in 

the Kluyveromyces clade (Figure 2-1(S1)). 

We also revisited previously published yeast interspecies hybrid experiments performed 

with species from the Saccharomyces clade. Surprisingly, in all cases, the ribosomal proteins 

were among the sets of genes with reported directional cis-regulatory evolution (Bullard et al., 

2010; Clowers et al., 2015; Lee et al., 2013; Martin et al., 2012). These observations demonstrate 

that RPG expression may frequently experience different evolutionary forces between closely 

related yeast species, and they are consistent with the high rate of gains and losses of cis-

regulatory sequences that control RPG transcription. 

Why were Mcm1 sites gained repeatedly? 

Although RPGs have experienced different selection pressures across different species, 

this observation does not explain why Mcm1 sites, as opposed to cis-regulatory sequences for 
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many other transcription regulators, are repeatedly gained in the lineages we examined. One 

possibility is that Mcm1 expression changes under certain environmental conditions, conferring 

optimal RPG expression levels for the Kluyveromyces clade (as well as the other clades that 

gained Mcm1 sites). The fact that Mcm1 is expressed across all yeast cell types and —in 

combination with dedicated regulators—controls many different genes that are part of different 

expression programs (Tuch et al., 2008a) makes this possibility unlikely and we do not explicitly 

examine it here. 

We therefore investigated whether Mcm1 has other characteristics that allow it to 

gain cis-regulatory sites especially easily at the RPGs. We previously noted that, in Kl. lactis, the 

Mcm1 sites were gained a fixed distance away from the binding site for another transcription 

regulator, Rap1, whose sites at the RPGs were ancestral to Kl. lactis and S. cerevisiae (Tuch et 

al., 2008a). By pooling data from additional species with Rap1-Mcm1 sites, we discovered that 

the spacing between Mcm1 and Rap1 sites was particularly precise with peaks at 54, 65, and 74 

basepairs apart, favoring a configuration with the two proteins on the same side of the DNA 

helix (Figure 2-3(A–C)). 

In order to understand whether the spacing between Mcm1 and Rap1 sites affects 

transcriptional activation, we moved a segment of the Kl. lactis RPS23 upstream region that 

contains the Rap1 and Mcm1 sites into a heterologous reporter containing a basal promoter 

from S. cerevisiae CYC1 (Guarente and Ptashne, 1981) (Figure 2-3D). This construct allowed us 

to study the Rap1 and Mcm1 cis-regulatory sequences independent of the additional regulators of 

the RPGs. We systematically varied the spacing between these two cis-regulatory sequences in 2 

bp increments and found that the transcriptional output remained similar in most constructs 

(Figure 2-3E). In these experiments the Mcm1 and Rap1 sites were both close to optimal, and we 
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hypothesized that weaker sites would be more likely to reveal a spacing preference. To test this 

idea, we performed a second series of experiments with the Rap1 and Mcm1 cis-regulatory 

sequences from the Kl. lactis RPS17 gene. The binding sites from this gene are weaker matches 

to the Rap1 and Mcm1 position weight matrices (log odds sum of 9.34 versus 12.48 for Rap1 

and 7.24 versus 14.33 for Mcm1). The transcriptional output of this second series of constructs 

showed sensitivity to spacing between the sites (Figure 2-3E). 

We hypothesized that the observed sensitivity of transcriptional output to the strength and 

spacing of Rap1 and Mcm1 cis-regulatory sequences reflected cooperative activation of 

transcription. Deletion of the Mcm1 and Rap1 binding sites individually and in combination 

showed that the proteins KlMcm1 and KlRap1 activated transcription cooperatively in Kl. lactis: 

their combined expression was approximately four times the sum of their individual 

contributions (Figure 2-3F; p=5.5e-4, one sample t-test). 

One likely explanation for these observations is the evolution of a favorable protein-

protein interaction between Rap1 and Mcm1 that occurred around the time that Mcm1 sites 

appeared at the RPGs in the Kluyveromyces and C. glabrata-Nakaseomyces clades (Tuch et al., 

2008b), that is a ‘derived cooperativity’ model (Figure 2-3G). To test this model, we placed 

the Kl. lactis Rap1-Mcm1 reporter into the genome of S. cerevisiae, a species that lacks Mcm1 

sites at the RPGs. We found that ScRap1 and ScMcm1 activated expression of the reporter 

cooperatively (p=3.9e-3, one sample t-test), thereby demonstrating that these proteins have the 

capacity to work together even in a species where their binding sites did not evolve close 

proximity (Figure 2-3H). This result rejects the derived cooperativity model and strongly 

suggests that the ability of Rap1 and Mcm1 to activate transcription cooperatively was ancestral, 

existing even in species that did not take advantage of it in regulating the RPGs. 
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Mechanism of intrinsic Mcm1-Rap1 cooperativity 

Having established that cooperativity of Rap1 and Mcm1 was likely ancestral to the 

monophyletic clade containing Kluyveromyces and Saccharomyces, we considered three possible 

mechanisms that could explain ancestral cooperativity: (1) Rap1 and Mcm1 could bind DNA 

cooperatively through an ancient, favorable protein-protein interaction, (2) they could bind 

nucleosomal DNA through cooperative displacement of histones, or (3) they could both bind a 

third transcription regulator resulting in cooperative transcriptional activation. To test the first 

possibility, we used a gel-mobility shift assay with a radiolabeled DNA sequence from the Kl. 

lactis RPS23 gene (Figure 2-3D). We asked whether purified full-length S. cerevisiae and Kl. 

lactis proteins as well as cell lysates from three additional species bound to Rap1 and Mcm1 

binding sites cooperatively. In all cases, each protein bound to the RPG promoter DNA 

independently and did not appear to increase the other’s affinity, indicating that Rap1 and Mcm1 

do not, on their own, bind DNA cooperatively (Figure 2-4A, Figure 2-4(S1)). 

A second mechanism explaining cooperative activation is through nucleosome 

displacement. Many transcription regulators have the inherent property of competing for binding 

to DNA with nucleosomes, with some more effective than others (Zaret and Carroll, 2011). 

However, it is unlikely that cooperative nucleosome displacement is the primary mechanism for 

cooperative activation by Rap1 and Mcm1 at the RPGs. Although Rap1 can indeed bind 

nucleosomal Rap1 binding sites (Koerber et al., 2009; Rossetti et al., 2001), and displace 

nucleosomes (Kubik et al., 2015; Lickwar et al., 2012; Platt et al., 2013), it remains bound at the 

RPGs even during stress conditions when the genes are repressed and show higher levels of 

nucleosome occupancy (Bernstein et al., 2004; Lee et al., 2004). Furthermore, a general 

mechanism for the cooperative assembly of all transcription regulators has little explanatory 
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power for why cis-regulatory sites for Mcm1 were repeatedly gained across RPGs rather than 

sites for many of the ~250 other regulators coded in the yeast genome. 

We next considered the third possibility, namely that the cooperative transcriptional 

activation we observe for Rap1 and Mcm1 occurs through the interaction of both with a third 

factor that catalyzes a rate-limiting step in transcription activation (Lin et al., 1990). In principle, 

a regulator could activate transcription through contacts with general transcription factors, 

Mediator, SAGA, various chromatin remodeling complexes, or RNA polymerase itself. To 

identify possible factors that might directly bind both Rap1 and Mcm1, we searched the S. 

cerevisiae BioGRID database for common interaction targets of both proteins (Oughtred et al., 

2016). Two complexes, SWI/SNF and TFIID, fit this criterion. SWI/SNF is not required for 

ribosomal protein transcription (Sudarsanam et al., 2000), so it is unlikely that binding to 

SWI/SNF plays a role in Rap1 and Mcm1 cooperativity at the RPGs. 

TFIID is a general transcription factor whose direct interaction with Rap1 is required for 

RPG transcription in S. cerevisiae (Garbett et al., 2007; Layer et al., 2010; Mencía et al., 

2002; Papai et al., 2010; Reja et al., 2015). Furthermore, TFIID activates transcription through 

contacts with RNA Polymerase II, and its binding to the promoter is a rate-limiting step in the 

activation of TFIID-dependent genes (Wu and Chiang, 2001), such as the RPGs. The mechanism 

of how activators increase transcription rate through contacts with TFIID is not entirely 

understood but occurs either through a structural rearrangement of the complex or simply by an 

increase in its occupancy on DNA (Coleman et al., 2017; Fuda et al., 2009; Nogales et al., 

2017; Papai et al., 2010; Sauer et al., 1995a; Sauer et al., 1995b). 

The interaction of Rap1 with TFIID has been extensively documented (Garbett et al., 

2007). Of particular importance is the interaction between the ‘activation domain’ of Rap1 and 
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the Taf5 subunit of TFIID, as mutations that compromise this interaction strongly reduce 

ribosomal protein gene transcription (Johnson and Weil, 2017). To test directly whether Mcm1 

also binds to TFIID (as suggested by mass spectrometry-based analyses of TFIID and associated 

proteins [Sanders et al., 2002]), we performed a Far-Western protein-protein binding assay using 

purified S. cerevisiae TFIID, ScMcm1, and individual TFIID subunits. We found that Mcm1 

binds directly to the Taf4 subunit (Figure 2-4B,C); using deletions of Taf4, we further mapped 

the interaction to the N-terminal region of Taf4 (Figure 2-4D,E). Although Rap1 also binds to 

Taf4 (in addition to Taf5 and Taf12), its target is in the C-terminus of this subunit, distinct from 

the Mcm1 interaction site. 

The finding that Rap1 and Mcm1 both interact with distinct domains of a common 

component of the transcription machinery, one whose assembly at the promoter is rate limiting, 

provides a simple explanation for their ability to activate transcription cooperatively. To test this 

idea explicitly, we performed a series of experiments in vivo. Because Rap1 is an essential gene, 

we took advantage of a version of Rap1 with altered DNA-binding specificity (Rap1AS) that 

binds to a non-natural cis-regulatory sequence and confers expression of a reporter (Johnson and 

Weil, 2017). Rap1AS could then be manipulated without compromising the function of the 

endogenous Rap1. As shown in Figure 2-5(A–C), Rap1AS shows cooperative transcriptional 

activation with Mcm1. When the activation domain of Rap1AS was mutated by introducing 

seven point mutations (Rap1AS7Ala) its ability to activate transcription of a Rap1 reporter 

strongly decreased, but was not entirely eliminated (Johnson and Weil, 2017). When introduced 

in the presence of the Rap1-Mcm1 HIS3 reporter, these mutations strongly reduced growth on 

media containing 3-aminotriazole (3-AT), a competitive inhibitor of the HIS3 gene product 
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(Brennan and Struhl, 1980), indicating that efficient expression requires an intact Rap1 activation 

domain (Figure 2-5(D–F)). 

Taken together, these experiments indicate that the cooperative transcriptional activation 

by Rap1 and Mcm1 at the RPGs in these clades is due to both proteins interacting with TFIID, a 

component of the general transcriptional machinery. This idea explains how Mcm1—and not a 

random mixture of other regulatory proteins—came to be repeatedly gained at the ribosomal 

protein genes. 

Implications and predictions of the intrinsic cooperativity model 

We tested several evolutionary and molecular predictions of this model. One prediction is 

that Rap1 and Mcm1 cis-regulatory sequences would occur at the prescribed distance apart but 

located at other genes besides the RPGs. We searched a subset of hemiascomycete yeast 

genomes for Rap1-Mcm1 sites with similar spacing and orientation to that observed in the RPGs 

(Figure 2-6(S1)). Most species analyzed had only a few such genes of questionable significance, 

but Ka. naganishii had 33, showing that Rap1 and Mcm1 sites can evolve at genes other than the 

RPGs. 

A second prediction of our model is that even a sub-optimal Mcm1 site would activate 

transcription of a regulatory region with an ancestral, strong Rap1 site. Because sub-optimal sites 

can evolve de novo with much higher probability than optimal sites (Dermitzakis and Clark, 

2002; Stone and Wray, 2001), this property would increase the ease by which a large number of 

functional Mcm1 sites could arise during evolution. To test this prediction, we created a series of 

GFP reporter constructs with Mcm1 binding sites that drive different levels of expression (Acton 

et al., 1997). We tested the expression level of each of these Mcm1 sites in the presence and 

absence of a neighboring Rap1 site in Kl. lactis (Figure 2-6A). Consistent with the prediction, 
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most of the sub-optimal Mcm1 sites displayed near wild-type levels of expression in the 

presence—but not in the absence—of neighboring Rap1 sites. 

Finally, we asked whether our conclusions are generalizable to other pairs of 

transcription factors besides Mcm1 and Rap1. In particular, some of the clades identified 

in Figure 2-1A gained Mcm1 sites at RPGs that lack Rap1 sites. To address this question, we 

centered each RPG intergenic region on the best Mcm1 site and plotted the location of other 

RPG regulators relative to Mcm1 (Figure 2-6B). This analysis revealed that, in some of these 

clades, Mcm1 sites were gained varying distances away from the pre-existing sites of other 

regulators (Tbf1, Rrn7, and Fhl1), suggesting that the evolutionary mechanism we identified 

with Rap1 and Mcm1 might be a generalizable to other instances of cis-regulatory evolution 

(Figure 2-6C). Consistent with this idea, all three of these regulators are reported to interact 

(directly or indirectly) with TFIID (Gavin et al., 2002; Knutson et al., 2014; Mallick and 

Whiteway, 2013; Zhong and Melcher, 2010). 

In summary, the experiments we have presented describe a special relationship between 

Rap1 and Mcm1 by virtue of their interaction with different surfaces of the same rate-limiting 

component of transcription, TFIID. This relationship between Rap1 and Mcm1 is ancient, and in 

the next section, we discuss how this property can predispose transcription networks to evolve 

repeatedly along the same trajectory.  
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DISCUSSION 

Here we have investigated an example of parallel evolution where binding sites for a 

particular transcription regulator (Mcm1) were gained in a large group of genes (the ribosomal 

protein genes, RPGs). These gains occurred repeatedly in several independent fungal lineages. In 

three of these lineages, Mcm1 binding sites were gained a fixed distance from the sites for 

another transcription regulator, Rap1, and we show that these newly acquired Mcm1 sites are 

required for full activation of the RPGs. We also show that Mcm1 and Rap1 cooperatively 

activate these genes. The direct interaction of both of these regulators with a common target, the 

general transcription factor TFIID, provides a plausible mechanism for this cooperative 

transcription activation. It also explains why the ability of Rap1 and Mcm1 to work together was 

ancestral to the more recent gains of Mcm1 sites adjacent to Rap1 sites at the RPGs. 

How do these observations account for the fact that Mcm1 sites (as opposed to sites for 

other regulators) were repeatedly gained in parallel next to the Rap1 site at the RPGs? And how 

do they account for the distance constraints? One common explanation for parallelism is a 

specific environmental adaptation that occurs through a similar molecular mechanism. However, 

the yeast species with Mcm1 sites at the RPGs are from diverse ecological niches (e.g. plant 

leaves, mangrove sediment, the human body, soil) and utilize different nutrient sources (e.g. 

lactate, xylose, feline skin, nematode predation), defying a specific environmental adaptation 

explanation. Consistent with this view is our observation, based on analyzing interspecies 

hybrids, that a species in which the Mcm1 sites were gained at the RPGs does not express these 

genes at higher levels than related species that evolved fewer Mcm1 sites. 

The model that best fits all of our data holds that the parallel gains arose from the ease 

with which the functional Mcm1 sites (and not the sites of other regulators) appeared in 
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evolution, rather than selective pressure for particular adaptation. Specifically, we propose that, 

in the Kluyveromyces-Saccharomyces ancestor (before the parallel gains of Mcm1 sites) Rap1 

bound to the ribosomal protein genes and activated transcription through interactions with 

TFIID, as it does in extant species. We further propose that, in the ancestor, Mcm1 activated 

non-ribosomal genes by interaction with a second site on TFIID, as it does in the extant 

species S. cerevisiae. Any suboptimal Mcm1 site that arose by chance point mutation at a 

specified distance from a Rap1 site would immediately be functional (Figure 2-7) because, as we 

show, even a weak Mcm1 DNA interaction would be stabilized by Mcm1’s intrinsic ability to 

directly bind TFIID (see Figure 2-4C and 6A). In this way, even suboptimal cis-regulatory 

sequences (which are much more likely to appear by chance than optimal sites [Dermitzakis and 

Clark, 2002; Stone and Wray, 2001]) could form under selection. The appearance of Mcm1 sites 

likely occurred concomitantly with the gradual losses of other cis-regulatory sites in the RPGs; in 

other words, the Mcm1 cis-regulatory sites would fall under selection as other cis-regulatory 

sites deteriorated by mutation. In essence, we propose that the free energy gained from the 

intrinsic interaction between Mcm1 and TFIID would favor formation of new Mcm1 sites at the 

expense of pre-existing cis-regulatory sequences, particularly since the latter provide a larger 

target for inactivating mutations. This model accounts for why Mcm1 sites (and not those of 

other transcription regulators) were repeatedly gained at the RPGs and why the distance between 

Rap1 and Mcm1 sites is constrained in those species in which the gains occurred. 

Numerous experimental observations support this model and rule out alternative 

explanations: (1) in extant species, Rap1 and Mcm1 both interact with TFIID; (2) They interact 

with different parts of TFIID; (3) cooperative transcriptional activation by Mcm1 and Rap1 

requires the activation domain of Rap1, which is known to interact with TFIID; (4) the spacing 
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between Rap1 and Mcm1 sites in the ribosomal protein genes places the proteins on the same 

side of the helix but at least 50 bp apart, consistent with a physical interaction with a large 

complex; (5) engineered suboptimal Mcm1 sites are functional as long as they are adjacent to 

Rap1 sites; (6) Mcm1 and Rap1 have the intrinsic ability to cooperate (through interactions with 

TFIID) even in a species where Mcm1 sites were not gained at the RPGs. 

We note that this model does not require any change in Rap1 or Mcm1 during the gains 

of Mcm1 sites at the RPGs. Presumably, Rap1 and Mcm1 activated many genes separately in the 

ancestor, thus preserving by stabilizing selection their ability to interact with TFIID. This idea is 

consistent with the observation that the two proteins were able to cooperate on artificial 

constructs introduced into S. cerevisiae even though their binding sites are not found together at 

the RPGs. Mutations that alter the function of transcription regulators (for example, creating a 

new protein-protein interaction) can be pleiotropic, decreasing the likelihood that they can arise 

without disrupting the proteins' ancestral functions (Carroll, 2005; Stern and Orgogozo, 2008). 

(We note that the transcriptional output was slightly more cooperative in Kl. lactis than in S. 

cerevisiae, leaving open the possibility that additional fine-scale evolutionary changes may have 

occurred in how these proteins interact.) According to our model, the ability of the two 

regulators to work together was ancestral, part of each protein’s intrinsic mechanism of 

transcriptional activation; therefore, their coupling at the RPGs would avoid such pleiotropic 

changes. 

How does this model account for the gains of Mcm1 sites observed in clades where Rap1 

does not regulate the RPGs? In these cases, Mcm1 cis-regulatory sequences also show preferred 

spacing relative to known regulators of the RPGs, specifically Tbf1 and Rrn7, and we propose 

that the same type of cooperativity with TFIID can also account for these cases. These two 
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regulators are reported to interact with TFIID (Knutson et al., 2014; Mallick and Whiteway, 

2013). Indeed, TFIID occupies the promoters of RPGs in human cell lines as well (ENCODE 

Project Consortium et al., 2012), raising the possibility that TFIID is a conserved general 

activator of the RPGs across fungi and animals, while the specific transcription regulators that 

interact with TFIID simply interchange over this timescale. 

While our cooperative activation model provides an explanation for the parallel 

acquisition of Mcm1 cis-regulatory site evolution, selection must have operated to preserve the 

Mcm1 sites as they arose in the population. As described earlier, we favor a model where the 

gains of Mcm1 sites compensated for the degradation of other cis-regulatory sequences and 

thereby fell under selection. The allelic expression data (Figure 2-2) strongly supports this model 

for one clade, represented by Kluyveromyces species. However, it is also possible that, in other 

clades or over shorter timescales, the Mcm1 sites could have been gained due to selection for 

higher levels of RPG expression. The widespread differences in RPG expression revealed by the 

published interspecies hybrid experiments suggest that RPG expression may experience strong 

and shifting selection, helping to account for the surprising observation that transcriptional 

regulators that control the RPGs vary substantially across species (Gasch et al., 2004; Lavoie et 

al., 2010; Mallick and Whiteway, 2013; Tanay et al., 2005; Tuch et al., 2008a; Zeevi et al., 

2014; Zeevi et al., 2011). We note that the intrinsic cooperativity model is sufficient to explain 

the gain of Mcm1 sites whether or not any change in selection occurs: if functional Mcm1 sites 

are relatively easy to form (because of intrinsic cooperativity) they will be favored over gains of 

other cis-regulatory sequences by mutational processes alone. Mutations creating Mcm1 sites 

and weakening other sites could occur sequentially in either order or simultaneously (on the 

same haplotype), depending on the expression requirements of the RPG at that point in its 
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evolutionary history. We feel that it is likely that most or all of the selection scenarios outlined 

above have occurred in at least one RPG at some point during the multiple and ongoing gains of 

Mcm1 sites over millions of years of fungal evolution. While the precise circumstances of each 

Mcm1 site gain are unknown, intrinsic cooperativity biases the RPGs as a whole toward gaining 

these sites. 

In conclusion, we have proposed a mechanism, supported by multiple lines of 

experimental evidence, to account for convergent regulatory evolution of a large set of genes. 

Although, on the surface, the parallel gains of Mcm1 sites at the ribosomal genes would seem to 

require a special evolutionary explanation, our model does not require an extraordinary 

mechanism beyond individual point mutations in the cis-regulatory region of each gene. 

However, the ancestral ability of the two key regulators to activate transcription simplifies the 

path to gaining these sites by producing a phenotypic output from even non-optimal sites. Mcm1, 

because of its intrinsic ability to cooperate with Rap1, can significantly activate transcription at 

the ribosomal proteins more easily than it would elsewhere in the genome; likewise, Mcm1 (or 

another regulator that interacted with TFIID) would be preferred at the RPGs over regulators that 

did not share this common direct protein interaction. Thus, the intrinsic cooperativity of Rap1 

and Mcm1 ‘channels’ random mutations into functional Mcm1 cis-regulatory sequences, 

accounting for the observed parallel evolution. We speculate that gene activation through 

intrinsic cooperativity may be a general mechanism to explain the rapid and ubiquitous rewiring 

of transcription networks.  
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MATERIALS AND METHODS 

Computational genomics of cis-regulatory sequences 

Genomes were compiled from the Yeast Gene Order Browser (YGOB) (Gordon et al., 

2011), the Department of Energy Joint Genome Institute MycoCosm portal (Grigoriev et al., 

2014), and individual genome releases (Supplementary file 3). The Kl. wickerhamii, Kl. 

marxianus, and H. vinae genomes were annotated using the Yeast Gene Annotation Pipeline 

associated with YGOB. The annotations of genes and proteins in other genomes were obtained 

from the source of the genome sequence. RPGs were defined as any gene starting with ‘Rps’ or 

‘Rpl’ in S. cerevisiae and were identified using the ortholog annotation in YGOB (for species 

contained in this repository). These genes were identified in genomes from other sources through 

psi-blast in BLAST+ (Camacho et al., 2009), based on their high conservation. 

The species tree was created as described (Lohse et al., 2010). In total, 79 single-copy 

orthologs were chosen to create the species tree based on the ortholog mapping repositories 

YGOB and Fungal Orthogroups (Byrne and Wolfe, 2005; Wapinski et al., 2007). They were 

aligned individually using MUSCLE with default parameters (Edgar, 2004). For species that 

were not included in these repositories, the corresponding ortholog was identified using psi-

BLAST (Altschul et al., 1997). Using the orthologs from every species, the genes were then re-

aligned using MUSCLE with default parameters and concatenated into a single alignment. To 

calculate the tree topology, FastTree 2.1.8 was used with Blosum45 matrix, the JTT model with 

20 rate categories, and two rounds of +NNI +SPR (default parameters). 

Intergenic regions were extracted upstream of each gene using the python script 

intergenic.py. For scoring of potential transcription factor binding sites, motifs were obtained 

from the ScerTF database (Spivak and Stormo, 2012) as position weight matrices. Each 
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intergenic region (in the ribosomal proteins or genome-wide, depending on the question) was 

scored using the script TFBS_score.py by adding up the log likelihood values of each base at 

each position in the motif, forward and backward, and then repeating for each position in the 

intergenic region. It is important to note that the motifs from ScerTF are corrected for the GC-

content of the S. cerevisiae genome (or the genome(s) from which the matrix is derived), but not 

individually for the genomes of each species in other parts of the tree. The motif was left as-is 

instead of correcting for the GC-content in each genome, because the purpose of this scoring was 

to identify DNA sequences that are most similar to the Mcm1 binding site, not those that are 

most statistically enriched given the GC-content. Calculating enrichment of the binding site in 

ribosomal protein genes relative to the rest of the genome was done to take into account forces 

(including, but not limited to GC-content) that affect the prevalence of the motif genome-wide. 

After determining the conclusions were unchanged when using 500, 1000, and 1500 bp for the 

maximum length of an intergenic region, the length of 1000 bp was chosen. A cutoff was chosen 

for presence of the cis-regulatory site (Figure 2-1(S1)). 

Ribosomal protein gene intergenic regions were also screened for motifs that were not 

present or were more information-rich than the corresponding motif in the ScerTF database. This 

was done by querying the intergeneic regions in each species using MEME with the zero-or-one 

occurrence per sequence option. From these results the following motifs were chosen: Cbf1 

from Spathaspora passalidarum, Rrn7 from Arxula adeninivorans, Tbf1 from Ascoidea 

rubescens and Schizosaccharomyces japonicus, Hmo1 from Lachancea thermotolerans and a 

widespread but previously unidentified motif from Botrytis cinerea. The Dot6, Fhl1, Rap1, 

Mcm1, Rim101, Sfp1, and Stb3 motifs were obtained from ScerTF. 
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To estimate the number of gains and losses, species were categorized based on whether 

their RPGs contained Mcm1 sites (-log10(P) > 3) or not. We used phytools to simulate 10,000 

stochastic character maps under the equal rates model (ER) and a different-rates model (ARD) 

assuming Mcm1 sites were a discrete character (Bollback, 2006; Revell, 2012). These trees were 

used to determine the number of gains and losses of Mcm1 sites under each model and find 

which ancestral nodes were likely to have Mcm1 sites at the RPGs and which were uncertain. 

Previous studies have indicated that many features of the RPGs are defined by their 

relative location to the Rap1 binding site (Reja et al., 2015). To identify the relative locations, the 

best hit for the Rap1 site in each species was identified, then a cutoff was set (approximately half 

of the maximum potential score for a given position weight matrix) for the motif of the second 

transcription factor. The location of a binding site was defined as the midpoint of the motif. This 

analysis was carried out using the scripts TFBS_score.py and rel_locs_RPs.py. 

Genome-wide scoring of relative motif locations using rel_loc_RPs.py was used to 

identify additional genes beyond the RPGs that show a similar pattern of Rap1 and Mcm1 sites 

near to each other. Rap1 sites that faced toward the gene and had a score greater than 6.0 were 

identified, as were Mcm1 sites with a score above 6.0. Then, genes that had both a forward-

facing Rap1 site and an Mcm1 site between 52 and 78 bp downstream (the spacing of most sites 

at the RPGs) were identified. The order of Rap1 and Mcm1 cis-regulatory site appearance in 

evolution was inferred by the distribution of the sites in closely related species with available 

genome sequences. 

Strain and reporter construction 

The GFP and HIS3 reporters used in K. lactis and S. cerevisiae have been previously 

described (Garbett et al., 2007; Mencía et al., 2002; Sorrells et al., 2015). These reporters allow 
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full intergenic regions to be cloned upstream of GFP or HIS3, with the break between the 

original gene sequence and the reporter gene occurring at the start codon. A second version of 

the GFP reporter uses the CYC1 promoter from S. cerevisiae (Guarente and Ptashne, 1981) with 

its upstream activation sequence replaced by two restriction enzyme sites. Different versions of 

these vectors were made to integrate into the K. lactis genome and into the S. cerevisiae genome. 

Plasmids and strains are reported in Supplementary files 1 and 2. 

To make the full-length RPG GFP reporters, the wild-type intergenic regions were 

obtained by PCR with ExTaq (Takara) from genomic DNA, flanked by directional restriction 

enzyme sites for SacI and AgeI. These were cloned using a 2:1 ratio into pTS16 digested with 

the same restriction enzyme sites, and ligated using Fastlink ligase (Epicentre) to make pTS170 

and pTS174. 

To scramble Mcm1 and Rap1 binding sites, these sites were put into a text scrambler, 

then the resulting sequences were queried in ScerTF (Spivak and Stormo, 2012) to see if they 

contained matches to any other known transcription factor binding site motifs. If not, they were 

used for further experiments. 

To make pTS171, pTS175, and pTS243-246 DNA sequences were synthesized 

containing scrambled Mcm1, Rap1 sites, or both. The insert for pTS171 and pTS243-244 were 

cloned into pTS170 using the restriction enzymes SacI and Bsu36i. The insert for pTS175 and 

pTS245-246 was cloned into pTS174 using SacI and EcoRV. 

The vectors pTS176-179 contain the K. lactis RPS23 Rap1-Mcm1 operator upstream of 

the CYC1 promoter. These vectors were made by annealing oligos and ligating them in a 50:1 

ratio into pTS26 digested with NotI and XhoI. The equivalent vectors for S. cerevisiae are 

pTS181-184 and were made by cloning into pTS180 with NotI and XhoI. The constructs testing 
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the spacing between Rap1 and Mcm1 sites (pTS189-203 and pTS209-224) were cloned using the 

same approach. For pTS189-203 the intervening sequence between the sites was partially 

duplicated for some constructs to increase the spacing. For pTS209-224 the endogenous spacing 

was 80 bp so the entire series was made with deletions starting immediately downstream from 

the Rap1 site. 

The reporters testing how weak Mcm1 sites cooperate with Rap1 were cloned by first 

adding a BamHI site along with a palindromic Mcm1 site (Acton et al., 1997) into the reporter 

containing the K. lactis RPS23 Rap1-Mcm1 operator to make pTS247 and pTS248 (with a 

scrambled Rap1 site). Then variants of the palindromic site containing point mutations were 

cloned into these two vectors using BamHI and XhoI. For each variant, two point mutations were 

made to preserve the palindromic nature of the Mcm1 binding site (Acton et al., 1997). 

These reporters were digested with KasI and HindIII and integrated into the K. 

lactis genome by transformation as previously described (Kooistra et al., 2004) and into the S. 

cerevisiae genome using a standard lithium-acetate transformation. Yeast were grown on non-

selective media for 24 hr then replica plated onto plates containing at least 100 µg/mL 

Hygromycin B. For the spacing and weak Mcm1 reporter series, the reporters are enumerated in 

the plasmid list but not the strain list. This is because they were transformed into K. lactis, tested, 

then discarded due to their large numbers. For each reporter, four independent isolates were 

measured, but isolates where the full reporter had not integrated were discarded, resulting in 3 or 

four replicates per construct. 

The HIS3 reporters were generated by performing PCR on the equivalent GFP reporters 

to generate wild-type, Rap1AS, and scrambled versions of the RPS23 fragment containing Rap1 

and Mcm1 binding sites with NcoI and SacII restriction sites on the ends. These fragments were 
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cloned in a 3:1 ratio into similarly digested UASRap1WT-HIS3 reporter plasmid (Garbett et al., 

2007; Mencía et al., 2002). These reporters were digested with SpeI and SalI and integrated into 

the S. cerevisiae genome via lithium-acetate transformation. Transformants were selected on 

media lacking TRP1 and integration at the correct locus was confirmed via PCR. 

GFP reporter assays 

K. lactis and S. cerevisiae reporters were grown overnight in 1 mL cultures in 96 well 

plates in synthetic complete media. The next day, cells were diluted into synthetic complete 

media to OD600 = 0.025 – 0.05 and grown for 3 hr. Cells were measured by flow cytometry on a 

BD LSR II between 3 hr and 4 hr after dilution. A total of 10,000 cells per strain were recorded. 

Cells were gated to exclude debris, and the mean fluorescence for each strain was used for 

comparing among different strains. For each reporter, three to four independent isolates were 

checked, as we were interested in large differences and standard deviations within samples were 

small. In the case that one of the isolates anomalously showed expression equivalent to 

background, while the other isolates showed similar but detectable fluorescence, the anomalous 

isolate was excluded from analysis. Experiments were performed a minimum of two times on 

different days. Strains were not blinded for data collection or analysis. 

HIS3 reporter assays 

HIS3 reporter expression in S. cerevisiae was scored by growth assays performed on 

three independent biological replicates. In these assays, S. cerevisiae were grown overnight to 

saturation and serially diluted 1:4 in sterile water in 96-well plates. These dilution series were 

spotted using a pinning tool (Sigma) onto Synthetic Complete (SC) media (0.67% (w/v) yeast 

nitrogen base without amino acids, 2% (w/v) dextrose, 0.2% (w/v) amino acid dropout mixture) 

either with His (+His, non-selective media) or without His and with 3-aminotriazole (-His + 3 
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AT, selective media). Plate images were acquired using the ChemiDoc MP Imager (Bio-Rad) 

and processed using ImageLab software (Bio-Rad) after 2 days of growth at 30˚C. 

Interspecies hybrids 

To construct the interspecies hybrids for allelic expression measurements, multiple 

isolates of different species were mated together. Strains with complementary markers were 

grown on YEPD plates for 2 days, then mixed together in patches on 5% malt extract plates for 

2 – 4 days. These patches were then observed under the microscope to check for zygotes and 

streaked out onto plates that select for mating products. Hybrids were tested by PCR for products 

that were species, and mating-type specific. Kl. lactis × Kl. dobzhanskii matings were attempted, 

but were unsuccessful, perhaps because the Kl. dobzhanskii isolate used was an a/α strain. Kl. 

lactis × L. kluyveri zygotes were observed when the two species were mixed with Kl. 

lactis alpha-factor, but no mating products were obtained. One cross of Kl. lactis and Kl. 

aestuarii produced zygotes and mating products, but the Kl. aestuarii isolate turned out to be an 

isolate of Kl. wickerhamii instead (discovered upon genome-sequencing). In all, three Kl. 

lactis × Kl. wickerhamii matings, and one Kl. lactis × Kl. marxianus mating—each with three 

isolates—were obtained and carried forward for analysis. Kl. lactis × Kl. wickerhamii hybrids are 

yTS347 and yTS349 (two matings between yLB13a and yLB122), and yTS353 (a mating 

between yLB72 and yLB66c). The Kl. lactis × Kl. marxianus mating was yTS352 (a mating 

between yLB72 and CB63). Sample sizes were determined by the number of samples in our 

sequencing kit and the number of isolates we recovered from matings. 

Both mRNA and genomic DNA were sequenced from the hybrids. Genomic DNA of one 

isolate of each of the Kl. lactis × Kl. wickerhamii hybrids (yTS347, yTS349 and yTS353) was 

sequenced, along with all three isolates of the Kl. lactis × Kl. marxianus hybrid, and one isolate 
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of each of the parental strains. Cells were grown in 5 mL cultures overnight in YEPD. Genomic 

DNA was prepared using a standard ‘smash and grab’ protocol, where cells are lysed with 

phenol/choloroform/isoamyl alcohol and glass beads. DNA was precipitated twice and treated 

with RNase A, then sheared on a Diagenode Bioruptor for 2 × 10 min (30 s on 1 min off) on 

medium intensity. Genomic DNA was prepared for sequencing using the NEBNext Ultra DNA 

Prep Kit for Illumina E7370 (New England BioLabs). 

All three isolates of each of the four hybrids were prepared for mRNA sequencing. Cells 

were grown overnight, then diluted back into YEPD to OD600 = 0.2 and grown for 4 – 8 hr until 

they reached OD600 = 0.7 – 1.0. The growth rate of the Kl. lactis ×Kl. wickerhamii hybrids was 

slower and more variable between isolates. At this point, cells were pelleted and frozen in liquid 

nitrogen. mRNA was extracted using the RiboPure kit AM1926 (Applied Biosystems). 

Polyadenylated RNAs were selected using two rounds of the Oligotex mRNA Kit 70022 

(Qiagen). The samples were then concentrated using the RNA Clean and Concentrator-5 (Zymo 

Research). 

Libraries were prepared using the NEBNext Ultra Directional RNA Library Prep Kit for 

Illumina E7420 (New England BioLabs). mRNA and library quality were assessed using a 

Bioanalyzer 2100 (Agilent). Sequencing was performed at the University of California, San 

Francisco Center for Advanced Technology on an Illumina HiSeq 4000. 

Allelic expression analysis 

Raw sequencing data was checked for quality control using FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Next, each of the genomic DNA 

isolates was aligned separately to each of four genomes: Kl. lactis, Kl. marxianus, Kl. 

wickerhamii, and Kl. aestuarii. In each case, reads uniquely mapped to the expected genome(s) 
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and few reads mapped to other genomes. The strain yTS349 was previously thought to be a Kl. 

lactis ×Kl. aestuarii hybrid, but sequencing revealed it was in fact a Kl. lactis ×Kl. 

wickerhamii hybrid, and was treated as such for the analyses. 

The genomes for Kl. lactis, Kl. marxianus, and Kl. wickerhamii were annotated using the 

yeast genome annotation pipeline from YGOB to standardize the gene annotation and ortholog 

assignment. Kl. lactis is already included in YGOB. These files were converted to gff format 

using convert_YGAP_GFF.py and genes were extracted using pull_genes.py. Next, hybrid 

genomes were created in silico by concatenating fasta sequences of the genes of each species. 

mRNA and gDNA reads were aligned to the hybrid genomes on a computer cluster using the 

script aln_reads.py, which calls Bowtie 2 (Langmead and Salzberg, 2012). Default parameters 

were used, which allow mismatches in Bowtie 2. However, reads that mapped equally well to 

multiple locations in the genome were removed after alignment using discard_multimapping.py. 

Because ribosomal proteins are highly conserved, they contain stretches of more than 50 bp that 

are identical between the orthologs belonging to each species in the hybrid. Thus, this filtering 

step is necessary to assure reads map uniquely to the ortholog from one species or the other. 

To quantify differential allelic expression, the reads aligning to each gene were counted 

using ASE_server.py. mRNA counts of the three Kl. lactis × Kl. marxianus replicates and seven 

of the nine Kl. lactis × Kl. wickerhamii hybrids that were sequenced were highly similar. The 

two other isolates showed that one of the genomes in the hybrid was present at a lower level than 

the other suggesting it had been lost from some of the cells (although each of the two isolates lost 

a different parental genome). The seven reproducible isolates were then treated as replicates for 

the rest of the analysis. Genome sequencing also revealed that there were two copies of the Kl. 

marxianus genome in each of the Kl. lactis × Kl. marxianus hybrids, suggesting that our 
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parental Kl. marxianus strain was a diploid. The mRNA read counts for each gene in each 

replicate were then normalized to the total reads in the experiment. Second, they were divided by 

the gDNA read counts from each gene, thus controlling for the effect of two Kl. 

marxianus genomes in the Kl. lactis × Kl. marxianus hybrids. (The gDNA read counts per gene 

were averaged across replicates for each hybrid, so all the replicates were divided by the same 

gDNA count). Finally, the Kl. lactis ortholog read count was divided by either the Kl. 

marxianus or the Kl. wickerhamii ortholog to get a differential allelic expression value for each 

ortholog pair in each replicate. 

To calculate significance of differential allelic expression, a two-sided one-sample t-test 

was used on the log2(differential allelic expression), across replicates (three replicates in the case 

of the Kl. lactis × Kl. marxianus hybrid and seven in the case of the Kl. lactis × Kl. 

wickerhamii hybrid). The significance of each gene was calculated using the Benjamini-

Hochberg procedure to control the false-discovery rate at 0.05. To test for concerted differential 

allelic expression in the ribosomal proteins, as well as across all gene ontology (GO) terms, the 

geometric mean of each group of genes was calculated, then tested by the hypergeometric test to 

see if they were enriched for genes at least 1.1-fold up or down in Kl. lactis. Altering this fold 

cutoff had little effect on the results. These tests were carried out using the ASE_local.py script. 

Protein expression and purification 

His6-Rap1 (S. cerevisaie) used in main text gel shift experiments was expressed using a 

previously generated pET28a-Rap1 expression vector in Rosetta II DE3 E. coli and purified as 

described (Johnson and Weil, 2017). In brief, after inducing expression in E. coli cells grown to 

an OD600 of 0.5 – 1 for 4 hr with 1 mM IPTG at 37°C, cell pellets from 500 mL of culture were 

resuspended in 20 ml of Rap1 Lysis/Wash buffer (25 mM HEPES-NaOH (pH 7.6), 10% v/v 
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glycerol, 300 mM NaCl, 0.01% v/v Nonidet P-40, 1 mM Benzamidine, 0.2 mM PMSF) and 

lysed via treatment with 1 mg/mL lysozyme and sonication. Lysate cleared via centrifugation 

was incubated with 2.5 mL Ni-NTA agarose (Qiagen) equilibrated with Rap1 Lysis/Wash buffer 

for 3 hr at 4°C to allow for His6-Rap1 protein binding. Following 3 washes with Rap1 

Lysis/Wash buffer, Ni-NTA agarose-bound proteins were transferred to a disposable column and 

eluted using Rap1 Lysis/Wash buffer containing 200 mM Imidazole. 

To generate S. cerevisiae Mcm1 for the gel shift and Far Western protein-protein binding 

assays presented in the main text, S. cerevisiae MCM1 was cloned into a vector that would allow 

its expression and purification with an N-terminal MBP tag and PreScission protease cleavage 

site. Specifically, S. cerevisiae MCM1 was amplified from S. cerevisiae genomic DNA and 

cloned into a p425 GAL1 expression vector (Mumberg et al., 1994) containing an MBP-3C tag 

(Feigerle and Weil, 2016) using the SpeI and XhoI restriction enzymes. MBP-3C-Mcm1 vector 

was expressed in yeast grown to an OD600 of ~3 in 1% w/v raffinose via induction with 2% w/v 

galactose for 3 hr at 30˚C. Yeast cell pellets obtained from 1L of culture were resuspended in 4 

mL Mcm1 Lysis Buffer (20 mM HEPES-KOH (pH 7.6), 500 mM potassium acetate, 10% v/v 

glycerol, 0.5% v/v Nonidet P-40, 1 mM DTT +1X protease inhibitors (0.1 mM PMSF, 1 mM 

Benzamidine HCl, 2.5 µg/mL aprotinin, 2.5 µg/mL leupeptin, 1 µg/mL pepstatin A)). Cells were 

lysed via glass bead lysis. Soluble cell extract was obtained via centrifugation and mixed with 2 

mL DE-52 resin pre-equilibrated with Mcm1 Lysis Buffer for 5 min at 4˚C. Flowthrough from 

the DE-52 purification was collected and diluted with 20 mM HEPES-KOH, 10% v/v glycerol, 

and protease inhibitors to reduce the concentration of potassium acetate and Nonidet P-40 to 200 

mM and 0.2% v/v, respectively. Binding to 600 µl amylose resin was performed in batch for 2 hr 

at 4˚C. Amylose resin-bound proteins were transferred to a disposable column, washed with 10 
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column volumes of Mcm1 Wash Buffer (20 mM HEPES-KOH, 200 mM potassium acetate, 10% 

v/v glycerol, and protease inhibitors) and eluted with 10 column buffers of Mcm1 Wash Buffer 

containing 10 mM maltose. For gel shift reactions, the N-terminal MBP tag was removed by 

incubating multiple 50 µl reactions each containing 12 pmol MBP-Mcm1 and 48 pmol lab-

generated 3C protease for 30 min at 4˚C. 

Taf1-TAP TFIID used for Far Western protein-protein binding analyses was purified via 

a modified tandem affinity protocol as previously described (Feigerle and Weil, 2016). GST-, 

His6-Taf3, His6-Taf4 and GST-Taf4 were expressed in E. coli and purified via chromatographic 

methods that varied upon each protein (Layer et al., 2010). 

To generate material for the gel shift experiments in the supplement, the full-length 

Rap1-His6 protein from Kl. lactis was purified from E. coli. Rap1 was amplified from genomic 

DNA and cloned into the pLIC-H3 expression vector using XmaI and XhoI to make pTS207. 

This protein was purified using a His6 tag as previously described (Lohse et al., 2013). The full-

length Mcm1-HA protein from Kl. lactis and S. cerevisiae was purified from S. cerevisiae. The 

genes were amplified from genomic DNA and cloned into p426 Gal1P-MCS (ATCC 87331) 

using BamHI and HindIII to make pTS226 (S. cerevisiae Mcm1) and pTS227 (Kl. lactis Mcm1). 

These plasmids were transformed into S. cerevisiae W303 for expression. Cells were grown 12 

hr in SC –Leu at 30 ˚C, then in YPGL (1% yeast extract, 2% peptone, 3% glycerol, 2% lactate) 

for 10 – 12 hr. Then cells were diluted into 1L YPGL to OD600 = 0.3 and grown for 4 – 5 hr until 

OD600 = 0.6. Cells were induced with 2% galactose (added from a 40% galactose stock) for 1 hr. 

Then cells were pelleted, resuspended in an equal volume of lysis buffer, and pipetted into liquid 

nitrogen to make pellets. Cells were lysed in a Cryomill (Retsch) 6 times for 3 min at 30 Hz, 

refreezing in liquid nitrogen between cycles. 
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Cell powder was thawed on ice and diluted to 4 mL/g frozen pellet with lysis buffer (100 

mM Tris pH 8.0, 1 mM EDTA, 10 mM fresh β-mercaptoethanol, 10% glycerol, 200 mM NaCl). 

Lysate was resuspended by pipetting, then cleared by centrifugation for 2 hr at 200,000 x g. 

Protein was bound to 250 µl of HA-7-agarose (Sigma) slurry per liter yeast culture for 1 hr at 4 

˚C. Lysate was applied to a Polyprep mini disposable gravity column (Biorad) and washed 4 

times with 10 mL lysis buffer. The protein was eluted 4 times with one bed volume of 1 mg/mL 

HA peptide in lysis buffer after incubating 30 min on a tilt board at room temperature. The 

protein was stored in aliquots at −80 ˚C. 

Extract for gel shifts was prepared as previously described (Baker et al., 2011). 25 mL 

cultures of cells were grown to OD = 0.8 – 1.0, and frozen at −80 ˚C. Cells were lysed in 300 µl 

extract gel shift buffer (100 mM Tris pH 8.0, 200 mM NaCl, 1 mM EDTA, 10 mM MgCl2, 10 

mM β-mercaptoethanol, 20% glycerol, EDTA-free protease inhibitor cocktail (Roche)) with 200 

µl glass beads on a vortexer for 30 min. Lysate was cleared by centrifugation at 18,000 x g for 20 

min and diluted for experiments. 

Gel-mobility shift assays 

For the main text experiments, purified S. cerevisiae His6-Rap1 and Mcm1 were 

incubated either individually or in combination in increasing amounts as indicated in the figure 

legend. All binding reactions were performed using 10 fmol (7000 cpm) of a 79 bp 32P-labeled 

fragment of the Kl. lactis RPS23 promoter containing the Rap1 and Mcm1 binding sites 

generated via PCR, EcoRI restriction enzyme digestion, and native PAGE purification. Binding 

reactions were performed in binding buffer (20 mM HEPES-KOH (pH 7.6), 10% v/v glycerol, 

100 mM KCl, 0.1 mM EDTA, 1 mM DTT, 25 µg/µl BSA, 25 µg/µl Poly(dG-dC) (double-

stranded, alternating copolymer) in a final volume of 20 µl. For competition reactions, binding 
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was performed in the presence of 100-fold molar excess of cold Rap1 WT (RWT) or Rap1 

scrambled (Rsc) sequences and/or the Mcm1 WT (MWT) or Mcm1 scrambled (Msc). Reactions 

were allowed to proceed for 20 min at room temperature before loading onto 0.5X TBE-buffered 

(44.5 mM Tris, 44.5 mM Boric acid, 1 mM EDTA (pH 8.0)) 5% polyacrylamide gels and 

electrophoresed for 1 hr at 200V at room temperature. Gels were vacuum dried and 32P-DNA 

signals detected via K-screen imaging using a BioRad Pharos FX imager. 

Gel shift experiments in the supplemental material were performed as previously 

described (Lohse et al., 2010). Binding reactions were carried out in 20 mM Tris pH 8.0 50 mM 

potassium acetate, 5% glycerol, 5 mM MgCl2, 1 mM DTT, 0.5 µg/µl BSA, 25 µg/µl poly(dI-dC) 

(Sigma). 

Far western assay 

Purified proteins tested for direct interaction with Mcm1 in Far western protein-protein 

binding assays were separated on parallel 4 – 12% NuPAGE Bis-Tris polyacrylamide gels (Life 

Technologies). 0.5 pmol Taf1-TAP TFIID, 1 pmol His6-Taf3, and 1 pmol His6-Taf4 were used in 

the assay to test for direct Mcm1 interaction with TFIID subunits. In the assay used to identify 

the Taf4 Mcm1 binding domain,~0.4 pmol of each Taf4 form, 0.8 pmol His6-Taf3, and 0.8 pmol 

GST were used. For each experiment, one gel was stained using Sypro Ruby protein stain 

(Invitrogen) to monitor protein integrity and amount. The other gel(s) were transferred to PVDF 

membranes pre-equilibrated in transfer buffer. Following transfer, PVDF membranes were 

incubated with renaturation buffer (20 mM HEPES-KOH pH 7.6, 75 mM KCl, 25 mM MgCl2, 

0.25 mM EDTA, 0.05 v/v% Triton X-100 and 1 mM DTT freshly added) for 90 min at 4˚C on a 

tiltboard. The PVDF membrane was then blocked using 5% non-fat milk in renaturation buffer 

for 30 min at room temperature on a tiltboard. The overlays were performed overnight with 10 
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nM MBP or 10 nM MBP-Mcm1 with 1% BSA (Roche) as a nonspecific competitor in 

renaturation buffer. Bound MBP- or MBP-Mcm1 was detected using a standard immunoblotting 

protocol (primary antibody MBP (NEB Catalog#E8032), used at a dilution of 1:5,000, secondary 

antibody horse anti-mouse IgG, HRP-linked (Cell Signalling Catalog#7076), used at a dilution of 

1:5,000). Detection of bound proteins was achieved via incubation with ECL (GE) and X-ray 

film. 

Data and code availability 

Interspecies hybrid expression data is available at the Gene Expression Omnibus (GEO) 

repository under accession number GSE108389. Flow cytometry data is available at Flow 

Repository under accession numbers FR-FCM-ZYWS, FR-FCM-ZYWT, FR-FCM-ZYWU, FR-

FCM-ZYWV, FR-FCM-ZYJZ, FR-FCM-ZYJY, and FR-FCM-ZYJ2. Code used in 

computational analyses is available at doi.org/10.5281/zenodo.1341284. 
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Figure 2-1. Repeated evolution of Mcm1 cis-regulatory sites at RPGs. 
(A) The Mcm1 sites are found upstream of the ribosomal protein genes (RPGs) in several 

different clades in the Ascomycete fungi.The first column, colored in green, shows the 
proportion of ribosomal proteins in each species that contains at least one Mcm1 site at a cutoff 
of ~50% the maximum log likelihood score using a position weight matrix. The second column, 
colored in blue, shows the –log10(P) for the enrichment of these Mcm1 binding sites relative to 
upstream regulatory regions genome-wide, as expected under the hypergeometric distribution. 
Dis-enrichment values are not highlighted. The phylogeny is a maximum likelihood tree based 
on the protein sequences of 79 genes found in single copy in most species. Key species discussed 
in this paper and previous literature are highlighted with blue background indicating enrichment 
for Mcm1 binding sites or gray indicating no enrichment. (B) Results of two models estimating 
the numbers of gains and losses of Mcm1 cis-regulatory sites at the RPGs. Shown is one 
example tree out of 10,000 sampled for each of the two models. Gains are indicated in filled 
circles and losses are indicated in open circles. Major nodes with a high amount of uncertainty 
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over all of the sampled trees (0.2 < proportion with Mcm1 sites < 0.8) are shown as pie graphs 
with the proportion of simulations with that ancestor having Mcm1 sites shown in green. Other 
nodes have a high proportion (>0.8) of trees matching the example tree. (C) Intergenic regions 
upstream of two ribosomal proteins in the species Kluyveromyces lactis were positioned 
upstream of a GFP reporter. The Mcm1 cis-regulatory sites were scrambled and the wild-type 
and mutant reporters were integrated into the Kl. lactis genome. Cells were grown for 6 hr in rich 
media and expression was measured by flow cytometry. Shown is the single-cell fluorescence 
distribution for three independent genetic isolates and the median (red bar), normalized by 
forward-scatter values. The values were divided by the average fluorescence for a cell lacking a 
GFP reporter (fold above background). (D) The RPL37 reporter strains were diluted into rich 
media and fluorescence and optical cell density (OD600) were measured every 15 min in a plate 
reader. Shown is the change in fluorescence between consecutive time points divided by the 
OD600 for eight technical replicates comprised of the three independent genetic isolates of each 
strain.  
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Figure 2-1(S1). Evolution of RPG regulation. 
The binding sites for 11 different known regulators of the ribosomal protein genes and 
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one newly identified motif (‘B.cin’) found in many species was scored across 135 Ascomycete 
genomes.The S. cerevisiae ortholog gene name is shown above each column. For each regulator, 
the first column shows in green the proportion of ribosomal proteins in each species that contains 
at least one binding site at the log likelihood score cutoff indicated above. The second column 
shows the –log10(P) for the enrichment of these Mcm1 binding sites relative to upstream 
regulatory regions genome-wide, as expected under the hypergeometric distribution. The 
phylogeny is a maximum likelihood tree based on the protein sequences of 79 genes found in 
single copy in most species. At the top of the figure the broad distribution of the binding sites is 
indicated. Rrn7 corresponds to the Homol-D box, Tbf1 to the Homol-E box, and Hmo1 to the 
IFHL motif described in Tanay et al. (2005).  
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Figure 2-1(S2). Mcm1 is an activator of the RPGs in Kl lactis. 
(A) Reporter constructs from Figure 2-1C were analyzed for their cell-to-cell variation in 

expression.Shown is the coefficient of variation for each of three independent genetic isolates as 
in Figure 2-1C. (B) The reporter constructs from Figure 2-1C were measured over the course of 
8 hr as they began to reach stationary phase. Shown is the mean fluorescence for the three 
independent genetic isolates for each construct.  
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Figure 2-2. Selection on RPG expression level in Kluyveromyces. 
(A) Schematic of the experimental approach to measure differences in gene expression 

between Kluyveromyces yeast species. Two interspecies hybrids were constructed through 
mating and mRNA and genomic DNA were sequenced. The differential allelic expression is the 
ratio of the number of reads mapping to the coding sequence of one gene vs. its ortholog in the 
genome of the other species. The mRNA reads for each gene were normalized to the total reads 
and to the genomic DNA reads mapping to the same region to control for biases introduced in 
the sequencing and analysis process. (B) The log2-ratio of allelic expression with the lactis allele 
in the numerator is shown for (left) the Kl. lactis ×Kl. marxianus hybrid (n = 3) and (right) 
the Kl. lactis ×Kl. wickerhamii hybrid (n = 7). Shown are histograms for ribosomal protein genes 
and the rest of the identified orthologs in the genome.  
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Figure 2-2(S1). Technical validation of allele-specific experiments. 
(A) Scatterplots for pairwise comparisons between replicates for the lactis-

marxianus hybrid are shown. Shown is allele-specific expression (ASE) which includes the 
mRNA and gDNA read counts for each coding sequence in the genome. (B) Shown are 
Pearson’s R correlations for ASE between the nine replicates of the lactis-wickerhamii hybrid. 
Replicates 6 and 9 showed the lowest correlation due to chromosome loss and were not included 
in further analyses.  
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Figure 2-2(S2). Mcm1 site evolution and allele-specific expression. 
For each ribosomal protein gene, the difference in the Mcm1 position weight matrix score 

between the Kl. lactis ortholog and either (A) the Kl. marxianus or (B) the Kl. 
wickerhamii ortholog was calculated. This was plotted versus the allele-specific expression value 
for each gene.  
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Figure 2-3. Ancestral cooperativity of Mcm1 with Rap1. 

(A) Schematic of Mcm1 and Rap1 cis-regulatory sites at the RPGs. (B) RPG promoters 
were aligned at the strongest hit to the Mcm1 position weight matrix and the relative location of 
Rap1 cis-regulatory sites was plotted. Sites for Rap1 with log-likelihood >6.0 are shown at 1 bp 
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resolution. Hemiascomycete yeast (the 29 species at the top of the tree in Figure 2-1A) are 
divided into those with large numbers of Mcm1 sites at the ribosomal protein genes (purple 
shading) and those without (gray line). (C) Schematic using published structures of Mcm1 and 
Rap1 DNA-binding domains (PDB IDs: 1MNM and 3UKG) bound to DNA connected by a 
DNA linker corresponding to 55 bp spacing between their cis-regulatory sites. Rap1 is shown in 
purple and Mcm1 is shown in green. (D–H) The ability of Mcm1 to work with the ribosomal 
protein gene regulator Rap1 was tested using a GFP reporter. (D) The Rap1 and Mcm1 cis-
regulatory sites from Kl. lactis RPS23 and RPS17 were placed in a reporter containing the S. 
cerevisiae CYC1 basal promoter. Reporter variants were generated by altering the spacing 
between these sites and by mutating the sites individually and in combination. (E, F) Reporter 
variants were integrated into the genome of Kl. lactis. Cells were grown for 4 hr in rich media 
and expression was measured by flow cytometry. (E) Shown is the mean fluorescence for at least 
three independent genetic isolates. The values were divided by the average fluorescence for a 
cell lacking a GFP reporter (fold above background). The measurements 
for RPS23 and RPS17 were collected on separate days and are shown on the same axes for 
clarity. (F) Shown is the single-cell fluorescence distribution for three independent genetic 
isolates and the median (red bar), normalized by side-scatter values. (G) Diagrams showing the 
phylogenetic distribution of ancestral or derived cooperativity. (H) The RPS23 reporter variants 
were integrated into the genome of S. cerevisiae, a species that lacks Mcm1 cis-regulatory 
sequences at the ribosomal protein genes. Cells were grown and measured as described in (F). 
(For the third construct, one isolate had multiple reporter insertions and was not included.). 
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Figure 2-4. Mcm1 interacts with TFIID. 
Experiments were performed in S.cerevisiae or using S. cerevisiae proteins to test the 

mechanism of Rap1-Mcm1 cooperativity. (A) Gel shift DNA binding assays were performed to 
test possible cooperative DNA binding between purified ScMcm1 and ScRap1. Gel shift 
reactions were performed by incubating 10 fmol (~7000 cpm) of a 79 bp 32P-labeled fragment of 
the Kl. lactis RPS23 promoter containing the Rap1 and Mcm1 binding sites (see Figure 2-3D) 
with either no protein, 2.5 fmol Rap1, 5 fmol Rap1, 10 fmol Rap1, 10 fmol Mcm1, 20 fmol 
Mcm1, 30 fmol Mcm1, or 2.5 fmol Rap1 with 10, 20, or 30 fmol Mcm1. Reactions also included 
either no cold competitor DNA or a 100-fold molar excess of cold ~20 bp DNA containing either 
the Rap1 WT (RWT) or Rap1 scrambled (Rsc) sequences and/or the Mcm1 WT (MWT) or Mcm1 
scrambled (Msc) sequences in a final volume of 20 µl. Reactions were fractionated on non-
denaturing polyacrylamide gels, vacuum dried, and imaged using a Bio-Rad Pharos FX imager. 
Radiolabeled species are indicated on the left (R,M-DNA = Rap1-Mcm1-DNA, R-DNA = Rap1 
DNA, M-DNA = Mcm1 DNA) (B) Sypro Ruby stain of SDS-PAGE fractionated MBP (2.4 
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pmol) and MBP-Mcm1 (1.3 pmol) probe proteins used for Far Western protein-protein binding 
analyses. (C) Far Western protein-protein binding analysis of Mcm1 binding to TFIID. Purified 
TFIID, His6-Taf3, and His6-Taf4 were separated on two SDS-PAGE gels. One gel was stained 
with Sypro Ruby for total protein visualization (left panel). The other was electrotransferred to a 
membrane for protein-protein binding analysis (middle and right panels). Membranes were 
probed with either control MBP (middle panel) or MBP-Mcm1 (right panel). Binding of probe 
proteins to Tafs was detecting using an anti-MBP antibody. (D) Mapping the Mcm1 Binding 
Domain (MBD) of Taf4. Roughly equal molar amounts of His6-Taf4, His6-Taf3, GST, GST-
Taf4, and GST-Taf4 deletion variants were fractionated on two SDS-PAGE gels. One gel was 
stained with Sypro Ruby for total protein visualization. The other gel was electrotransferred to a 
membrane and Mcm1-Taf protein-protein binding was assayed as described in (C) using the 
MBP-Mcm1 as the overlay protein. (E) Taf4 protein map indicating the location of the Taf4 
Mcm1 Binding Domain mapped in this study (MBD, green) as well as the Rap1 Binding Domain 
(RBD, purple) mapped in a previous study (Layer et al., 2010).  
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Figure 2-4(S1). Rap1 and Mcm1 do not cooperatively bind DNA. 
(A–C) Cleared cell extract from different species was incubated with radiolabeled probes 

containing Rap1 and Mcm1 binding sites, then run on polyacrylamide gels and imaged.A series 
of 4-fold dilutions is shown for each species’ extract. A fragment of the Kl. lactis 
RPS23 promoter containing the Rap1-Mcm1 binding sites spaced 53 bp apart (center-to-center) 
was used as the radiolabeled DNA oligonucleotide in (A, C and D). A fragment of the Ka. 
naganishii RPL1 promoter containing Rap1-Mcm1 binding sites 65 bp apart was used in (B). 
Rap1 sites are shown as purple squares, Mcm1 sites are shown as green squares, and scrambled 
sites are shown as ‘X’. (D) Gel shift using purified KlMcm1-HA and KlRap1-6-His. The highest 
concentration of KlMcm1-HA is approximately 100 nM, and the highest concentration 
of KlRap1-6-His is approximately 1 nM. A series of three-fold dilutions of the two proteins is 
shown as indicated above the gel image.  
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Figure 2-5. Mcm1-Rap1 cooperative activation requires Rap1-TFIID contacts. 
(A) A series of reporter constructs were designed to test the mechanism of Rap1-Mcm1 

cooperative activation. Experiments were performed in S. cerevisiae using S. cerevisiae proteins. 
(B) Growth analysis of yeast strains carrying the UASRap1-Mcm1 reporter (containing a fragment 
of the Kl. lactis RPS23 promoter) indicated in the diagram and either an altered DNA-binding 
specificity Rap1 variant (Rap1AS, magenta) or a second copy of Rap1WT (purple). To perform 
these analyses, yeast were grown overnight to saturation, serially diluted 1:4 and spotted using a 
pinning tool onto either non-selective media plates (+His) or plates containing 3-Aminotriazole 
(+3 AT), which selects for expression of the HIS3 reporter gene. Plates were incubated for 3 days 
at 30° C and imaged using a Bio-Rad ChemiDoc MP imager. (C) Immunoblot analyses of the 
expression levels of Myc-tagged Rap1WT and Myc-tagged Rap1AS (Myc IB) compared to actin 
(Actin IB) and total protein (Ponceau S) loading controls. (D) Rap1 protein map indicating 
the ScRap1 AD mapped to a location C-terminal of the Rap1 DBD and the seven key AD amino 
acids. These amino acids were mutated to alanine to inactivate the ScRap1 AD and create the 
Rap1AS 7Ala mutant variant. (E) Growth analyses performed using yeast carrying 
the UASRap1AS-Mcm1-HIS3 reporter and either Rap1AS, a second copy of Rap1WT, or 
Rap1AS7Ala performed as described in ‘B.’ (F) Immunoblot analysis of the Rap1 forms tested in 
(E) performed as described in (C).  
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Figure 2-6. Evolutionary implications of intrinsic cooperative activation. 
(A) A series of reporters were designed to test the transcriptional activation of a weak 

Mcm1 site in the presence and absence of a Rap1 site. A series of Mcm1 cis-regulatory sites 
were chosen with a range of affinities that correlate with transcription rate (Acton et al., 1997). 
The order of the sequences shown corresponds to their expression level on the x-axis. These sites 
were introduced to the S. cerevisiae CYC1 reporter and tested with (y-axis) and without (x-axis) 
an upstream Rap1 binding site. Cells were grown and measured as described in Figure 2-3E. The 
expression level of the WT RPS23 operator is shown as a dotted line. (B) A computational 
analysis was designed to detect evolution of Mcm1 sites at fixed distances from other ribosomal 
protein regulators. Ribosomal protein gene promoters were aligned at the strongest hit to the 
Mcm1 position weight matrix and the relative location of cis-regulatory sites for other 
transcription regulators was plotted. (C) The shading in each rectangle represents the proportion 
of ribosomal protein gene promoters in that species that have the given cis-regulatory site in that 
10 bp interval. The clades with a large number of Mcm1 cis-regulatory sequences are shown 
with black boxes.  
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Figure 2-6(S1). Evolution of Rap1-Mcm1 sites at additional genes. 
(A) Genome-wide promoters for a subset of hemiascomycete yeasts were searched for 
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Rap1 sites above ~%40 of the maximum score and that were oriented toward the activated gene 
(as seen in the ribosomal protein genes).Then, these genes were filtered by those that had an 
Mcm1 site between 52 and 78 bp downstream (where most of the Mcm1 sites are located in the 
ribosomal protein genes) and mapped to orthologs in S. cerevisiae. Shown are the number of 
orthologs that contained such a Rap1-Mcm1 site in the genome of each species. (B) Genes in Ka. 
naganishii with Rap1-Mcm1 sites as described in (A) were examined in closely related species. 
The scores reflect the maximum score for the Rap1 (left) or Mcm1 (right) position weight matrix 
in the intergenic region up to 1 kb. Based on the presence or absence in other species, they were 
categorized into how the sites arose in Ka. naganishii.  
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Figure 2-6(S2). Evolution of Mcm1 cis-regulatory sites near sites for other regulators. 
Shown are the locations of other cis-regulatory sites relative to the location of the best hit 

to the Mcm1 position weight matrix as in Figure 2-6C. Each of the regulators is shown 
separately for clarity.  
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Figure 2-7. Model for evolution of cis-regulatory sites through intrinsic cooperativity. 
Multiple gains of new Mcm1 sites occur in the ribosomal protein genes because Rap1 and 

Mcm1 both bind to TFIID, a general transcription factor. Due to the intrinsic cooperativity of 
Rap1 and Mcm1 (which is ancestral to the gains of Mcm1 cis-regulatory sequences) the 
evolution of even a weak Mcm1 site near an existing Rap1 site would produce an effect on 
transcription. Because they are more likely to be functional, weak Mcm1 cis-regulatory 
sequences are preferentially retained in the population if they arise at a specified distance (as 
determined by the shape of TFIID) from Rap1 cis-regulatory sequences. These sites would be 
preserved if there is direct selection to increase RPG expression, or if they are combined over 
time with the mutational degradation of other regulatory elements that bring the Mcm1 site under 
purifying selection.  
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ABSTRACT 

Ribosomes can stall during translation due to defects in the mRNA template or 

translation machinery, leading to the production of incomplete proteins. The Ribosome-

associated Quality control Complex (RQC) engages stalled ribosomes and targets nascent 

polypeptides for proteasomal degradation. However, how each RQC component contributes to 

this process remains unclear. Here we demonstrate that key RQC activities—Ltn1p-dependent 

ubiquitination and Rqc2p-mediated Carboxy-terminal Alanine and Threonine (CAT) tail 

elongation—can be recapitulated in vitro with a yeast cell-free system. Using this approach, we 

determined that CAT tailing is mechanistically distinct from canonical translation, that Ltn1p-

mediated ubiquitination depends on the poorly characterized RQC component Rqc1p, and that 

the process of CAT tailing enables robust ubiquitination of the nascent polypeptide. These 

findings establish a novel system to study the RQC and provide a framework for understanding 

how RQC factors coordinate their activities to facilitate clearance of incompletely synthesized 

proteins. 
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INTRODUCTION 

Eukaryotic cells contain several cotranslational quality-control pathways that limit the 

production of aberrant proteins and thereby maintain protein homeostasis. One such pathway is 

activated when a ribosome fails to complete translation, leading to the recruitment of specialized 

factors that disassemble the stalled ribosome and facilitate degradation of the nascent protein 

(Brandman and Hegde, 2016; Shoemaker and Green, 2012). A key effector of this process is the 

highly conserved Ribosome-associated Quality control Complex (RQC), which in budding yeast 

comprises the E3 ubiquitin ligase Ltn1p, the ATPase Cdc48p, and the poorly characterized 

proteins Rqc1p and Rqc2p (Brandman et al., 2012; Defenouillère et al., 2013; Verma et al., 

2013)—the human homologs of which are Listerin, VCP/p97, TCF25, and NEMF, respectively. 

The stalled translation complex is first separated into subunits by ribosome splitting factors, 

allowing the small ribosomal subunit (40S) and mRNA to be released. The RQC then recognizes 

and assembles on the large ribosomal subunit (60S) that still contains a nascent polypeptide 

linked to a tRNA molecule (60S:peptidyl–tRNA). Ltn1p facilitates ubiquitination of the nascent 

chain while on the 60S subunit, marking the incompletely synthesized protein for proteasomal 

degradation (Bengtson and Joazeiro, 2010; Shao et al., 2013). Additionally, Rqc2p recruits 

charged tRNAs to the 60S subunit to direct elongation of the nascent protein with a Carboxy-

terminal Alanine and Threonine extension, or CAT tail (Shen et al., 2015). 

Structural analysis of the yeast RQC, identification of the tRNA molecules that co-purify 

with the RQC, and biochemical characterization of failed nascent chains suggested that CAT 

tailing occurs on the 60S subunit by a unique mechanism that does not require an mRNA 

template or the 40S subunit (Shen et al., 2015). However, many questions about the mechanism 

of CAT-tail synthesis and the consequences of elongating nascent polypeptides with CAT tails 
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remain unanswered. Recent studies have suggested that one function of CAT tails is to facilitate 

aggregation of nascent polypeptides that fail to be ubiquitinated by Ltn1p (due to either 

disruptions in LTN1 or the absence of a suitable ubiquitin acceptor). CAT tail-driven aggregation 

may limit the otherwise toxic effects of incomplete translation products accumulating in the 

cytoplasm (Choe et al., 2016; Defenouillère et al., 2016; Yonashiro et al., 2016). However, our 

understanding of the functions of CAT tails in the context of an intact RQC or of the process of 

CAT tailing itself remains incomplete. 

Previous studies have analyzed the RQC in vitro by using cell-free translation systems 

based on rabbit reticulocyte lysates (Shao et al., 2013) or Neurospora crassa extracts 

(Doamekpor et al., 2016). In the presence of a suitable mRNA substrate, both cell-free systems 

recapitulate Ltn1p-dependent ubiquitination and thereby provide valuable insight into the 

mechanism by which Ltn1p orthologs discriminate between elongating and stalled ribosomes 

(Shao et al., 2013) and the role of the N-terminal domain of Ltn1p in binding the 60S subunit 

(Doamekpor et al., 2016). However, neither system recapitulates Rcq2p-dependent CAT tailing, 

leaving important unanswered questions about how CAT tails are synthesized and whether the 

two principal activities of the RQC—ubiquitination by Ltn1p and CAT tailing by Rqc2p—are 

functionally related. 

Although many studies have identified Rqc1p/TCF25 as a core component of the yeast 

and mammalian RQC required for nascent-chain degradation (Brandman et al., 

2012; Defenouillère et al., 2013; Shao and Hegde, 2014), Rqc1p’s precise structural and 

functional roles in the complex remain unclear. Previous work in yeast suggested that Rqc1p acts 

after Ltn1p to promote nascent-chain degradation. This hypothesis emerged from two lines of 

evidence: The presence of polyubiquitinated proteins in purified RQC depends on Ltn1p (and to 
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a lesser extent on Rqc2p) but not on Rqc1p or Cdc48p (Brandman and Hegde, 2016; Brandman 

et al., 2012); and recruitment of Cdc48p to the 60S subunit requires Rqc1p and nascent-chain 

ubiquitination (Defenouillère et al., 2013). However, these studies did not determine whether 

Rqc1p is necessary for ubiquitination of the nascent chain itself or whether recruitment of 

Cdc48p requires a direct interaction with Rqc1p. Therefore, the mechanism by which Rqc1p 

promotes nascent-chain degradation in vivo has remained unclear. 

In this study, we provide an in vitro characterization of the RQC in a budding-yeast 

extract that uniquely recapitulates ubiquitination by Ltn1p and CAT tailing by Rqc2p, providing 

new insights into RQC action in promoting degradation of stalled translation products. 

  



 148 

RESULTS 

A cell-free system that recapitulates Rqc2p-mediated nascent-chain elongation 

Because CAT tails have thus far only been observed in S. cerevisiae (Choe et al., 

2016; Defenouillère et al., 2016; Shen et al., 2015; Yonashiro et al., 2016), we used S. 

cerevisiae extracts to recapitulate Rqc2p-mediated elongation in vitro. Although S. 

cerevisiae has long been used for in vitro translation (Hussain and Leibowitz, 1986; Iizuka et al., 

1994; Rojas-Duran and Gilbert, 2012; Tarun and Sachs, 1995), these reactions are notoriously 

inefficient. Further exacerbating this problem, we aimed to program these reactions with 

truncated mRNA substrates that trigger quality control, which are translated less efficiently 

because they lack poly(A) tails that normally enhance translation. Thus, we found it necessary to 

first establish an optimized protocol that could reproducibly generate translation products that 

were detectable by immunoblotting (see Materials and Methods). Critical aspects of our protocol 

included: (1) lysing cells with a freezer mill under cryogenic conditions rather than by bead 

beating in the cold; (2) minimizing the number of lysis cycles; (3) removing small molecules by 

dialysis rather than by size-exclusion chromatography; and (4) programming translation 

reactions with an mRNA encoding a small protein (i.e., 23 kDa NanoLuc luciferase), which is 

translated more efficiently than an mRNA encoding a larger protein (e.g., 62 kDa firefly 

luciferase). 

To produce a substrate for the RQC, we used a truncated reporter mRNA that terminates 

with a sense codon (i.e., does not contain a stop codon, 3ʹ–untranslated region (3ʹ-UTR), or 

poly(A) tail). This type of mRNA substrate has been shown previously to generate a ribosome–

nascent chain complex stalled at the 3ʹ end of the message (Becker et al., 2011; Shao et al., 

2013). Our reporter mRNA encodes a NanoLuc luciferase (NL) protein in which the seven native 
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lysine residues have been mutated to arginine to avoid potential confounding effects of lysine 

ubiquitination. The protein also includes an N-terminal 3xHA tag (which is naturally devoid of 

lysines) to allow detection of translation products by immunoblotting. 

Programming S. cerevisiae in vitro translation (ScIVT) reactions with a full-length 

control mRNA that contains a stop codon and 3ʹ-UTR resulted in the time-dependent 

accumulation of a 23 kDa product corresponding to 3xHA-NL (Figure 3-1A, left). In contrast, 

ScIVT of a truncated mRNA initially produced a ~43 kDa mass-shifted product not observed in 

control reactions (Figure 3-1A, right), which we hypothesized corresponded to a peptidyl–tRNA 

intermediate. Remarkably, as the reaction proceeded we observed the disappearance of the 

initial ~43 kDa product and concomitant accumulation of smaller mass-shifted products ranging 

from 23 kDa to 43 kDa (Figure 3-1A, right). These mass-shifted products were reminiscent of 

CAT-tailed species previously observed in vivo (Choe et al., 2016; Defenouillère et al., 

2016; Shen et al., 2015; Yonashiro et al., 2016). 

To further characterize the mass-shifted species, we added a sequence encoding a TEV 

protease cleavage site (TCS) at the 3ʹ end of our mRNA substrate (Shen et al., 2015) and 

determined the susceptibility of the mass-shifted species to TEV protease and RNase. We 

reasoned that a nascent polypeptide with its C-terminus covalently linked to a tRNA molecule 

would be liberated by either TEV protease or RNase. In contrast, a nascent polypeptide 

containing an untemplated C-terminal amino-acid extension (e.g., a CAT tail) would be cleaved 

by TEV protease but not RNase, and a protein containing additional mass due to modifications 

anywhere except the C-terminus would be unaffected by either treatment. When treated with 

either RNase or TEV protease, the ~45 kDa intermediate observed at early time points was 

converted to a 25 kDa species, corresponding to the molecular weight of 3xHA-NL-TCS (Figure 



 150 

3-1B). Given that the average molecular weight of a tRNA is ~20 kDa, these results suggest that 

the ~45 kDa species contained a tRNA covalently linked to the C-terminus of 3xHA-NL-TCS 

(‘peptidyl–tRNA’)—which has previously been characterized as an intermediate of the quality-

control pathway (Shao et al., 2013; Shoemaker et al., 2010; Tsuboi et al., 2012). In contrast, the 

heterogeneous collection of ~25–45 kDa products that accumulated at later time points were only 

affected by TEV protease, converting them to a discrete 25 kDa species (Figure 3-1B), as 

expected if the products originally contained additional mass downstream of the TCS (i.e., 

appended to the C-terminus of 3xHA-NL-TCS). Because the truncated mRNA substrate used for 

ScIVT contained no sequences downstream of the TCS, this additional mass was necessarily 

untemplated and therefore consistent with CAT tails. Notably, the prominent peptidyl–tRNA 

species that accumulated at early time points was largely absent after 60 min of translation 

(Figure 3-1A and B), presumably due to peptidyl–tRNA hydrolysis that occurred after 

untemplated elongation of the nascent chain. 

In addition to being C-terminal and untemplated, another known feature of CAT tails is 

that their synthesis is strictly dependent on Rqc2p but not on Ltn1p or Rqc1p (Choe et al., 

2016; Defenouillère et al., 2016; Shen et al., 2015; Yonashiro et al., 2016). To determine if 

the ~23–43 kDa mass-shifted species share this property, we took advantage of the genetic 

tractability of S. cerevisiae and non-essential nature of the RQC by performing ScIVT using 

extracts prepared from ltn1Δ, rqc1Δ, and rqc2Δ strains. While reactions using ltn1Δ and rqc1Δ 

extracts yielded all of the mass-shifted products observed when using wild-type (WT) extracts 

(Figure 3-1C), reactions using rqc2Δ extracts did not (Figure 3-1D), consistent with those species 

corresponding to CAT-tailed protein. However, rather than producing the expected 23 kDa 

3xHA-NL protein, reactions lacking Rqc2p generated a relatively stable 43 kDa peptidyl–tRNA 
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species, indicating a defect in peptidyl–tRNA hydrolysis. This finding suggests that in addition 

to facilitating the incorporation of untemplated amino acids, Rqc2p may also be involved in 

promoting hydrolysis of the final peptidyl–tRNA bond and thereby liberating the nascent 

polypeptide. 

Previous biochemical and structural studies have suggested that Rqc2p engagement and 

subsequent CAT tailing must be preceded by ribosome splitting, which exposes the P-site tRNA 

and the surface of the Sarcin-Ricin loop (SRL) that are recognized by Rqc2p/NEMF (Lyumkis et 

al., 2014; Shao et al., 2015; Shen et al., 2015). In the case of truncated mRNAs that generate a 

ribosome stalled at the mRNA 3ʹ end with an empty A site, ribosome splitting is effected by the 

release-factor mimics Hbs1p and Dom34p (Shao et al., 2013; Shoemaker et al., 2010). 

Accordingly, ScIVT of a truncated mRNA in hbs1Δ or dom34Δ extracts generated only the ~43 

kDa product corresponding to an especially stable peptidyl–tRNA (Figure 3-1E), which is 

presumably protected within a stalled but intact 80S ribosome. Collectively, these data 

demonstrate that ScIVT of a truncated mRNA generates polypeptides containing untemplated 

Rqc2p-dependent C-terminal extensions. Although we have not been able to confirm that these 

extensions are composed of alanine and threonine residues (for technical reasons), we suspect 

that this is the case and therefore refer to the extensions as CAT tails for simplicity. 

The lack of CAT-tailing activity in rqc2Δ extracts (Figure 3-1D) is consistent with 

previous observations that CAT tails are absent from rqc2Δ strains in vivo (Choe et al., 

2016; Defenouillère et al., 2016; Shen et al., 2015; Yonashiro et al., 2016), which could reflect 

either a direct role for Rqc2p in CAT tailing (as suggested by structural studies) or indirect 

effects of RQC2 disruption on CAT tailing. To distinguish between these possibilities, we tested 

whether the absence of CAT-tailing activity in rqc2Δ extracts could be rescued by adding 
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purified Rqc2p to ScIVT reactions already in progress. Remarkably, the addition of exogenous 

Rqc2p (Figure 3-1(S1)) to rqc2Δ extracts restored both CAT-tail synthesis and peptidyl–tRNA 

hydrolysis, whereas the addition of a CAT-tailing-deficient Rqc2p mutant containing the D98A 

substitution (Shen et al., 2015; Yonashiro et al., 2016) did not promote either CAT-tail synthesis 

or robust peptidyl–tRNA hydrolysis (Figure 3-1F). These results provide direct evidence that 

Rqc2p is biochemically required for CAT tailing, consistent with its proposed role in recruiting 

alanine- and threonine-charged tRNAs to the 60S subunit (Shen et al., 2015). Also, our ability to 

temporally separate CAT tailing from canonical translation in vitro (by the addition of 

exogenous Rqc2p to rqc2Δ extracts) provided an experimental strategy for specifically testing 

the requirements of CAT-tail elongation. 

Mechanistic differences between CAT-tail synthesis and canonical translation 

Though previous structural studies of the RQC were instrumental in discovering CAT 

tailing and suggested a direct role for Rqc2p in the process (Shen et al., 2015), the mechanism of 

CAT tailing has only been inferred from these data and otherwise remains poorly characterized. 

In particular, no published studies have investigated the extent to which CAT tailing by the 

60S subunit is mechanistically similar to canonical elongation by the 80S ribosome. To address 

this question, we sought to examine the sensitivity of in vitro CAT tailing to a collection of well-

characterized chemical inhibitors that target different sites of the ribosome or elongation factors 

(Figure 3-2A) and thereby interfere with canonical translation. Importantly, because canonical 

translation is required to generate the substrate for the RQC (i.e., a stalled ribosome at the post-

splitting stage), it was necessary to temporally separate canonical translation from CAT tailing to 

isolate the effects of these inhibitors on the latter reaction. To do so, we first translated a 

truncated mRNA in rqc2Δ extracts in the absence of any inhibitors for 20 min to generate a pool 
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of RQC substrate (60S:peptidyl–tRNA). We then supplemented the reactions with one of the 

inhibitors (at a concentration that completely inhibited canonical translation in vitro; Figure 3-

2(S1)A) and purified Rqc2p (Figure 3-2(S1)B) (or a buffer-only control) to initiate CAT-tail 

synthesis. Finally, we allowed the reactions to proceed for an additional 40 min before analyzing 

the products by immunoblotting. 

As predicted by the structural analyses, treatment with drugs that target the peptidyl-

transferase center (PTC) of the 60S subunit (anisomycin and the chain terminator puromycin) 

completely prevented CAT-tail synthesis, providing direct evidence that the catalytic activity of 

the ribosome is required for CAT tailing (Figure 3-2B and C). Puromycin treatment also resulted 

in a complete collapse of the 43 kDa mass-shifted species to 23 kDa, confirming the identity of 

this larger species as peptidyl–tRNA (Figure 3-2B). In contrast to the dramatic effects of PTC 

inhibitors, inhibitors that target the 40S subunit (emetine and G418) did not inhibit CAT-tail 

synthesis (Figure 3-2B), consistent with the proposed 40S subunit–independent mechanism of 

CAT tailing. Surprisingly, cycloheximide—which binds in the E site of the 60S subunit and 

sterically clashes with the 3ʹ end of the deacylated tRNA during canonical translation—did not 

inhibit CAT tailing (Figure 3-2B). Cycloheximide insensitivity identifies an unanticipated 

feature of CAT-tail elongation that may reflect a distinct mechanism of deacylated-tRNA 

displacement in the absence of mRNA and the 40S subunit. 

It was previously proposed that specific Rqc2p–tRNA interactions impart selectivity for 

alanine- and threonine-tRNAs to CAT-tail elongation (Shen et al., 2015). However, it is not 

known if the translation elongation factors eEF1a and eEF2—which deliver aminoacyl-tRNAs to 

the ribosome and promote translocation, respectively—collaborate with Rqc2p to facilitate CAT-

tail synthesis. Strikingly, we found that drugs targeting either eEF1a or eEF2 (didemnin variants 
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(Carelli et al., 2015) or sordarin (Justice et al., 1998), respectively) had no effect on CAT tailing 

(Figure 3-2C). Because many canonical translation factors are GTPases, including eEF1a and 

eEF2, we also examined whether CAT tailing requires GTP hydrolysis. We tested for inhibition 

by the non-hydrolyzable GTP analog GMP-PCP, using a similar approach as before except that 

at the time of Rqc2p addition we stopped translation by adding emetine to prevent ongoing 

translation in the GTP control reaction. Consistent with the above differences between CAT-tail 

elongation and translation, treatment with GMP-PCP had no impact on CAT tailing (Figure 3-

2D), indicating that this mRNA-independent elongation mechanism does not require energy from 

GTP hydrolysis or the canonical activities of the translational GTPases eEF1a and eEF2. 

Collectively, these findings provide direct evidence that CAT tailing is a 40S subunit–

independent, PTC-catalyzed reaction and identify key differences from canonical translation that 

suggest an entirely different elongation cycle. 

Ltn1p- and Rqc1p-dependent ubiquitination in the yeast cell-free system 

The ability of ScIVT to recapitulate Rqc2p-dependent CAT tailing (Figure 3-1) led us to 

explore whether this system also recapitulates the other key activity of the RQC, Ltn1p-

dependent nascent-chain ubiquitination. Initial experiments comparing a lysine-containing 

truncated reporter mRNA to a lysine-free version revealed a faint smear of high-molecular-

weight (HMW) products (~50–115 kDa) unique to the lysine-containing reporter (Figure 3-3A, 

compare lanes 1 and 4). We reasoned that these HMW products were likely ubiquitinated 

proteins because lysine residues are the canonical ubiquitination sites (Pickart, 2001). However, 

because ScIVT extracts contain many ubiquitin ligase activities and a finite pool of endogenous 

ubiquitin, we suspected that Ltn1p-dependent ubiquitination of the reporter protein (which 

occurs late in the reactions) might have been limited by the amount of ubiquitin available to 
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Ltn1p. Indeed, supplementing ScIVT reactions with exogenous ubiquitin resulted in enhanced 

accumulation of the lysine-dependent HMW products (Figure 3-3A). Treatment of ubiquitin-

supplemented reactions with TEV protease or RNase did not fully collapse the HMW species as 

it did for CAT-tailed species (Figure 3-3B), consistent with the HMW species containing 

ubiquitin-modified residues rather than simply having exceptionally long CAT tails. To directly 

demonstrate that these HMW species contained ubiquitin, we translated truncated mRNAs (with 

or without lysines) in the presence of exogenous Myc-tagged ubiquitin and purified the reporter 

protein under denaturing conditions, followed by immunoblotting to detect Myc-tagged 

ubiquitin. In reactions conducted with WT extracts, we readily detected Myc-tagged ubiquitin 

within the purified HMW species (Figure 3-3C, fourth lanes in left and right panels). 

As expected, we did not observe ubiquitination of the reporter protein in reactions 

performed with ltn1Δ extracts (Figure 3-3C and Figure 3-4A), consistent with Ltn1p being the 

responsible E3 ubiquitin ligase. The addition of purified Ltn1p to ltn1Δ extracts restored 

ubiquitination, while the addition of purified Ltn1p containing the W1542E substitution—a 

RING domain mutant that does not support protein turnover in vivo (Bengtson and Joazeiro, 

2010)—did not (Figure 3-4A and Figure 3-4(S1)). These results demonstrate that the lack of 

ubiquitination in ltn1Δ extracts is a direct consequence of the absence of Ltn1p rather than an 

indirect effect. Collectively, these results demonstrate that in addition to Rqc2p-dependent CAT 

tailing the ScIVT system we established also recapitulates Ltn1p-dependent ubiquitination, as 

previously shown for lysates derived from N. crassa and rabbit reticulocytes (Doamekpor et al., 

2016; Shao et al., 2013). 

Unexpectedly, we did not detect any Ltn1p-dependent ubiquitination of the reporter 

protein in rqc1Δ extracts (Figure 3-3C). The addition of purified Rqc1p (Figure 3-4(S1)), 
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however, fully rescued ubiquitination in rqc1Δ extracts (Figure 3-3C and Figure 3-4B). 

Increasing the concentration of Ltn1p in the reaction did not bypass the requirement for Rqc1p in 

ubiquitination (Figure 3-4(S2)). These observations suggest that Rqc1p is directly involved in 

nascent-chain ubiquitination. Such a role is consistent with the fact that LTN1 deletion 

phenocopies RQC1 deletion in both the accumulation of stalling reporters in vivo and, more 

broadly, in their correlated set of genetic interactions (Brandman et al., 2012; Defenouillère et 

al., 2013). Although TCF25/Rqc1p was previously reported to be dispensable for Listerin/Ltn1p-

mediated ubiquitination of purified 60S-bound stalled nascent chains (Shao and Hegde, 2014), 

the stringent purification of ribosome–nascent chain complexes in that study might have 

removed factors that otherwise impose a requirement for Rqc1p/TCF25 (e.g., chaperones that 

protect the nascent chain). Our results support a model in which Rqc1p directly promotes Ltn1p-

mediated ubiquitination of the nascent chain via a mechanism that remains to be determined. 

Interplay between CAT tailing and ubiquitination 

Previous studies have shown that a CAT-tailing-deficient mutant of Rqc2p preserves 

degradation of stalled nascent chains (Shen et al., 2015) and that in vitro reconstitution of 

Listerin/Ltn1p-mediated ubiquitination does not strictly require NEMF/Rqc2p (Shao and Hegde, 

2014; Shao et al., 2013). Together, these studies suggested that CAT tailing is dispensable for 

degradation of the assayed reporter constructs. Based on these results and structural data, it was 

proposed that Rqc2p indirectly contributes to ubiquitination by recognizing the aberrant 

60S:peptidyl–tRNA complex, stabilizing Ltn1p on the 60S subunit, and sterically preventing the 

40S subunit from rejoining (Shao et al., 2015). Together with the minimal impact 

of LTN1 disruption on CAT tailing in vivo (Choe et al., 2016; Defenouillère et al., 2016; Shen et 

al., 2015; Yonashiro et al., 2016) and in vitro (Figure 3-1), these studies led to a model in which 
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ubiquitination by Ltn1p and CAT tailing by Rqc2p are independent activities of the RQC (Inada, 

2017). 

The unique ability of our ScIVT system to recapitulate both activities of the RQC, 

combined with its genetic tractability, allowed us to directly test this model in vitro. Consistent 

with the proposed scaffolding function of Rqc2p in ubiquitination, disruption of RQC2 abrogated 

nascent-chain ubiquitination by Ltn1p (Figure 3-3C and Figure 3-4C), and addition of wild-type 

Rqc2p rescued ubiquitination (Figure 3-4C and Figure 3-1(S1)). Unexpectedly, however, the 

addition of CAT-tailing-deficient (D98A) Rqc2p to rqc2Δ extracts only partially rescued 

ubiquitination (Figure 3-4C). Similarly, reactions using extracts containing endogenously 

expressed Rqc2p(D98A) as the only RQC2 gene product yielded minimal ubiquitinated protein 

(Figure 3-3C). To rule out the possibility that the effect of the D98A substitution on 

ubiquitination was due to disruption of the known scaffolding function of Rqc2p, we took an 

alternative approach to inhibit CAT tailing in the context of wild-type Rqc2p. As observed in the 

Rqc2p(D98A) experiments, preventing CAT tailing of stalled nascent chains—in this case with 

anisomycin treatment (Figure 3-2C)—substantially reduced ubiquitination (Figure 3-

4D and Figure 3-4(S3)). These results suggest that Rqc2p not only provides structural support for 

Ltn1p but also that CAT tailing directly enhances Ltn1p-dependent ubiquitination of at least 

some substrates (see Discussion). Collectively, our in vitro analyses reveal that all three 

components of the RQC—Ltn1p/Listerin, Rqc1p/TCF25, and Rqc2p/NEMF—contribute to 

ubiquitination of the nascent chain. 
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DISCUSSION 

We have shown that establishing a cell-free system that recapitulates both CAT tailing 

and ubiquitination opens new opportunities to explore how the fully functional RQC promotes 

clearance of aberrant translation products. Our analyses reveal that Rqc2p-mediated nascent-

chain elongation is mechanistically distinct from canonical translation, that ubiquitination of the 

nascent polypeptide requires both Ltn1p and Rqc1p, and that the ubiquitination and CAT-tailing 

activities of the RQC are coupled through a mutual requirement for active Rqc2p (Figure 3-5). 

The key benefit of an in vitro system to study CAT tailing is the ability to perform 

experiments that would be intractable in vivo. Indeed, a major difficulty in studying CAT tailing 

is that it utilizes some of the same machinery as canonical translation (i.e., the 60S subunit) and 

requires a substrate that is generated by canonical translation, making it difficult to perturb CAT 

tailing specifically. By temporally separating the translation- and CAT-tailing-phases of in vitro 

reactions, we overcame this obstacle and specifically tested the sensitivity of the CAT-tailing 

reaction to a wide range of well-characterized ribosome and translation inhibitors. These 

analyses revealed that aside from requiring the catalytic PTC of the ribosome, CAT tailing is 

otherwise fundamentally different from translation elongation in ways that could not have been 

fully anticipated from previous studies (Figure 3-2). In particular, our findings that CAT tailing 

does not require the canonical activities of the elongation factors or energy from GTP hydrolysis 

suggest a unique mechanism of elongation. Reexamining 60S:RQC structures (Shao et al., 

2015; Shen et al., 2015), we noted that the network of interactions between Ltn1p/Rqc2p and the 

60S subunit overlaps with the ribosome-binding sites of eEF1a (Shao et al., 2016) and eEF2 

(Taylor et al., 2007). The overlap in binding sites indicates that either eEF1a/eEF2 are 

dispensable for CAT tailing, or that eEF1a/eEF2 and the RQC interact transiently with the 
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60S subunit during elongation. Our findings favor the former model and suggest that Rqc2p 

directly recruits charged tRNAs with its selective tRNA-binding activity (Shen et al., 2015), 

without the involvement of eEF1a. Following peptide-bond formation by the 60S subunit, the 

A/P and P/E tRNAs may spontaneously translocate in the absence of interactions with an mRNA 

template or 40S subunit; whereas during canonical translation such interactions impose an energy 

requirement for translocation that is fulfilled by the GTPase activity of eEF2. Given that CAT 

tailing was proposed to occur on the 60S subunit (Shen et al., 2015), we predicted that all 

translation inhibitors that bind the 60S subunit would inhibit CAT-tail synthesis. However, we 

found that CAT tailing was not inhibited by cycloheximide, suggesting that the deacylated tRNA 

may rapidly dissociate from the 60S subunit following peptidyl transfer. 

Together, these findings suggest that a minimal set of factors—a 60S:peptidyl–tRNA 

complex, charged alanine and threonine tRNAs, and Rqc2p—may be sufficient for CAT-tail 

synthesis. In 1969, Monro demonstrated that in the presence of certain alcohols, isolated 

bacterial 50S ribosomal subunits could catalyze polymerization from aminoacyl-tRNAs in the 

absence of an mRNA template and 30S subunits (Monro, 1969). Thus, it is conceivable that 

Rqc2p may stimulate nascent-chain elongation much as in Monro’s minimal prokaryotic system. 

Many questions remain about Rqc2p dynamics during CAT tailing, including whether a single 

molecule of Rqc2p remains on the 60S subunit for successive cycles of peptide-bond formation 

or whether each cycle of elongation requires binding by a new Rqc2p–tRNA complex. 

CAT-tail synthesis eventually terminates by hydrolysis of the peptidyl–tRNA linkage, 

which is presumably needed to release the CAT-tailed nascent chain from the 60S subunit for its 

destruction by the proteasome. Indeed, one critical function of CAT tailing might be to provide a 

mechanism of termination in the absence of a stop codon. The wide range of CAT-tail lengths 
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observed both in vivo (Choe et al., 2016; Defenouillère et al., 2016; Shen et al., 2015; Yonashiro 

et al., 2016) and in vitro suggests that termination is a stochastic process. Furthermore, our 

finding that peptidyl–tRNA intermediates are relatively stable in vitro in the absence of Rqc2p 

(Figure 3-1D and F, Figure 3-2, and Figure 3-4C) indicates a potentially direct role of Rqc2p in 

the termination reaction. These observations lead to a model for CAT-tailing termination in 

which Rqc2p recruits a termination factor to the 60S subunit in a stochastic manner during the 

process of elongation. Because Rqc2p interacts with A-site tRNAs at a site distant from the 

acceptor stem (Shen et al., 2015), it is possible that the ‘termination factor’ is an uncharged 

alanine- or threonine-tRNA (Caskey et al., 1971; Zavialov et al., 2002). Alternatively, Rqc2p 

might interact with the canonical termination factor eRF1 or another protein with peptidyl–tRNA 

hydrolase activity to facilitate termination. 

Taking advantage of the fact that our extracts also recapitulated Ltn1p-dependent 

ubiquitination, we found that Rqc1p plays a critical role in nascent-chain ubiquitination in vitro 

(Figure 3-3C and Figure 3-4B). This direct role of Rqc1p in ubiquitination contrasts with its 

previously suggested role in recruiting Cdc48p downstream of ubiquitination (Brandman et al., 

2012; Defenouillère et al., 2013). Nevertheless, our discovery that ubiquitination in vitro is as 

dependent on Rqc1p as it is on the E3 ligase Ltn1p is consistent with the fact that yeast strains 

lacking Rqc1p and Ltn1p have very similar phenotypes and genetic interaction profiles, 

suggesting a similar molecular defect in these strains (Brandman et al., 2012). We speculate that 

Rqc1p may facilitate ubiquitination by positioning the nascent chain in proximity to the Ltn1p 

RING domain, by promoting binding of the E2 ubiquitin-conjugating enzyme, or by activating 

Ltn1p’s E3 ligase activity on the 60S subunit. 
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With a system that uniquely recapitulates both nascent-chain elongation by Rqc2p and 

ubiquitination by Ltn1p, we discovered that Rqc2p can elongate the nascent chain to enhance 

ubiquitination, rather than just providing structural support for Ltn1p binding to the 60S subunit 

(Figure 3-3C and Figure 3-4C). This finding was surprising given that previous studies have 

shown that a CAT-tailing-deficient mutant of Rqc2p preserves degradation of aberrant nascent 

chains in yeast cells (Shen et al., 2015) and that in vitro reconstitution of Listerin/Ltn1p-

mediated ubiquitination does not strictly require NEMF/Rqc2p (Shao and Hegde, 2014). How 

can we reconcile these findings? Structural studies of full-length Listerin/Ltn1p on the 

60S subunit localized its RING domain (which binds an E2 ubiquitin-conjugating enzyme) near 

the ribosomal exit tunnel (Shao et al., 2015), poised to facilitate ubiquitination of lysine residues 

close to or recently emerged from the tunnel. The physical tethering of the RING domain near 

the exit tunnel suggests that Ltn1p may not be able to access more distantly positioned lysines in 

the nascent polypeptide, nor can the most recently translated lysines—contained within the 30–

60-amino-acid long exit tunnel (Kramer et al., 2009)—be accessed by Ltn1p until their 

emergence. Our observations lead to a model in which Ltn1p can only ubiquitinate a spatially 

restricted set of lysines, while CAT tailing enables access to other lysines—as previously 

proposed (Brandman and Hegde, 2016; Simms et al., 2017) and recently demonstrated in vivo 

(Kostova KK et al., 2017). We reason that the few nascent chain RQC substrates previously 

studied in vivo could be degraded in a CAT-tailing-independent manner (Choe et al., 2016; 

Defenouillère et al., 2016; Shen et al., 2015; Yonashiro et al., 2016) due to native lysines being 

fortuitously positioned proximal to the Ltn1p RING domain. 

Recent studies in budding yeast have demonstrated that CAT tails mediate formation of 

detergent-insoluble aggregates when the nascent chain cannot be degraded due to its limited 



 162 

ubiquitination potential or due to inactivation of Ltn1p (Choe et al., 2016; Defenouillère et al., 

2016; Yonashiro et al., 2016). In the context of a fully intact RQC, however, our findings suggest 

that CAT tailing and ubiquitination are interdependent activities. Elongation of the nascent chain 

with CAT tails can result in two outcomes: positioning lysine residues proximal to the Ltn1p 

RING domain for efficient ubiquitination; or distancing lysine residues from the Ltn1p RING 

domain, making ubiquitination less efficient. Thus, CAT tailing and ubiquitination must be 

tightly coordinated to promote nascent-chain degradation and to avoid, where possible, aggregate 

formation and the detrimental sequestration of cytosolic chaperones. These studies collectively 

suggest that rather than being the primary role of CAT tails, aggregation is more likely a backup 

pathway to mitigate the toxic effects of stalled polypeptides that cannot be efficiently 

ubiquitinated and degraded (Figure 3-5). A notable distinction between the aggregation- and 

ubiquitination-promoting functions of CAT tails is that the former depends on the 

alanine/threonine composition of the CAT tail (Choe et al., 2016), while the latter depends on the 

process of CAT tailing itself. 

While CAT tailing has yet to be reported in metazoans, the conservation of 

Rqc1p/TCF25, Rqc2p/NEMF, and Ltn1p/Listerin—including critical residues that we mutated in 

this study—suggest that both RQC activities are conserved and together provide a means of 

protecting cells against the accumulation of faulty translation products. Ltn1p-dependent 

ubiquitination has been detected in rabbit reticulocyte extracts, so a CAT-tailing-dependent 

mechanism to facilitate ubiquitination of inaccessible lysine residues likely operates in 

metazoans as well. Underscoring the importance of this quality-control mechanism in 

maintaining proteostasis, mutations in the mammalian homologs of HBS1 (Ishimura et al., 2014) 

and LTN1 (Chu et al., 2009) cause neurodegeneration in mice. 
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With our newfound insights, the similarities between the bacterial tmRNA system and the 

eukaryotic RQC become even more striking than previously appreciated. In certain bacteria, a 

stalled ribosome is rescued by the recruitment of a hybrid tRNA/mRNA-like molecule (tmRNA) 

to the empty A-site of the ribosome, leading to translation of a tmRNA-encoded C-terminal 

degron that includes a dedicated stop codon (Moore and Sauer, 2007). In this way, stalled 

nascent chains are marked for degradation and translation can terminate even when the mRNA 

template lacks a stop codon. The RQC fulfills these same functions but in a different manner that 

is compatible with the ubiquitin-proteasome system: Stalled nascent chains are marked for 

degradation by ubiquitination (in certain cases facilitated by CAT tailing), and translation can 

terminate without a stop codon with the help of Rqc2p. Thus, both mechanisms involve a 

ribosome-catalyzed peptidyl-transferase reaction that adds a C-terminal extension that is not 

templated by the parent mRNA molecule. The addition of the C-terminal extension, moreover, 

facilitates peptidyl–tRNA hydrolysis and nascent-chain release either directly (tmRNA) or 

indirectly (RQC) to promote degradation. These functional similarities between the tmRNA 

system and the RQC—despite not sharing any related factors other than the ribosome—provide a 

striking example of convergent evolution that emphasizes the physiological importance of 

discarding incompletely synthesized proteins and recycling the translation machinery. 
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MATERIALS AND METHODS 

Yeast strain construction 

Saccharomyces cerevisiae strains used in this study were derived from BY4741 (MATa 

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) and are listed in Table 3-1(S1). Yeast transformations were 

performed using the PEG–lithium acetate method (Gietz and Woods, 2006). To generate gene 

knockouts, the entire coding sequence of the gene of interest was replaced with 

the URA3 cassette of pRS416. Strains containing point mutations at endogenous loci were 

generated from URA3-disrupted strains by transformation with PCR fragments encoding the 

mutant gene of interest and 5-FOA counterselection (Boeke et al., 1987). Transformants were 

screened by PCR to identify integrants, which were subsequently verified by PCR and Sanger 

sequencing of the entire integrated cassette. 

Preparation of mRNA for in vitro translation 

pcDNA3.1(+) (Thermo Fisher Scientific, Waltham, MA) was modified using Gibson 

Assembly Master Mix (New England Biolabs, Ipswich, MA) and appropriate DNA fragments 

according to the Gibson assembly method (Gibson et al., 2009) to generate pBAO1124, which 

contains (in order): T7 promoter, 46-nt 5ʹ-UTR lacking any AUG or near-AUG codons (i.e., 

NUG, ANG, or AUN, where N is any nucleotide), 3xHA-NanoLuc luciferase ORF, 56-nt 3ʹ-

UTR, and 50-nt poly(A) sequence. RNAs were generated by run-off transcription with T7 RNA 

Polymerase using the MEGAscript T7 Transcription Kit (Thermo Fisher Scientific) according to 

the manufacturer’s instructions using PCR-amplified DNA templates derived from pBAO1124 

or its variants (DNA sequences are available at https://doi.org/10.7554/eLife.27949.014). 

Transcription reactions were terminated by addition of ammonium acetate stop solution. RNA 

was extracted with neutral phenol:chloroform:isoamyl alcohol (25:24:1) (Sigma, St. Louis, MO), 



 167 

precipitated with ethanol, and resuspended in nuclease-free water. A 5ʹ−7-methylguanosine cap 

was added to RNA post-transcriptionally using the Vaccinia Capping System (New England 

Biolabs). Capping reactions were desalted using Micro Bio-Spin Columns with Bio-Gel P-30 

(Bio-Rad, Hercules, CA) before RNA was extracted with phenol, precipitated with ethanol, and 

resuspended in nuclease-free water. 

S. cerevisiae in vitro translation extract preparation 

S. cerevisiae strains were grown overnight to saturation in rich YPAD media, diluted the 

next morning to OD600 0.2 in a total volume of 1 L YPAD, and harvested at OD6001.4–1.8 by 

centrifugation at 3500 rpm for 6 min at 4°C. The cell pellet was washed with water and 

resuspended in lysis buffer A (30 mM HEPES-KOH pH 7.4, 100 mM KOAc, 2 mM Mg(OAc)2, 

2 mM DTT, and cOmplete mini EDTA-free protease inhibitor cocktail [Roche, Switzerland]) 

using 1 ml per 6 g of wet cell pellet. The cell slurry was dripped into liquid nitrogen to produce 

frozen pellets, which were then pulverized using a 6970EFM Freezer/Mill (SPEX SamplePrep, 

Metuchen, NJ) by three cycles of 12 Hz agitation for 1.5 min with cooling for 2 min after each 

cycle. The resulting ‘grindate’ was combined with an equal volume of pre-chilled lysis buffer A 

(i.e., 1 ml per 1 g of grindate) and allowed to thaw on ice. Cell debris was cleared by sequential 

centrifugation at 4°C at 1000 g for 5 min, 1350 g for 5 min, 14000 g for 30 min, and finally 

14000 g for an additional 10 min. The clarified lysate was dialyzed twice for 2 hr against 250 ml 

lysis buffer A (except without protease inhibitor cocktail) using 3500 MWCO cassettes (Thermo 

Fisher Scientific #87722). After dialysis, lysates were flash frozen in 50 µl aliquots in liquid 

nitrogen and stored at –80°C. 
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S. cerevisiae in vitro translation 

Endogenous mRNAs in thawed extracts were degraded by treatment with 0.3 U/µl 

micrococcal nuclease (MNase) and 480 µM CaCl2 for 10 min at room temperature, followed by 

addition of 2 mM EGTA and transfer to ice. ScIVT reactions were initiated by adding m7G-

capped RNA (40 ng per µl of reaction volume) to MNase-treated yeast extracts and incubating at 

25°C for up to 90 min. Final concentrations of reaction components were 48.67% (v/v) MNase-

treated yeast extract, 22 mM HEPES-KOH (pH 7.4), 120 mM potassium acetate, 1.5 mM 

magnesium acetate, 0.75 mM ATP, 0.1 mM GTP, 0.04 mM each amino acid, 1.7 mM DTT, 25 

mM creatine phosphate, 0.34 µg/µl creatine kinase, 0.14 U/µl SUPERase•In RNase Inhibitor 

(Thermo Fisher Scientific), and 0.16X cOmplete mini EDTA-free protease inhibitor cocktail 

(Roche). Where indicated, reactions also included 10 or 100 µM recombinant human ubiquitin or 

Myc-ubiquitin (Boston Biochem, Cambridge, MA). Reactions were halted by transferring to ice 

or by adding an equal volume of 2X Laemmli Sample Buffer (Bio-Rad). The results shown for 

all ScIVT experiments are representative of at least two technical replicates (i.e., experiments 

conducted with independently prepared reagents). 

Inhibitor concentrations 

Concentrated stock solutions are diluted 1:10 into the ScIVT reactions. For example: 1 µl 

of 2 mM Anisomycin (in 5% DMSO) was added to a 10 µl ScIVT reaction. All stock solutions 

should be dissolved in water (or diluted with water) as ScIVT reactions cannot tolerate 100% 

DMSO or ethanol. Small molecules were used at the following final concentrations: 

(A) anisomycin: 200 µM [stock = 2 mM in 5% DMSO]  

(C) cycloheximide: 300 µM [stock = 3 mM in water]  

(D2A) didemnin 2A: 50 µM [stock = 500 µM in 5% DMSO]  
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(DB) didemnin B: 50 µM [stock = 500 µM in 5% DMSO]  

(E) emetine: 400 µM [stock = 4 mM in water]  

(G) G418: 200 µM [stock = 2 mM in water]  

(H) hydrolyzable GTP: 500 µM (i.e. 5x excess of GTP in reaction) [stock = 5 mM in water]  

(NH) non-hydrolyzable GTP-analog GMP-PCP: 500 µM (i.e. 5x excess of GTP in reaction) 

[stock = 5 mM in water]  

(P) puromycin: 500 µM [stock = 5 mM in water]  

(S) sordarin: 10 µM [stock = 100 µM in water]  

Denaturing purification of ScIVT products 

30 µl ScIVT reactions were assembled with 1.2 µg 3xHA-10xHis-NL mRNAs and 10 µM 

recombinant Myc-ubiquitin (Boston Biochem) and incubated at 25°C for 1 hr. For input samples, 

10 µl was removed and quenched in an equal volume of 2X Laemmli Sample Buffer. For Ni-

NTA-purified samples, the remaining 20 µl was quenched by addition of denaturing buffer (6 M 

guanidine-HCl, 50 mM Tris pH 7.8, 300 mM KCl, 10 mM imidazole, 0.1% NP-40, 5 mM β-

mercaptoethanol [βME]), and then incubated with 10 µl of pre-washed Ni-NTA Magnetic 

Agarose Beads (Qiagen, Germany) at 4°C overnight with end-over-end rotation. Beads were 

washed three times with wash buffer I (denaturing buffer except 500 mM KCl) and three times 

with wash buffer II (denaturing buffer except 50 mM KCl and no guanidine-HCl), each for 5 min 

at room temperature. Bound proteins were eluted from beads by adding 15 µl elution buffer 

(wash buffer II except 200 mM imidazole) and incubating at 22°C for 5 min with shaking at 

1000 rpm. The elution step was repeated, and eluates were pooled and mixed with an equal 

volume of 2X Laemmli Sample Buffer. The results shown for all experiments that include a 



 170 

denaturing purification of ScIVT products are representative of at least three technical replicates 

(i.e., experiments conducted with independently prepared reagents). 

Immunoblotting 

Protein samples were separated by SDS-PAGE using 12% Bolt Bis-Tris gels (Thermo 

Fisher Scientific) and transferred in 1X CAPS Buffer onto 0.22 micron PVDF membrane (Bio-

Rad). Blots were probed with the following antibodies diluted 1:5000 in 1X TBS-T containing 

5% nonfat dry milk: mouse anti-HA (RRID:AB_627809, Santa Cruz Biotechnology [Dallas, TX] 

sc-7392), rat anti-HA high sensitivity (RRID:AB_390918, Roche #11867423001), mouse anti-

Myc (RRID:AB_331783, Cell Signaling Technology [Danvers, MA] #2276), HRP-conjugated 

goat anti-mouse IgG (RRID:AB_631736, Santa Cruz Biotechnology sc-2005), and HRP-

conjugated goat anti-rat IgG (RRID:AB_631755, Santa Cruz Biotechnology sc-2032). Blots 

were developed using Clarity ECL Western Blotting Substrate (Bio-Rad), and 

chemiluminescence was detected on a ChemiDoc Imaging System (Bio-Rad). 

Protein purification 

S. cerevisiae strain yRH101 (a gift from Stephen Bell, MIT) derived from ySC7 (Chen et 

al., 2007) containing a 2 µm PGAL1-[protein]−10xHis plasmid (a gift from Bob Stroud, UCSF) 

was grown overnight in SC–His media containing 2% raffinose, diluted the next day, and grown 

for an additional night to early saturation. Protein expression was induced by adding an equal 

volume of Yeast-Peptone media containing 2% galactose, and cells were grown for 5 hr at 30°C. 

Cells were harvested by centrifugation at 3500 rpm for 6 min at 4°C, and the cell pellet was 

washed with water before resuspending in Lysis Buffer (20 mM HEPES-KOH pH 7.4, 500 mM 

KCl, 20 mM imidazole; 2 mM βME and cOmplete EDTA-free protease inhibitor cocktail 

[Roche] added just prior to use) at a ratio of 1 ml per gram of cell pellet. The resulting cell slurry 
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was dripped into liquid nitrogen to produce frozen pellets, which were pulverized using a 

6970EFM Freezer/Mill (SPEX SamplePrep) by three cycles of 12 Hz agitation for 1.67 min with 

2 min cooling after each cycle. The resulting powder was briefly thawed before adding Lysis 

Buffer (1 mL per 1 g of powder) supplemented with additional protease inhibitors (292 µM 

Pepstatin, 8.4 mM Leupeptin, 1.23 mM Aprotinin, 1 mM Phenylmethylsulfonyl fluoride 

[PMSF]). Cell debris was cleared by sequential centrifugation at 14000 rpm at 4°C for 10 min 

and then 30 min, followed by sequential filtration through 2.7 and 1.6 µm Whatman GD/X filters 

(GE Healthcare Life Sciences, Marlborough, MA). His-tagged proteins were purified from lysate 

using Ni-NTA Sepharose beads (Qiagen) as follows. Beads (~1 ml 50% slurry per 1 L yeast 

culture) were washed with water and equilibrated in Lysis Buffer. Lysate was added to semi-dry 

beads and rotated at 4°C for 2 hr. Beads were collected by centrifugation at 800 rpm for 3 min, 

resuspended in an equal volume of Lysis Buffer, loaded over a disposable Bio-Spin column 

(Bio-Rad), and washed once with 10 ml Lysis Buffer. The column was then washed as follows: 

once with 10 ml Wash Buffer (20 mM HEPES-KOH pH 7.4, 500 mM KCl, 10% glycerol, 2 mM 

βME) containing 20 mM imidazole and 1 mM PMSF; once with 10 ml Wash Buffer containing 

20 mM imidazole; and twice with 10 ml Wash Buffer containing 50 mM imidazole. Proteins 

were sequentially eluted from the beads by gravity rinses as follows: once with 250 µl Wash 

Buffer containing 250 mM imidazole; twice with 500 µl Wash Buffer containing 250 mM 

imidazole; and twice with 500 µl Wash Buffer containing 500 mM imidazole. Elution fractions 

were analyzed by SDS-PAGE and staining with Coomassie Brilliant Blue R-250 to identify 

those containing the protein of interest, which were then pooled and concentrated to ~500 µl 

before overnight dialysis into Rqc2p/Ltn1p Storage Buffer (50 mM HEPES-KOH pH 7.4, 300 

mM KOAc, 5% glycerol, 2 mM DTT) or Rqc1p Storage Buffer (20 mM HEPES-KOH pH 7.4, 
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500 mM KOAc, 10% glycerol, 2 mM DTT). Dialyzed protein was passed through a 0.1 µm 

centrifugal filter (EMD Millipore [Hayward, CA] #UFC30VV00) before flash freezing in liquid 

nitrogen. Protein concentration was determined by both spectrophotometry using a Nanodrop 

2000 (Thermo Fisher Scientific) and Coomassie staining against BSA standards. 
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Figure 3-1. An S. cerevisiae in vitro translation system recapitulates synthesis of Rqc2p-
dependent polypeptide extensions. 

(A) Time courses of S. cerevisiae in vitro translation (ScIVT) reactions. ScIVT reactions 
were prepared using wild-type (WT) extracts and 1 µg of either a full-length (left; includes a stop 
codon and 3′-UTR) or truncated (right; encodes a terminal valine residue) mRNA encoding 
lysine-free 3xHA-NanoLuc (3xHA-NL). At the indicated time points, aliquots of the reactions 
were quenched in 2X Laemmli Sample Buffer. Proteins were separated by SDS-PAGE, and HA-
tagged translation products were visualized by immunoblotting. (B) Analyses of mass-shifted 
products. An ScIVT reaction was prepared using WT extracts and a lysine-free truncated mRNA 
substrate that also encodes a TEV cleavage site (TCS). Translation was halted after 15 or 60 min 
by addition of 20 mM EDTA, after which reactions were treated without (–) or with (+) TEV 
and/or RNase A/T1 cocktail for 60 min. Translation products were analyzed by immunoblotting 
as in (A). ‘Long’ and ‘Short’ refer to exposure times of the blots. (C–E) Genetic analysis of 
mass-shifted products. ScIVT reactions were prepared using extracts from strains of the 
indicated genotypes and a lysine-free truncated mRNA substrate. Reactions were performed and 
analyzed as in (A) but with less mRNA (480 ng). The species that migrate just below the 
peptidyl–tRNA in rqc2Δ extracts in (D) represent peptidyl–tRNA degradation products that arise 
due to prolonged incubation in the absence of Rqc2p. (F) Rescuing Rqc2p deficiency in vitro. 
ScIVT reactions were prepared using rqc2Δ extracts and a lysine-free truncated mRNA substrate. 
After 30 min of translation, reactions were supplemented with either protein storage buffer (–) or 
purified Rqc2p (WT or CAT-tailing deficient D98A at 420 nM final concentration) and indicated 
time points were analyzed by SDS-PAGE and immunoblotting. Dashed lines indicate where 
intervening lanes were removed for clarity.  
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Figure 3-1(S1). Purified wild-type and mutant Rqc2p. 
C-terminal polyhistidine-tagged Rqc2p (WT and D98A mutant) were purified as 

described in Materials and methods and analyzed by SDS-PAGE and Coomassie staining. 1/10th 
volume of the corresponding purified protein was added to ScIVT reactions.  
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Figure 3-2. CAT-tail synthesis is mechanistically distinct from canonical translation. 
(A) Schematics of small-molecule inhibitors that directly bind the ribosome (top) or that 

target the translation elongation factors eEF1a or eEF2 (bottom). Inhibitors: (A) anisomycin; (C) 
cycloheximide; (D2A) didemnin 2A; (DB) didemnin B; (E) emetine; (G) G418; (H) 
hydrolyzable GTP; (NH) non-hydrolyzable GTP-analog GMP-PCP; (P) puromycin; (S) sordarin. 
(*) Denotes the peptidyl-transferase center of the 60S subunit. (B–D) Effects of small-molecule 
inhibitors on CAT tailing. ScIVT reactions were prepared using rqc2Δ extracts and a lysine-free 
truncated mRNA substrate. After 0 min (t = 0) or 20 min (t = 20) of translation, reactions were 
supplemented with either protein storage buffer (–) or purified Rqc2p at 670 nM final 
concentration (+) and the indicated inhibitor(s). Indicated time points (‘Time (min)') were 
analyzed by SDS-PAGE and immunoblotting. Additional t = 0 controls for the remaining 
inhibitors can be found in Figure 3-2(S1).  
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Figure 3-2(S1). Inhibitors and purified Rqc2p used to dissect the mechanism of CAT-tail 
synthesis. 

(A) Effects of small-molecule inhibitors on translation. ScIVT reactions were prepared 
using WT extracts and a truncated mRNA substrate, supplemented without (–) or with (+) the 
indicated inhibitors after 0 min (t = 0) of translation, and analyzed by SDS-PAGE and 
immunoblotting. Inhibitors: (A) anisomycin; (C) cycloheximide; (D2A) didemnin 2A; (DB) 
didemnin B; (E) emetine; (G) G418; (S) sordarin. Dashed lines indicate where intervening lanes 
were removed for clarity. (B) C-terminal polyhistidine-tagged Rqc2p was purified as described 
in Materials and methods and analyzed by SDS-PAGE and Coomassie staining. 1/10th volume 
of purified protein was added to ScIVT reactions. Note that this stock of protein was expressed 
and purified independently from the stock in Figure 3-1(S1).  
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Figure 3-3. S. cerevisiae in vitro translation recapitulates Ltn1p-mediated ubiquitination. 
(A) Effects of adding exogenous ubiquitin to ScIVT reactions. ScIVT reactions 
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conducted in WT extracts with lysine-containing (+Lys) or lysine-free (–Lys) truncated mRNA 
were supplemented with the indicated concentrations of recombinant ubiquitin, incubated for 60 
min, and then analyzed by SDS-PAGE and immunoblotting. Dashed line indicates where 
intervening lanes were removed for clarity. (B) Analysis of high-molecular-weight smears. 
RNase A/T1 and TEV protease treatment of ScIVT reactions programmed with lysine-containing 
truncated mRNA encoding a TEV cleavage site (TCS) in WT extracts supplemented with 100 
µM recombinant ubiquitin. Translation was halted after 60 min by addition of 20 mM EDTA, 
after which reactions were treated without (–) or with (+) TEV and/or RNase A/T1 for 60 min, 
and then analyzed by SDS-PAGE and immunoblotting. Note that due to long incubations (120 
mins), very little peptidyl–tRNA persists in these reactions. (C) Isolation and detection of 
ubiquitinated ScIVT products. ScIVT reactions were conducted with 1.2 µg of truncated mRNA 
(3xHA-10xHis-NanoLuc, with or without lysines or His tag as indicated) in extracts prepared 
from strains of the indicated genotypes and supplemented with 10 µM recombinant Myc-
ubiquitin. For input samples (bottom panels), one-third of the ScIVT reaction was quenched with 
2X Laemmli Sample Buffer. For Ni-NTA-purified samples (top panels), two-thirds of the ScIVT 
reaction was quenched with 6 M guanidine-HCl. For SDS-PAGE, 30% of input samples and 
100% of Ni-NTA-purified samples were separated on 12% NuPAGE gels and translation 
products were visualized by immunoblotting with antibodies indicated at left. Dashed lines 
indicate where intervening lanes were removed for clarity.  
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Figure 3-4. Rqc1p and CAT tailing contribute to Ltn1p-dependent ubiquitination. 
(A–C) Genetic analysis of RQC-mediated ubiquitination in ScIVT. ScIVT reactions were 

prepared using extracts from strains of the indicated genotype, a lysine-containing truncated 
mRNA substrate, ubiquitin storage buffer (–) or 100 µM recombinant ubiquitin (+), and either 
protein storage buffer (–) or the indicated purified proteins (+): Ltn1p at 130 nM, Rqc1p at 70 
nM, and Rqc2p at 420 nM final concentration. (D) ScIVT reactions were conducted 
using rqc2Δ extracts, a lysine-free or lysine-containing truncated mRNA substrate, and 100 µM 
exogenous ubiquitin. After 0 min (t = 0) or 30 min (t = 30) of translation, all reactions were 
supplemented with an equal volume of ‘mock ScIVT’ (i.e., without mRNA) containing 1.34 µM 
purified Rqc2p, 100 µM exogenous ubiquitin, and the indicated inhibitor(s). Indicated time 
points (‘Time (min)') were analyzed by SDS-PAGE and immunoblotting. ‘Long’ and ‘Short’ 
refer to exposure times of the blots.  
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Figure 3-4(S1). Purified Ltn1p and Rqc1p. 
C-terminal polyhistidine-tagged Ltn1p (WT and W1542E mutant) and Rqc1p were 

purified as described in Materials and methods and analyzed by SDS-PAGE and Coomassie 
staining. 1/10th volume of the corresponding purified protein was added to ScIVT reactions.  
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Figure 3-4(S2). Impact of excess Ltn1p on ubiquitination in rqc1Δ extracts. 
ScIVT reactions were conducted as in Figure 3-4(A–C) except that 100 µM exogenous 

ubiquitin was present in all reactions.  
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Figure 3-4(S3). Impact of CAT-tailing inhibition on ubiquitination. 
ScIVT reactions were conducted as in Figure 3-4D, except all reactions were performed 

with lysine-containing mRNA and ‘mock ScIVT’ containing either protein storage buffer (–) or 
1.34 µM purified Rqc2p (+).  
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Figure 3-5. Model for CAT tailing and ubiquitination of stalled nascent chains. 
When an 80S ribosome stalls during translation, splitting factors recognize the stalled 

translation complex to facilitate dissociation of the 40S subunit and mRNA. Ltn1p, Rqc2p, and 
Rqc1p (unknown location indicated by ‘?') bind the resulting 60S:peptidyl–tRNA complex. 
Together with the peptidyl-transferase center of the 60S subunit, Rqc2p facilitates elongation of 
the stalled nascent chain with a CAT tail by recruiting alanine- and threonine-charged tRNAs to 
the A site. If the nascent chain contains a lysine residue (red circle) located within the vicinity of 
the Ltn1p RING domain (or potentially hidden inside the ribosome exit tunnel), CAT tailing and 
Rqc1p enhance or facilitate Ltn1p-mediated ubiquitination of the nascent chain, respectively, for 
subsequent proteasomal degradation (green box). If the nascent chain does not contain any lysine 
residues (or contains lysine residues that are too distant from the Ltn1p RING domain), CAT 
tails may promote aggregation of incompletely synthesized proteins (red box). In both instances, 
Rqc2p activity promotes hydrolysis of the peptidyl–tRNA linkage and liberation from the 
60S subunit.  
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Table 3-1(S1). S. cerevisiae strains used in this study. 
 

 

  

         S.cerevisiae  strains used in this study

strain modified gene(s) background replicating plasmid

yBAO2112 WT BY4741
yBAO2116 ltn1Δ::ura3 BY4741
yBAO2117 rqc1Δ::ura3 BY4741
yBAO2118 rqc2Δ::ura3 BY4741
yBAO2125 hbs1Δ::ura3 BY4741
yBAO2126 dom34Δ::ura3 BY4741
yBAO2128 Rqc2p(D98A) BY4741
yBAO2142 Δbar1 lys2::HisG pep4::KanMX W303 pGAL1-Rqc2p-10xHis, HIS3 marker 
yBAO2633 Δbar1 lys2::HisG pep4::KanMX W303 pGAL1-Rqc2p(D98A)-10xHis, HIS3 marker 
yBAO2634 Δbar1 lys2::HisG pep4::KanMX W303 pGAL1-Ltn1p-10xHis, HIS3 marker 
yBAO2635 Δbar1 lys2::HisG pep4::KanMX W303 pGAL1-Ltn1p(W1542E)-10xHis, HIS3 marker 
yBAO2636 Δbar1 lys2::HisG pep4::KanMX W303 pGAL1-Rqc1p-10xHis, HIS3 marker 
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Vms1p is a release factor for the ribosome-associated quality control complex  
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ABSTRACT 

Eukaryotic cells employ the ribosome-associated quality control complex (RQC) to 

maintain homeostasis despite defects that cause ribosomes to stall. The RQC comprises the E3 

ubiquitin ligase Ltn1p, the ATPase Cdc48p, Rqc1p, and Rqc2p. Upon ribosome stalling and 

splitting, the RQC assembles on the 60S species containing unreleased peptidyl-tRNA 

(60S:peptidyl–tRNA). Ltn1p and Rqc1p facilitate ubiquitination of the incomplete nascent chain, 

marking it for degradation. Rqc2p stabilizes Ltn1p on the 60S and recruits charged tRNAs to the 

60S to catalyze elongation of the nascent protein with carboxy-terminal alanine and threonine 

extensions (CAT tails). By mobilizing the nascent chain, CAT tailing can expose lysine residues 

that are hidden in the exit tunnel, thereby supporting efficient ubiquitination. If the ubiquitin–

proteasome system is overwhelmed or unavailable, CAT-tailed nascent chains can aggregate in 

the cytosol or within organelles like mitochondria. Here we identify Vms1p as a tRNA hydrolase 

that releases stalled polypeptides engaged by the RQC.  
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INTRODUCTION 

Defects that impair the decoding of a messenger RNA (mRNA) can cause ribosomes to 

stall and distort gene expression. To prevent the accumulation of potentially toxic aberrant 

polypeptides, and to maintain ribosome availability, eukaryotic cells employ surveillance and 

clearance mechanisms, including the evolutionarily conserved ribosome-associated quality 

control complex (RQC). The RQC is composed of the E3 ubiquitin ligase Ltn1p, the ATPase 

Cdc48p and its ubiquitin-binding cofactors, and the poorly characterized proteins Rqc1p and 

Rqc2p—whose homologs are Listerin, VCP/p97, TCF25, and NEMF, respectively, in mammals 

(Brandman et al., 2012; Verma et al., 2013; Defenouillère et al., 2013). 

Upon recognition of certain types of stalls, the 60S and 40S ribosomal subunits are split 

by the eRF1 homolog Dom34p, the GTPase Hbs1p, and the ATPase Rli1p (van den Elzen et al., 

2010; van den Elzen et al., 2014; Kobayashi et al., 2010; Tsuboi et al., 2012; Shoemaker et al., 

2010; Shoemaker and Green 2011; Chen et al., 2010). The RQC then recognizes and assembles 

upon the 60S ribosomal subunit that contains an incomplete polypeptide linked to a transfer 

RNA (tRNA) molecule (60S:peptidyl–tRNA) (Shen et al., 2015; Shao et al., 2015; Shao and 

Hegde 2014; Lyumkis et al., 2014). Ltn1p ubiquitinates the nascent chain and marks it for 

proteasomal degradation, a process facilitated by Rqc1p through unclear mechanisms (Shao et 

al., 2013; Bengtson and Joazeiro 2010; Osuna et al., 2017). Rqc2p recognizes and binds to the 

exposed tRNA and stabilizes Ltn1p on the 60S (Shen et al., 2015; Shao et al., 2015; Lyumkis et 

al., 2014). Rqc2p also recruits charged tRNAs to the 60S subunit to catalyze elongation of the 

nascent protein with Carboxy-terminal Alanine and Threonine extensions (CAT tails) via a 40S-

independent mechanism that is distinct from canonical translation (Shen et al., 2015; Osuna et 

al., 2017). This non-templated elongation of the nascent chain can mobilize potential 
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ubiquitination sites, including lysine residues that are hidden in the ribosome exit tunnel, 

enhancing the efficiency of ubiquitination and the capacity of the RQC to protect cells from 

stochastic translation failures (Osuna et al., 2017; Kostova et al., 2017). 

Nascent chain ubiquitination promotes extraction and proteasomal degradation of the 

aberrant polypeptide in a Cdc48-dependent process (Verma et al., 2013). If the ubiquitin–

proteasome system is overwhelmed or unavailable, CAT tailing enables nascent chains to form 

aggregates in the cytosol or within organelles like the mitochondria (Choe et al., 2016; 

Defenouillère et al., 2016; Yonashiro et al., 2016; Izawa et al., 2017). The critical unanswered 

question we investigated here concerns the identity of the hydrolase that releases ubiquitinated 

and CAT-tailed nascent chains from the aberrant 60S:peptidyl–tRNA for extraction and 

degradation by the proteasome. 

Like the canonical RQC components, Vms1p is conserved throughout Eukarya and 

promotes protein quality control in diverse settings through its interaction with Cdc48/p97. 

In Saccharomyces cerevisiae, Vms1p localizes to mitochondria in response to mitochondrial 

stress or damage (Heo et al., 2010; Heo et al., 2013). Mutants lacking Vms1p are sensitive to 

rapamycin, which impairs ribosomal protein synthesis (Jefferies et al., 1994; Jefferies et al., 

1997), although the mechanism for this sensitivity is unknown. In this work, we show that 

Vms1p interacts genetically and physically with the RQC components, harbors an eRF1 release 

factor-like domain, and is required for peptidyl-tRNA hydrolysis and clearance of RQC-engaged 

nascent chains. This role of Vms1p in promoting proteostasis and ribosome recycling by 

resolving 60S:peptidyl-tRNA species expands upon the previously characterized function of 

Vms1p as a Cdc48/p97 binding protein and raises interesting new questions regarding the 

potential intersection of protein and organelle homeostasis.  
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RESULTS 

Vms1 physically and genetically interacts with the RQC 

Because vms1∆ cells are sensitive to rapamycin, we tested whether other perturbations to 

translation elicit a similar phenotype. We found that the vms1Δ strain is sensitive to the protein 

synthesis inhibitor cycloheximide (CHX), as are other RQC mutants in a sensitizing SKI mutant 

background (Kostova et al., 2017). Surprisingly, deletion of any one of the RQC system 

components RQC1, RQC2, or LTN1, was sufficient to reverse the lethality of the vms1Δ mutant 

in CHX (Figure 4-1A). By contrast, deletion of the no-go decay (Tsuboi et al., 2012; Shoemaker 

and Green 2012) components DOM34 or SKI7 had no effect. These data suggest that CHX 

causes accumulation of an RQC product that becomes toxic in the absence of Vms1p. 

The RQC assembles on a failed 60S subunit to both ubiquitinate and elongate nascent 

polypeptides with CAT tails. To determine whether one or both of these activities generate the 

putative toxic RQC product, we eliminated them separately by expressing a CAT-tailing-

defective Rqc2p mutant (RQC2D98Y) (Shen et al., 2015; Lyumkis et al., 2014; Yonashiro et al., 

2016) or a variant of Ltn1p deficient in ubiquitination (LTN1W1542E) (Osuna et al., 2017; Yang et 

al., 2016). CAT tailing by Rqc2p was dispensable, while ubiquitination by Ltn1p was essential 

for conferring CHX sensitivity on a vms1Δ mutant strain—indicating that the toxic species in 

this context depends on ubiquitination rather than CAT-tailing (Figure 4-1B). Presumably 

because of its proposed role in nascent chain ubiquitination (Osuna et al., 2017), and similar 

to RQC2 and LTN1 (Figure 4-1B), plasmid expression of wild-type (WT) RQC1 was sufficient to 

reverse the rescue of vms1Δ cycloheximide sensitivity conferred by RQC1 deletion (Figure 4-

1(S1)A). 
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In light of the association between Vms1 activity and mitochondrial stress, we examined 

the ability of these single and double mutant strains to grow in glycerol medium, which requires 

mitochondrial respiration. Interestingly, deletion of LTN1—but not RQC1, RQC2, or DOM34—

strongly impaired glycerol growth of vms1Δ cells (Figure 4-1(S1)B). Similarly, ski7Δ vms1Δ 

double mutant cells also exhibited partially impaired glycerol growth (Figure 4-1(S1)B). These 

data indicate a specific relationship between Vms1p, RQC function, and mitochondrial 

homeostasis, which is consistent with a recent report that stalled polypeptides that cannot be 

ubiquitinated by Ltn1p accumulate within and compromise mitochondria—underscoring the 

reversal of the genetic interaction we observed between LTN1 and VMS1 on glucose vs. glycerol 

(Izawa et al., 2017). 

These genetic interactions prompted us to determine whether Vms1p physically interacts 

with members of the RQC, as has been reported previously (Brandman et al., 2012; 

Defenouillère et al., 2013; Izawa et al., 2017). As expected, isolation of Rqc2p-HA co-

immunoprecipitated Vms1p-V5. In contrast, Rqc1p-HA or Ltn1p-HA showed minimal Vms1p 

interaction (Figure 4-1C and Figure 4-1(S1)(C-D)). Consistently, both Rqc2p and Vms1p co-

migrated with the 60S ribosome subunit during sucrose gradient sedimentation following CHX 

treatment (Figure 4-1D, Figure 4-1(S1)E). Co-migration of Vms1p with the 60S ribosome was 

not affected by either deletion of RQC2 or by expression of WT or a CAT-tailing defective, 

D98Y, mutant of Rqc2p (Figure 4-1(S1)E). Similarly, neither deletion nor overexpression of 

Vms1p from the strong GAL1 promoter in galactose medium had any effect on the co-migration 

of Rqc2p with the 60S ribosomal subunit (Figure 4-1(S1)E and F). 
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Vms1p is required for resolving RQC substrates 

The genetic and physical interactions described above motivated us to evaluate whether 

RQC substrates accumulate in VMS1 mutant cells. We utilized a well-characterized mRNA that 

encodes FLAG-tagged green fluorescent protein (GFP) followed by a hammerhead ribozyme 

that self-cleaves in vivo (FLAG-GFPRz, Figure 4-2A) (Kobayashi et al., 2010; Shen et al., 2015) 

to generate a truncated mRNA encoding FLAG-GFP without a stop codon or poly-A tail. 

Translation of this mRNA triggers ribosome stalling and targeting to the RQC. Deletion 

of SKI7 enhances expression of GFP by inhibiting degradation of the cleaved mRNA (Meaux 

and Van Hoof 2006). We confirmed that deletion of RQC1, RQC2, and LTN1 each lead to 

accumulation of FLAG-GFPRz, whereas the nascent chain failed to accumulate in the ski7Δ 

single mutant (Figure 4-2(A-C), Figure 4-2(S1)A). Loss of Vms1p also led to accumulation of 

FLAG-GFPRz to a level similar to that observed for the core RQC components (Figure 4-2(A-C), 

Figure 4-2(S1)B). Combination of VMS1 deletion with the deletion of RQC1, RQC2, 

and LTN1 had no additive effect on GFP accumulation (Figure 4-2B). Immunoblot analysis 

showed similar results for the single, double, and triple mutant strains, in which RQC2-

dependent, high-molecular-weight aggregates are also apparent (Figure 4-2C, Figure 4-2(S1)B) 

(Choe et al., 2016; Defenouillère et al., 2016; Yonashiro et al., 2016). Loss of DOM34 led to 

decreased accumulation of GFP fluorescence, even in the vms1Δ strain, consistent with the 

upstream role of Dom34p in ribosome splitting and suggestive of alternative pathways for 

degrading nascent chains when the Dom34p/Hbs1p subunit splitting activity is unavailable 

(Figure 4-2(A-C)). Interestingly, accumulation of FLAG-GFPRz in vms1Δ mutant cells occurs 

despite lower mRNA abundance (Figure 4-2(S1)C). 
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In addition to the FLAG-GFPRz construct, which generates a cytosolic RQC substrate, we 

also examined RQC activity on fumarase, which is encoded by the FUM1 gene and co-

translationally imported into the mitochondria (Yogev et al., 2007). As with FLAG-GFPRz, 

fluorescence from the Fum1-FLAG-GFPRz construct, expressed from the native FUM1 promoter, 

was also maintained at a low level in the ski7Δ mutant strain (Figure 4-2D). Deletion 

of VMS1, RQC1, RQC2, or LTN1 each led to profound accumulation of GFP fluorescence, 

almost all of which colocalized with mitochondria-targeted red fluorescence protein (mtRFP). 

The vms1Δ, rqc1Δ, and ltn1Δ mutants, which retain Rqc2p and CAT-tailing activity, all 

exhibited Fum1-GFP aggregates within or near mitochondria, comparable to recent observations 

of other mitochondria-destined nascent chains (Yang et al., 2016) (Figure 4-2D). The rqc2Δ 

mutant exhibited a more uniformly mitochondrial localization pattern (Figure 4-2D), consistent 

with the model that CAT tailing mediates intra-mitochondrial aggregation of polypeptides that 

stall during co-translational import (Yang et al., 2016). Together, these data demonstrate that 

Vms1p is required for the degradation of substrates derived from truncated mRNAs, whether 

they are destined for a membranous organelle or the cytosol. 

Vms1p is structurally homologous to tRNA hydrolases 

Understanding of how Vms1p facilitates the clearance of stalled translation products was 

guided by our recent crystal structure determination of a portion of S. cerevisiae Vms1p (Figure 

4-3A and B) (Nielson et al., 2017). This structure includes the highly conserved central region of 

Vms1p, which we named the mitochondrial targeting domain (MTD) because it is necessary and 

sufficient for mitochondrial localization (Heo et al., 2010). This localization activity requires a 

hydrophobic groove along the region of the MTD where the LRS interacts and direct binding to 

ergosterol peroxide (Nielson et al., 2017). Intriguingly, the Vms1p MTD structure resembles 
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structures of the catalytic domain of eukaryotic peptide chain release factor subunit 1 (eRF1), as 

well as Dom34p and RNaseE, which both resemble tRNA hydrolases (Holm and Rosenstrom 

2010; Song et al., 2000; Graille et al., 2008; Brown et al., 2015) (Figure 4-3B, Figure 4-3(S1)A). 

The only region of the Vms1p MTD that diverges substantially from the release factor fold is the 

face of the MTD that mediates ergosterol peroxide binding and mitochondrial localization 

(Nielson et al., 2017) (Figure 4-3B). 

Sequence alignment showed that although Vms1p lacks a strict GGQ motif characteristic 

of eRF1p, it does possess an invariant glutamine that can align with the catalytic glutamine of 

eRF1 (Figure 4-3C). In yeast Vms1p, this glutamine residue is embedded within a GGSQ motif 

that is reminiscent of the eRF1 catalytic GGQ, while in other species the conservation other than 

the initial glycine and glutamine is less apparent (Figure 4-3C and D). The Vms1p MTD lacks 

similarity to the non-catalytic eRF1 domain 1, which discriminates stop codons from sense 

codons (Brown et al., 2015). This is consistent with Vms1p functioning in stop codon-

independent tRNA hydrolysis within a 60S, rather than 80S, ribosome. 

These observations inspired us to determine whether Vms1p enables the extraction of 

failed translation products from the stalled 60S by hydrolyzing the ester bond anchoring them to 

tRNA. We asked which residues and regions are required for the genetic functions of VMS1. We 

first tested an HbϕT motif just N terminal to the conserved ‘GxxQ’ motif that mediates ribosome 

interactions of eRF1 (Figure 4-3C and D). Vms1p mutants of these residues, H279A, H283A, 

R284A, and T286A, were indistinguishable from WT, while the Y285A mutant exhibited a 

partial CHX sensitivity (Figure 4-3F). In contrast, mutation of the ‘GxxQ’ residues G292 and 

Q295 and the highly conserved R288 residue conferred strong loss-of-function phenotypes 

(Figure 4-3E). Deletion of S294 to convert the GGSQ of S. cerevisiae Vms1p into a GGQ motif, 
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as in eRF1, also abrogated VMS1 function (Figure 4-3E). While all of these ‘GxxQ’ ‘mutants 

failed to confer resistance to 200 ng ml−1 CHX, only the R288A and G292A/G293A mutants 

were inactive at the lowest (100 ng ml−1) concentration of CHX tested (Figure 4-3E). 

Interestingly, both of these mutants also failed to rescue glycerol growth in an ltn1Δ vms1Δ 

double mutant, whereas wild-type VMS1 and the other mutants did rescue growth (Figure 4-

3(S1)B). The R288A, G292A/G293A, and Q295L mutants also exhibited enhanced 

accumulation of FLAG-GFPRz in the ski7Δ background similar to the vms1Δ mutant (Figure 4-

3(S1)D). Importantly, the Vms1p mutants interact normally, if not more strongly, with Rqc2p 

based on co-immunoprecipitation experiments (Figure 4-3(S1)E). In light of these observations, 

we hereafter refer to the MTD as the MTD/eRFL domain, where eRFL refers to eRF1-like. 

In addition to these loop residues, the ability of Vms1p to confer complete CHX 

resistance in both vms1∆ and ski7∆ vms1∆ also required the p97/valosin-containing protein 

(VCP)-interacting motif (VIM), which mediates interaction with Cdc48p/VCP/p97 (Izawa et al., 

2017) (Figure 4-3(S1)C). Interestingly, the VIM is not required for growth of the ltn1Δ vms1Δ 

double mutant on glycerol (Figure 4-3(S1)C), which indicates that mitochondrial homeostasis 

can be maintained even without Cdc48p binding. 

Vms1p exhibits tRNA hydrolase activity towards RQC substrates 

To directly test whether Vms1p catalyzes peptidyl-tRNA hydrolysis, we utilized our 

recently described S. cerevisiae in vitro translation (ScIVT) system to monitor the synthesis and 

fate of a robust stalling reporter and its peptidyl-tRNA intermediate (Osuna et al., 2017). RQC-

intact extracts translate this reporter, split the stalled 80S ribosome into constituent 60S and 40S 

subunits, elongate the nascent chain with a CAT tail, and ubiquitinate exposed lysine residues. 

These extracts also hydrolyze the peptidyl-tRNA ester bond to generate the released polypeptide 
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(Osuna et al., 2017) (Figure 4-4A). We observed that extracts prepared from vms1Δ mutant cells 

also produced peptidyl-tRNA conjugates, but loss of the peptidyl-tRNA species and appearance 

of the released translation product were slower than in WT extracts (Figure 4-4A and B). This is 

somewhat obscured by the fact that the vms1Δ mutant has lower overall translation, which leads 

to a decreased amount of the free nascent chain and peptidyl-tRNA conjugates. We performed a 

similar experiment in the ski7Δ and ski7Δ vms1Δ mutant strains and found that in the ski7Δ 

background the deletion of VMS1 conferred a much more obvious stabilization of the peptidyl-

tRNA species and qualitatively delayed release of the polypeptides (Figure 4-4C and D). In 

this ski7Δ background, deletion of RQC2 conferred a modest stabilization of the peptidyl-tRNA 

conjugate and had little effect on the vms1Δ mutant (Figure 4-4(S1)A). We next purified full-

length and C-terminally truncated (1–417) S. cerevisiae Vms1p and found that each of these 

proteins dramatically accelerated the production of the released polypeptide in a dose-dependent 

manner in WT, rqc2Δ and vms1Δ extracts (Figure 4-4E, Figure 4-4(S1)B). Importantly, the 1–

417 truncation mutant lacks the C-terminal VIM domain and is unable to interact with Cdc48p 

(Figure 4-3(S1)E). We therefore conclude that while the Vms1p–Cdc48p interaction is important 

for CHX resistance and other RQC-related functions that are relevant to the VMS1 genetic 

interactions, Vms1p association with Cdc48p is dispensable for peptidyl-tRNA hydrolysis. 

We next tested release factor activity of the MTD/eRFL domain structure-based mutants 

described above. The Q295L, G292A, and ΔS294 mutants also exhibited strongly impaired 

release factor activity (Figure 4-4F and Figure 4-4(S1)C). Consistent with the stronger growth 

phenotypes we observed on different concentrations of CHX and on glycerol, R288A and 

G292A/G293A mutants had no hydrolysis activity, even at 10-fold higher concentration than the 

concentration at which WT Vms1p catalyzed complete tRNA release (Figure 4-4F).  
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DISCUSSION 

Our data have identified a key constituent of the RQC pathway in Eukarya: a tRNA 

hydrolase that liberates failed polypeptides from the aberrant 60S:peptidyl-tRNA species that 

accumulate when ribosomes stall. Without this activity, translation products remain anchored in 

60S ribosomes, which therefore cannot be recycled for future use. The dual functions of the 

Vms1p MTD/eRFL identified here as an RQC release factor and previously as a targeting 

domain in mitochondrial stress responses portend exciting future work at the intersection of 

proteostasis and organelle homeostasis. We have previously reported that Vms1p localizes to 

mitochondria under conditions of mitochondrial damage or cellular stressors, including 

rapamycin treatment, by binding to the oxidized sterol ergosterol peroxide (Izawa et al., 2017; 

Heo et al., 2010; Nielson et al., 2017). The MTD/eRFL domain is necessary and sufficient for 

this localization, which is mediated by a direct interaction between a face of the MTD/eRFL 

domain that should remain exposed even when the domain is in the ‘A-site’ of the 60S and the 

catalytic GGSQ loop is presumably reaching into the peptidyl transferase center to catalyze 

hydrolysis of the peptidyl-tRNA ester bond. While the relationship between mitochondrial 

localization and RQC-coupled release factor activity remains unclear, it is intriguing to speculate 

that this is indicative of a role for Vms1p—and the RQC as a whole—in the response to 

mitochondrial stress. Consistent with this possibility, ltn1Δ vms1Δ and ski7Δ vms1Δ double 

mutant cells exhibit impaired glycerol growth, which correlates with impaired mitochondrial 

respiration (Yang et al., 2016). 

The diseases associated with even subtle distortions in protein quality control underscore 

the importance of the activity of Vms1p as a release factor for the RQC. Among many other 

examples, hypomorphic mutations in the RQC-associated ubiquitin E3 ligase, Listerin (Ltn1p in 
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yeast), lead to profound neurodegeneration in mice (Chu et al., 2009). As we show, Vms1p 

protects cells from inadequate Ltn1p activity by releasing CAT tailed nascent chains from stalled 

60S ribosomes. In so doing, Vms1p rescues these ribosome subunits for future use and defends 

proteostasis from translation products whose accumulation could otherwise cause disease. We 

therefore propose that Vms1p is required for the resolution of peptidyl-tRNA conjugates of 

stalled nascent chains in the cytosol as well as those destined for organelles like the 

mitochondria, where it might mediate a particular role in protecting mitochondria from 

proteostasis challenges.  
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MATERIALS AND METHODS 

Yeast strains and growth conditions 

S. cerevisiae BY4741 (MATa, his3 leu2 met15 ura3) was used as the wild-type strain. 

Each mutant was generated in diploid cells using a standard PCR-based homologous 

recombination method. The genotypes of all strains used in this study are listed in 

Supplementary Table 1. Yeast transformations were performed by the standard TE/LiAc method 

and transformed cells were recovered and grown in synthetic complete glucose medium lacking 

the appropriate amino acid(s) for selection. The medium used included YPA and synthetic 

minimal medium supplemented with 2% glucose or 3% glycerol. Cycloheximide was added at a 

final concentration of 100 ng ml−1 or 200 ng ml−1 when indicated. 

All plasmid constructs were generated by PCR and cloned into the yeast expression 

vectors pRS413, pRS14 or pRS416 as indicated in Supplementary Table 2. 

Growth assays were performed using synthetic minimal media supplemented with the 

appropriate amino acids and indicated carbon source. For plate-based growth assays, overnight 

cultures were back-diluted to equivalent optical densities (ODs) and spotted as 10-fold serial 

dilutions. Cells were grown at 30 °C. 

Immunoprecipitations 

pVMS1-VMS1-V5 (or VMS1 mutant) was co-expressed with an endogenous promoter-

His6-HA2 tagged RQC component (RQC1, RQC2, LTN1) in the cognate double mutant strain. 

Approximately 50 ODs were harvested in log phase and resuspended in IP buffer (20 mM Tris 

pH 7.4, 50 mM NaCl, 0.2% Triton X-100), vortexed 10 × 1 min, clarified via centrifugation, and 

added to anti-HA magnetic beads (Thermo Scientific #88836). After 4 h of incubation, beads 

were pelleted via magnet and washed 4× with 1 ml of IP buffer. Proteins were eluted with 50 µl 
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of 2× Laemmli buffer (20% glycerol, 125 mM Tris-HCl pH 6.8, 4% sodium dodecyl sulfate 

(SDS), 0.02% bromophenol blue). Source data can be found in Supplementary Figure 5A. 

Polysome profiling 

Yeast cultures were grown to OD600 ~1, cycloheximide was added to a final 

concentration of 0.05 mg ml−1, and cells were harvested by centrifugation 5 min later. Cell pellets 

were washed in buffer A (20 mM Tris-HCl pH 7.4, 50 mM KCl, 10 mM MgCl2, 1 mM 

dithiothreitol (DTT), 100 µg ml−1 cycloheximide, 1× RNAsecure (Ambion), and 1× yeast 

protease inhibitor (Sigma)). Pellets were weighed and resuspended in 1.3 volumes of Buffer A. 

An equal volume of glass beads was added and suspensions were vortexed for 30 s for a total of 

8 times interspersed with 1 min of incubation on ice. Following centrifugation at 3000 × g for 

5 min, supernatant was centrifuged at 11,300 × g for 2 min at 4 °C, after which supernatant was 

centrifuged at 11,300 × g for 10 min. Protein extracts were overlaid onto a linear sucrose gradient 

of 15–50% and centrifuged at 234,600 × g for 90 min. The gradients were passed through a 

continuous-flow chamber and monitored at 254 nm with an ultraviolet absorbance detector 

(ISCO UA-6) to obtain ribosomal profiles. Fractions (16) were collected, resuspended in 2× 

Laemmli sample buffer supplemented with 2.5% beta-mercaptoethanol, and analyzed by western 

blotting. Source data can be found in Supplementary Figure 5B. 

SDS-PAGE 

Whole-cell extracts were prepared from 3 to 5 ODs of cells at OD600 ~1.5 by 

solubilization in 250 µl of 2 M LiAc, incubated for 8 min on ice followed by centrifugation at 

0.9 × g for 5 min at 4 °C. The pellet was resuspended in 250 µl of 0.4 M NaOH and incubated on 

ice for 8 min followed by centrifugation at 16,000 × g for 3 min. Next, the pellet was resuspended 

in 1× Laemmli buffer with 2.5% beta-mercaptoethanol, boiled for 5 min, and centrifuged at 
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0.9 × g for 1 min. Supernatants were collected and loaded onto acrylamide/bisacrylamide 

(37.5:1) gels. Subsequent immunoblotting was done with the indicated antibodies: HA (PRB-

101C-200), V5 (ab9116), FLAG (F7425), Pgk1: (ab113687), and Rpl3 (scRPL3). Source data 

can be found in Supplementary Figure 6. 

Fluorescence microscopy 

WT (BY4741) or derived mutant strains were transformed with a plasmid expressing 

mitochondria-targeted (ATPase subunit, Su9) RFP, mtRFP, and plasmids expressing Flag3His6-

GFP-Rz or FUM1-Flag3His6-GFP-Rz under the GPD or native FUM1 promoter, respectively. 

The cells were grown to mid-log phase and imaged using the Axio Observer Z1 imaging system 

(Carl Zeiss). Digital fluorescence and differential interference contrast images were acquired 

using a monochrome digital camera (AxioCam MRm) and analyzed using the Zen 2 software 

(Carl Zeiss). 

Fluorescence-assisted cell sorting 

GFP-expressing strains and untransformed control were grown to OD600 ~1 and pelleted 

by centrifugation at 100 × g for 5 min. Cell pellets were washed once in 1× phosphate-buffered 

saline (PBS) buffer, resuspended in 1 ml of 1× PBS, and analyzed using the BDFACSCanto 

Analyzer (488 laser and optical filter FITC). A total of 30,000 events were measured and the 

median values of three independent biological replicates were analyzed by one-way analysis of 

variance (ANOVA; Bonferroni correction analysis) with a confidence interval of < 0.05 using 

the statistics software: Graphpad Prism 6. Additionally, ski7∆, ski7∆vms1∆, and strains in Figure 

4-3(S1) were compared via unpaired Student's t-test (two-tailed) confidence interval value set 

to p < 0.05. Error bars represent standard error of the mean. 
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Protein expression and purification 

For the His12 tagged proteins, constructs were transformed into JRY1734 (pep4::HIS3 

prb1::LEU2 bar1::HISG lys2::GAL1/10-GAL4) and grown in synthetic media lacking Uracil 

with 3% glycerol and 2% ethanol. When the OD600 reached ~0.5, 0.5% galactose was added to 

the cultures, which were grown for another 6 h before harvesting by centrifugation, washing of 

the pellet with sterile H2O, and flash freezing in liquid nitrogen. Cells were lysed using a 

pulverizer (SPEX SamplePrep 6870), and the lysed powder was thoroughly resuspended in lysis 

buffer (20 mM Tris pH 8.0, 300 mM NaCl, 5% glycerol) supplemented with protease inhibitors 

(aprotinin, leupeptin, pepstatin A, and PMSF) (Sigma). The resuspended lysate was clarified by 

centrifugation and added to Ni-NTA resin (Qiagen #30250) for 1 hour, washed with 10 CV of 

lysis buffer, 10 CV of lysis buffer with 40 mM imidazole, and eluted with lysis buffer made up 

with 250 mM imidazole. Eluted protein was dialyzed into IVT-compatible buffer (20 mM 

HEPES-KOH pH 7.4, 150 mM KOAc, 5% glycerol, 2 mM DTT) and concentrated. 

S. cerevisiae in vitro translation 

Preparation of in vitro translation extracts, mRNA, and in vitro translation reactions was 

performed as previously described (Osuna et al. 2017). Briefly, S. cerevisiae strains were cryo-

lysed and cell debris was cleared by sequential centrifugation before dialysis into fresh lysis 

buffer. mRNAs were generated by run-off transcription from PCR-amplified templates of 3xHA-

NanoLuciferase to produce transcripts lacking a stop codon and 3ʹ-untranslated region (truncated 

quality control substrate). Transcription products were capped and extracted prior to freezing for 

use in ScIVTs. For ScIVT reactions, extracts were first treated with MNase to remove 

endogenous mRNAs and then supplemented with 480 ng mRNA to initiate translation. Reaction 

aliquots were sampled at indicated time points by quenching in 2× Laemmli Sample Buffer. 
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Proteins were separated by SDS-PAGE, and hemagglutinin (HA)-tagged translation products 

were visualized by immunoblotting (Roche 3F10). To quantify release, the abundance of 

peptidyl-tRNA was measured with Fiji (https://imagej.net/Fiji) and normalized as percentage of 

the initial 15 min time point. Mean values of at least 6 technical replicates were analyzed and 

plotted in Prism (GraphPad software). P values were calculated using a two-way ANOVA. Error 

bars represent standard error of the mean. The ramps of Figure 4-4E represent a decreasing 

titration series of 4.2 µM, 0.42 µM, 0.21 µM, and 0.105 µM final protein concentrations. In 

Figure 4-4F and Figure 4-4(S1)C, 1× and 1/10 refer to final protein concentrations of 4.2 µM and 

0.42 µM, respectively. Source data can be found in Supplementary Figure 7. 

Quantitative RT-PCR 

RNA was purified from 40 ml of yeast cultures grown to OD600 ~1. Pelleted cells were 

washed once with water and resuspended in 700 µl of Trizol reagent (Ambion). An equal volume 

of glass beads was added and suspensions were vortexed for 30 s intervened with 1 min rest 

intervals. Next, the manufacture’s protocol from the Direct-zol kit (Zymo research: R2050-11-

330) was followed. Complementary DNA (cDNA) was obtained from 0.5 µg of purified RNA 

using the High-capacity cDNA Reverse Transcription kit (4368814) from Applied Biosystems. 

Quantitative PCR was performed using the LightCycler 480 SYBR Green I Master 

(04707516001) from Roche and using a FLAG-HIS and Actin primer pairs. Quantitative PCR 

analysis was done by Absolute Quantification/2nd derivative of three independent biological 

replicates, each performed in triplicate. The statistical analysis of mRNA transcript abundance 

was done after normalization with Actin. The statistics software Graphpad Prism 6 was used to 

perform Student's t-test (unpaired two-tail) with a confidence interval value of p < 0.05. Error 

bars represent standard error of the mean. 
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Supplementary figures and tables 

Raw data (Supplementary Figures 5-7) and plasmids and yeast strains used in this study 

(Supplementary Tables 1 and 2) referenced in Materials and Methods are available online 

(https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-018-04564-

3/MediaObjects/41467_2018_4564_MOESM1_ESM.pdf). This information is also accessible 

online from the original publication (doi:10.1038/s41467-018-04564-3). 
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Figure 4-1. Vms1 physically and genetically interacts with the RQC. 
(A, B) Serial dilutions of indicated strains were spotted on media containing glucose or 

glucose supplemented with cycloheximide (CHX). EV empty vector. (C) Immunoprecipitation 
using anti-HA antibody in the strains rqc2∆ vms1∆ expressing Rqc2p and Vms1p-V5 (control) 
or Rqc2p-HA and Vms1p-V5. Immunoblotting of HA and V5 were used to identify Rqc2p and 
Vms1p, respectively. (D) Polysome profile of the rqc2∆ vms1∆ strain expressing Rqc2p-HA and 
Vms1p-V5 treated with CHX prior to fractionation using sucrose density centrifugation. The 
sedimentation of ribosomal particles was inferred from the A254 profile (40S, 60S, 80S, and 
polysomes) and the distribution of the 60S subunit was confirmed by immunoblotting of the 
ribosomal subunit, Rpl3p. Immunoblotting of HA and V5 was used to detect Rqc2p and Vms1p, 
respectively.  
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Figure 4-1(S1). Supplementary figure 1. 
(A) Serial dilutions of indicated strains were spotted on media containing glucose or 

glucose supplemented with cycloheximide (CHX) and grown for 2 or 3 days, respectively. (B) 
Serial dilutions of the indicated strains were spotted on medium containing glucose or glycerol 
and grown for 2 or 3 days, respectively. (C) Immunoprecipitations using anti-HA antibody in the 
rqc1∆ vms1∆ strain expressing Rqc1p and Vms1p-V5 (control) or Rqc1p-HA and Vms1p-V5. 
Immunoblotting of HA and V5 were used to identify Rqc1p and Vms1p, respectively. (D) 
Immunoprecipitations using anti-HA antibody in the ltn1∆ vms1∆ strain expressing Ltn1p and 
Vms1p-V5 (control) or Ltn1p-HA and Vms1p-V5. Immunoblotting of HA and V5 were used to 
identify Ltn1p and Vms1p, respectively. (E) Polysome profiles of whole cell extracts from the 
vms1∆ rqc2∆ strain expressing Rqc2pHA and Vms1p-V5, Vms1p-V5, Rqc2p-HA or the Rqc2p 
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CAT-tailing-defective mutant Rqc2pD98Y from top to bottom, respectively. Strains were treated 
with CHX prior to fractionation by sucrose density centrifugation. Chromatographic analysis 
(A254) was used to determine the distribution of the 40S, 60S, 80S and polysome content of the 
16 collected fractions. Immunoblot analysis was performed only on fractions 3-11. The 
distribution of the 60S subunit was confirmed by immunoblotting of the ribosomal subunit, 
Rpl3p. Immunoblotting of HA and V5 was used to detect Rqc2p and Vms1p, respectively. (F) 
Polysome profiles of whole cell extracts from the vms1∆ rqc2∆ strain expressing Rqc2p-HA and 
Vms1p-V5 under the GAL-inducible promoter after galactose induction for 4, 8 and 16 hr from 
top to bottom, respectively. Chromatographic analysis (A254) was used to determine the 
distribution of the 40S, 60S, 80S and polysome content of the 16 collected fractions. The 
distribution of the 60S subunit was confirmed by immunoblotting of the ribosomal subunit, 
Rpl3p. Immunoblotting of HA and V5 was used to detect Rqc2p and Vms1p, respectively.  



 220 

 
 

Figure 4-2. Vms1p is required for resolving RQC substrates. 
(A) Fluorescence microscopy analysis of the indicated strains expressing the FLAG-

GFPRz construct under the GPD promoter and the mitochondrial marker, mtRFP. (B) Flow 
cytometry quantifications of FLAG-GFP accumulation in the indicated strains. Median GFP 
intensity values are plotted (n = 3, mean ± s.e.m., ****P < 0.0001, p value was calculated using 
unpaired Student’s t-test). (C) Immunoblot analysis of indicated strains expressing the FLAG-
GFPRz construct. Immunoblotting of Flag was used to detect the accumulation of the stalled 
construct. Pgk1p was used as loading control. (D) Fluorescence microscopy analysis of the 
indicated strains expressing the Fum1-FLAG-GFPRz construct expressed from 
the FUM1 endogenous promoter and the mitochondrial marker, mtRFP.  
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Figure 4-2(S1). Supplementary figure 2. 
(A) Gating strategy for analyzing FLAG-GFP positive cells. Panel shows gating 
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parameters for collection of total GFP intensity, excluding cellular debris in WT, ski7∆ and 
ski7∆ vms1∆. SSC, Side Scatter light; FSC, Forward Scatter light; PE, phycoerythrin; FITC, 
Fluorescein isothiocyanate. PE was plotted but not analyzed in this study. (B) Immunoblot 
analysis of whole cell extracts from the indicated strains expressing the FLAG-GFPRz construct 
(same as in Figure 4-2). Immunoblotting of Flag (overexposed) was used to detect the 
accumulation of aggregates in the stacking portion of the gel. (C) qRT-PCR analysis of the 
indicated strains expressing the FLAG-GFPRz construct (n = 3, mean ± s.e.m., **P < 0.002 and *P 
< 0.01, p value was calculated using unpaired Student’s t-test).  
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Figure 4-3. Vms1p is structurally homologous to tRNA hydrolases. 
(A) Domain structure of Vms1p. LRS, leucine-rich sequence; ZnF, zinc finger; 
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MTD/eRFL, mitochondrial targeting domain/eRF1-like; AnkR, ankryin repeat; CC, coil–coil; 
VIM, VCP-interacting motif. Residues 188–417 represent the MTD/eRFL boundaries. 
(B) Structural alignment of Vms1p (left, 5WHG (Nielson et al. 2017)) and eRF1p (middle, 
3JAHii (Brown et al. 2015), residues 144–280). Dashed lines indicate connections made by 
residues that are not resolved in the Vms1p crystal structure. The GGQ (red) loop of eRF1p is 
ordered in the ribosome-bound structure shown here. (C) Sequence alignment of Vms1p and 
eRF1p. White letters with gray, black, or red background indicates similarity, identity, or GxxQ 
residues, respectively. (D) Sequence alignment of Vms1p orthologs across the GxxQ region. 
Coloring as in (C). (E, F) Serial dilutions of indicated strains were spotted on media containing 
glucose or glucose supplemented with cycloheximide (CHX). EV, empty vector.  
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Figure 4-3(S1). Supplementary figure 3. 
(A) Similar structures to the Vms1p MTD/eRFL returned from the Dali server (Holm and 

Rosenstrom 2010). Z-score indicates degree of structural similarity, with above 2 being a similar 
fold. lali, number of aligned residues; %ID, percent identical residues. (B) Serial dilutions of 
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ltn1∆ vms1∆ cells with the indicated plasmids were spotted on synthetic media supplemented 
with glucose or glycerol. (C) Serial dilutions of indicated strains were spotted on glucose, 
glycerol and glucose supplemented with cycloheximide (CHX) and grown for 2 or 3 days, 
respectively. (D) Flow cytometry quantifications of FLAG-GFP accumulation in the indicated 
strains. Median GFP intensity values (n = 4, mean ± s.e.m., **P < 0.004 and ***P < 0.0002, ****P 
< 0.0001, p value was calculated using unpaired Student’s t-test). (E) Immunoprecipitation using 
the anti-HA antibody in the rqc2∆ vms1∆ strain expressing Rqc2p and Vms1p-V5 (control); 
Rqc2p-HA and Vms1p-V5; or Rqc2p-HA and Vms1p-V5 mutants. Immunoblotting of HA and 
V5 was used to identify Rqc2p and Vms1p, respectively.  
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Figure 4-4. Vms1p exhibits tRNA hydrolase activity towards RQC substrates. 
(A) Time courses of S. cerevisiae in vitro translation (ScIVT) reactions prepared with a 

truncated mRNA (lacking a stop codon). Extract genotypes are indicated above. Peptides that 
have been CAT-tailed and released are denoted with a cat tail icon. (B) Quantification of 
peptidyl-tRNA species in (A) (n = 6, mean ± s.e.m., ****P < 0.0001, p value was calculated using 
a two-way ANOVA). (C) Time courses of ScIVT reactions prepared as in (A). 
(D) Quantification of peptidyl-tRNA species in (C) (n = 8, mean ± s.e.m., ****P < 0.0001, p value 
was calculated using a two-way ANOVA). (E) ScIVT reactions prepared as in (A) with 
a vms1Δ extract. At t = 15, buffer (−) or pure protein was added. Slopes indicate a titration series 
of decreasing protein concentrations (see Methods). FL, full length Vms1; 1–417, N terminus 
through eRFL domain of Vms1. (F) ScIVT reactions prepared as in (A) with a vms1Δ extract. 
At t = 15, buffer, WT (1–417) protein, or mutant (1–417) protein was added.  
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Figure 4-4(S1). Supplementary figure 4. 
(A) Time courses of S. cerevisiae in vitro translation (ScIVT) reactions prepared with a 

truncated mRNA (lacking a stop codon). Extract genotypes are indicated above. Peptides that 
have been CAT-tailed and released are denoted by a cat icon. (B) ScIVT reactions prepared as in 
(A) with WT, rqc2Δ, or vms1Δ extracts. At t = 15, buffer (−) or pure protein (4.2 µM final) was 
added. FL, full length Vms1; 1–417, N terminus through eRFL domain of Vms1. (C) ScIVT 
reactions prepared as in (A) with a vms1Δ extract. At t = 15, buffer, WT (1-417), or mutant (1-
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417) protein was added (see Methods). (D) Coomassie staining of purified Vms1 proteins used in 
ScIVT rescue experiments. FL, full length Vms1; 1–417, N terminus through eRFL domain of 
Vms1.  
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ABSTRACT 

Translation is the set of mechanisms by which ribosomes decode genetic messages as 

they synthesize polypeptides of a defined amino acid sequence. While the ribosome has been 

honed by evolution for high-fidelity translation, errors are inevitable. Aberrant mRNAs, mRNA 

structure, defective ribosomes, interactions between nascent proteins and the ribosomal exit 

tunnel, and insufficient cellular resources, including low tRNA levels, can lead to functionally 

irreversible stalls. Life thus depends on quality control mechanisms that detect, disassemble and 

recycle stalled translation intermediates. Ribosome-associated Quality Control (RQC) recognizes 

aberrant ribosome states and targets their potentially toxic polypeptides for degradation. Here we 

review recent advances in our understanding of RQC in bacteria, fungi, and metazoans. We 

focus in particular on an unusual modification made to the nascent chain known as a “CAT tail”, 

or Carboxy-terminal Alanine and Threonine tail, and the mechanisms by which ancient RQC 

proteins catalyze CAT-tail synthesis.  
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DISCUSSION 

Translational quality control is essential and ancient 

The proteins and RNAs that comprise the translation machinery are among the most 

conserved sequences across all kingdoms of life. The mechanistic steps of decoding during 

translation initiation, elongation and termination are also highly conserved (Rodnina and 

Wintermeyer 2009; Burroughs and Aravind 2019). These activities are driven in part by 

GTPases, which harness GTP hydrolysis energy to serve as proofreading gates for the accurate 

decoding of mRNA into protein (Gromadski and Rodnina 2004; Dever and Green 2012; Shao 

et al. 2016). The adaptation of translational GTPases into their respective modern roles likely 

predates the emergence of biology’s Last Universal Common Ancestor (LUCA), emphasizing 

their antiquity and fundamental importance (Leipe et al. 2002). 

The conserved sequence of events that these proteins catalyze is processive and rapid 

(Boehlke and Friesen 1975; Young and Bremer 1976; Dong and Kurland 1995; Arava 

et al. 2005; Bonderoff and Lloyd 2010; Wohlgemuth et al. 2011). When errors occur that result 

in prolonged stalls, quality control mechanisms must resolve the “jammed” ribosomes 

(Brandman and Hegde 2016; Buskirk and Green 2017; Simms et al. 2017; Joazeiro 2019; Han 

et al. 2020; Inada 2020; Sitron and Brandman 2020). Across all kingdoms of life, convergent and 

divergent solutions have evolved to detect and split stalled monosomes into their large and small 

subunits and to degrade problematic mRNAs and nascent polypeptides (Ito-Harashima 

et al. 2007; Shoemaker et al. 2010; Tsuboi et al. 2012; Ikeuchi et al. 2016; Desai et al. 2020). 
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Ribosome-associated quality control 

Initially identified in yeast, the Ribosome-associated Quality Control (RQC) complex 

assembles upon ribosomal intermediates that are generated by upstream recognition and splitting 

reactions (Brandman et al. 2012; Defenouillère et al. 2013; Shao et al. 2013; Verma et al. 2013; 

Shao and Hegde 2014; Sitron et al. 2017). Ribosomes that stall at or near the 3′ end of an mRNA 

can be recognized and split by the release factor paralogs Dom34 (PELOTA in mammals) and 

Hbs1, in concert with the ATPase Rli1 (ABCE1 in mammals), which preferentially recognize an 

empty ribosomal A-site (Davis and Engebrecht 1998; Inagaki 2003; Pisareva et al. 2011; 

Shoemaker and Green 2011; Guydosh and Green 2014). Internal stalls that retain mRNA in the 

A-site, however, are not efficiently split by this complex and are instead targeted first by proteins 

that recognize ribosome collisions. The E3 ubiquitin ligase Hel2/Rqt1 (ZNF598 in mammals) 

and Asc1 (RACK1 in mammals) specifically engage ribosomal disomes that result from stalling 

and collision, and then Hel2 ubiquitinates the small ribosomal subunit to initiate splitting 

(Sundaramoorthy et al. 2017; Juszkiewicz et al. 2018; Ikeuchi et al. 2019). Subsequent splitting 

is driven by Slh1/Rqt2 (ASCC3 in mammals) in complex with other, still poorly understood, 

“RQC-Trigger” (RQT) factors Cue3/Rqt3 (ASCC2 in mammals) and Ykr023w/Rqt4 (TRIP4 in 

mammals) (Matsuo et al. 2017; Sitron et al. 2017; Hashimoto et al. 2020). Whether initiated at 

the terminal or internal mRNA stalls, these upstream splitting processes produce the same 

potentially toxic species: a 60S ribosome containing a trapped peptidyl-tRNA (60S:peptidyl-

tRNA) (Joazeiro 2019; Inada 2020; Sitron and Brandman 2020). This species must be resolved 

by the RQC complex in order to recycle the ribosomal subunit and target the nascent peptide for 

degradation. 
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The yeast RQC complex as originally identified comprises multiple proteins, including 

Rqc1, Rqc2, the E3 ubiquitin-ligase Ltn1, and the endonuclease Vms1 (TCF25, NEMF, Listerin, 

and ANKZF1 in mammals, respectively) (Brandman et al. 2012; Joazeiro 2019; Inada 2020; 

Sitron and Brandman 2020). Successful K48-linked poly-ubiquitination of the nascent chain is 

facilitated by Rqc1/TCF25 and Ltn1/Listerin, in conjunction with a subset of E2 enzymes 

(Bengtson and Joazeiro 2010; Osuna et al. 2017; Kuroha et al. 2018) (Figure 5-1A, lower panel). 

Ubiquitination promotes the recruitment of the AAA + ATPase “extractase” Cdc48/VCP and its 

cofactors Npl4/NPLOC4 and Ufd1/UFDL1 to facilitate proteasome-mediated degradation of the 

nascent polypeptide (Defenouillère et al. 2013; Verma et al. 2013; Defenouillère et al. 2016). 

Successful extraction and degradation, finally, depends on the protein Vms1/ANKZF1, 

which acts in concert with an ABCF-type ATPase, Arb1, to cleave the acceptor arm of the 

covalently linked tRNA (Kuroha et al. 2018; Verma et al. 2018; Zurita Rendón et al. 2018; Su 

et al. 2019; Yip et al. 2019). This liberates the nascent chain from its tRNA anchor (Figure 5-1A, 

lower panel). Vms1/ANKZF1 also contains a Cdc48/VCP-interacting domain, potentially 

coupling the recruitment of both factors for simultaneous extraction and delivery of the poly-

ubiquitinated nascent chain to the proteasome (Heo et al. 2010). 

The Rqc2 family of proteins and CAT tailing 

The RQC protein Rqc2/NEMF (originally Ypl009w/Tae2 in yeast) is a deeply conserved 

quality control factor and the major focus of this review (Fleischer et al. 2006; Alamgir 

et al. 2010; Burroughs and Aravind 2014, 2019). Studies in yeasts, mammalian cells and cell-free 

extracts have shown that Rqc2/NEMF modulates the fate of stalled nascent chains through both 

straightforward and peculiar mechanisms described below. 
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Rqc2/NEMF’s straightforward contributions to nascent chain quality control can be 

appreciated by scrutinizing the gallery of RQC structural studies. First, Rqc2/NEMF specifically 

binds the P-site peptidyl tRNA, thus discriminating between empty 60S subunits and those 

harboring stalled nascent chains (60S:peptidyl-tRNA). Second, these structures revealed how 

Rqc2/NEMF promotes Ltn1/Listerin binding to the 60S ribosome. Specifically, both proteins 

engage the exposed Sarcin-Ricin-Loop (SRL) of the ribosome where they also interact with each 

other (Lyumkis et al. 2014; Shao et al. 2015; Shen et al. 2015). Insights from both 

crystallography and cryo-EM structures showed us how the middle domain of Rqc2 stabilizes the 

SRL-bound state of the N-terminus of Ltn1 (Doamekpor et al. 2016). Third, additional 

reconstructions of RQC assemblies revealed how Rqc2 binding to the large ribosomal subunit 

may be sterically incompatible with Vms1 binding because the two proteins engage overlapping 

surfaces (Figure 5-1A, lower panel) (Su et al. 2019). The structural relationship between Rqc2 

and Vms1 binding to the 60S:peptidyl-tRNA particle remains unclear, however, since both 

proteins are likely conformationally dynamic. 

Understanding Rqc2/NEMF’s less straightforward roles in nascent chain handling 

emerged from a synthesis of independent observations. First, removing RQC components from 

yeast prevents 60S:peptidyl-tRNA nascent chains from being degraded (Brandman et al. 2012; 

Defenouillère et al. 2013; Verma et al. 2013; Matsuda et al. 2014; Choe et al. 2016). Inspection 

of western blots probed for these accumulated RQC substrates revealed that, in the absence of 

Rqc2, substrate polypeptides migrate as single bands of the expected mobility based on their 

mass. By contrast, in cells with Rqc2 activity intact, RQC substrates migrate during 

electrophoresis as diverse, “smeary”, mass-shifted bands (Figure 5-1B) (Brandman et al. 2012; 

Defenouillère et al. 2013). Although the magnitude and distribution of these smeared bands vary 
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depending on the sequence of the nascent chain being probed, mass-shifted products always 

depend on Rqc2 activity and are absent in rqc2Δ cells (Brandman et al. 2012; Shen et al. 2015; 

Choe et al. 2016; Defenouillère et al. 2016; Yonashiro et al. 2016; Kostova et al. 2017; Osuna 

et al. 2017; Sitron et al. 2017; Zurita Rendón et al. 2018). 

To determine how Rqc2 alters the mass of nascent polypeptides, the position of the added 

mass was explored by evaluating the electrophoretic mobility of the nascent polypeptides after 

protease digestion. This was facilitated by inserting a protease cleavage sequence upstream or 

downstream of an irreversible stalling sequence in a reporter mRNA. Translation of this stalling 

reporter leads to an accumulation of Rqc2-dependent mass-shifted bands. When the cleavage site 

was upstream of the stall, protease digestion collapsed the distributed bands into a single, crisp 

band of the expected mobility. By contrast, when the protease cleavage site was 

encoded after the stall-inducing sequence, the mass-shifted bands were insensitive to protease 

treatment and remained distributed as a smear (Shen et al. 2015; Kostova et al. 2017; Osuna 

et al. 2017). These observations indicated that the mass of the polypeptide was being altered near 

the stalling sequence and that mass-shifts were not attributable to in-frame, downstream 

translation. 

One parsimonious explanation of Rqc2-induced mass shifts is ongoing out-of-frame 

translation. Specifically, if a stalling sequence causes the ribosome to shift to the +1 or +2 

reading frame, one would expect a mixture of extended translation products. This possibility was 

ruled out by evaluating nascent chain reporters in which (1) multiple STOP codons were placed 

in all reading frames following the stalling sequence or (2) the message encoded a 3′ terminal 

hammerhead ribozyme which cleaves itself, leaving a truncated mRNA at the end of which the 

ribosome stalls. In both cases, Rqc2-dependent mass-shifted products still form, indicating that 
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the added mass is not due to mRNA translation in a different frame beyond the stalling sequence 

(Shen et al. 2015). 

What are the properties of these mass-shifted products? Four orthogonal lines of evidence 

revealed their composition. First, comparative total amino acid analysis of RQC substrates 

purified from cells lacking Ltn1 versus Rqc2 revealed that the presence of Rqc2 correlated with 

elevated levels of alanine and threonine incorporated into nascent chains. This finding was 

corroborated by N-terminal Edman degradation, which revealed a roughly even mixture of 

alanine and threonine residues added to the nascent chain immediately after the stalling 

sequence. Specifically, the first three codons in the stalling sequence employed in this study were 

CGG-CGA-CGA. Edman sequencing revealed that the ribosome was able to incorporate the first 

two encoded arginines but that alanine or threonine residues were detected thereafter. A subset of 

these fragments was further characterized by mass spectrometry, which detected diverse 

combinations of poly-Ala, poly-Thr, and mixed poly-Ala/Thr peptides. Finally, in a completely 

independent assay, sequencing the full-length tRNA molecules that copurify with Rqc2 revealed 

strong and specific enrichment of the alanine and threonine decoders tRNA-Ala(IGC) and tRNA-

Thr(IGU) (Shen et al. 2015). 

Together, the structural observation of an Rqc2-coordinated tRNA in the A-site of the 

60S:peptidyl-tRNA complex, plus the biochemical results summarized above, led to the insight 

that Rqc2 not only recognizes the aberrant state of the 60S, it also positions tRNAs within the A-

site to catalyze new peptide bond formation. This chemistry depends on 

the peptidyl transferase center (PTC) of the large ribosomal subunit, such that Rqc2, charged 

tRNAs, and the 60S collaborate to elongate the failed nascent chain with Carboxy-

terminal Alanine and Threonine (CAT) tails with no role for mRNA, the small ribosomal 
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subunit, and other accessory factors like translational GTPases (see CAT acronym) (Figure 5-1A, 

lower panel) (Shen et al. 2015; Osuna et al. 2017). In addition, the eukaryotic CAT tailing 

elongation reaction is sensitive only to translation inhibitors that target the PTC (Osuna 

et al. 2017). Thus, CAT-tailing activity emerges from Rqc2-directed positioning of charged 

tRNAs within the PTC. 

CAT acronym 

We advocate preserving the historical names, CAT tails and CAT tailing, even though 

only alanine, not threonine, has proven to be a universal component in the organisms studied to 

date. As we learn more about the inclusion of non-alanine amino acids, the acronym could be 

updated to reflect the absence of threonine in bacteria and the presence of residues in addition to 

threonine in metazoans. Possibilities include “C-terminal Additions to Translation” tails 

proposed by Sitron and Brandman (Sitron and Brandman 2020), or “CArboxy-Terminal” tails. 

Proteostasis consequences of CAT tails: ubiquitination and degradation 

The discovery of CAT tails raised questions about the functional consequences of such an 

unanticipated “post-translational modification”. At face value, the RQC process needs to 

recognize and clear aberrant translation intermediates. Why add to that burden an extension of 

random alanine and threonine residues? Bacteria, for instance, have a well-characterized 

ribosome rescue pathway that utilizes an RNA named tmRNA (“transfer-messenger-RNA”, also 

known as SsrA RNA or 10Sa RNA), which forms a remarkable hybrid of an alanine-charged 

tRNA and a short mRNA-like coding sequence, and its protein cofactor SmpB. In these 

organisms, the A-site of a stalled ribosome is targeted by the tmRNA-SmpB complex which 

donates the charged alanine residue from its tRNA-like region to the nascent chain before 

displacing the stalled mRNA with the mRNA-like portion of the tmRNA. This transition leads to 
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“trans-translation” of the mRNA-like sequence. The trans-translated sequence encodes a degron 

followed by a stop codon, resulting in the nascent chain being tagged and released from the 

ribosome for degradation by the bacterial proteases ClpXP, ClpAP and FtsH (Tu et al. 1995; 

Keiler et al. 1996; Himeno et al. 1997; Karzai et al. 2000; Rae et al. 2019). To date, there are no 

reports of a tmRNA gene in any eukaryotic nuclear genome (although there are curious examples 

in some plastids and eukaryotic mitochondria) (Keiler et al. 2000; Gueneau de Novoa and 

Williams 2004; Jacob et al. 2004; Hafez et al. 2013; Hudson and Williams 2015). The emergence 

of the eukaryotic Ubiquitin-Proteasome System (UPS) appears to have led to divergent ribosome 

rescue solutions (Burroughs et al. 2012; Buskirk and Green 2017). 

Targeting of a stalled nascent chain by the RQC complex for proteasomal degradation 

was first studied in the context of ubiquitination of the peptide by Ltn1/Listerin – a 60S-binding 

E3 ligase. (Chu et al. 2009; Bengtson and Joazeiro 2010). The RING (Really Interesting New 

Gene) domain of Ltn1/Listerin, responsible for the catalytic transfer of Ubiquitin from an E2 to 

the substrate lysine, is located at its C-terminus and thus proximal to the ribosome exit tunnel 

(Chu et al. 2009; Bengtson and Joazeiro 2010; Lyumkis et al. 2014; Shao and Hegde 2014; Shao 

et al. 2015; Shen et al. 2015). While this provides an explanation for how Ltn1/Listerin targets a 

stalled nascent chain, there is no guarantee that a stall will occur such that an accessible lysine 

residue in the nascent chain will be within reach of Ltn1/Listerin’s RING domain. Consistent 

with this idea, Ltn1 only efficiently ubiquitinated certain reporter substrates containing lysines in 

a restricted window of primary sequence relative to the exit tunnel. Lysine residues predicted to 

be hidden in the exit tunnel could also be ubiquitinated if CAT-tailing activity was intact, 

presumably because buried residues were extruded out of the ribosome and into the path of the 

ubiquitin ligase (Kostova et al. 2017). Failure to terminate at a stop codon leads to translation 



 241 

into the poly-adenosine tail of mRNA – so-called Non-Stop (NS) translation – and these poly-

adenosine stretches are a common cause of ribosome stalling (Shoemaker and Green 2012; 

Simms et al. 2017; Chandrasekaran et al. 2019). Because AAA is a codon for lysine, the 

frequency of exit tunnel lysines may be further enhanced in Non-Stop stalling substrates. 

The role of CAT tailing in Ltn1 ubiquitination has since been shown to be more nuanced. 

Specifically, Sitron et al. showed that even lysines far from the ribosome exit tunnel (in primary 

sequence) were targeted by Ltn1, and that CAT tailing enhanced ubiquitination of lysines in 

structured regions. These data support a broader view in which lysine accessibility is the critical 

determinant of nascent chain ubiquitination by Ltn1 and CAT tailing promotes ubiquitination of 

lysines on structured substrates, like co-translationally folded domains, by appending a flexible 

extension that increases their degrees of freedom (Sitron and Brandman 2019). Thus, while CAT 

tailing may not be strictly required for ubiquitination, increasing nascent chain dynamics by tail 

elongation can increase the probability of a productive encounter with Ltn1 by multiple 

mechanisms. Consistently, Rqc2 activity was shown to strongly enhance ubiquitination of an 

RQC substrate in vitro (Osuna et al. 2017). Lastly, it has also been shown that CAT tails 

themselves serve as degrons that enhance proteasomal degradation, even in an Ltn1-independent 

manner (Sitron and Brandman 2019; Sitron et al. 2020; Thrun et al. 2021). Very recent work on 

mammalian RQC further demonstrated that CAT tails can be recognized off the ribosome by the 

ubiquitin ligases Pirh2 and CRL2 (Thrun et al. 2021). These reports expand our understanding of 

alternative pathways for proteasomal targeting of RQC substrates that escape Listerin 

ubiquitination. It remains unclear whether mammalian CAT tails can act as degrons that are 

directly recognized and degraded in the absence of ubiquitination, as in bacteria (discussed in 

more detail in the later section on bacterial RQC). 
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Proteostasis consequences of CAT tails: aggregation 

Ubiquitination of failed translation products by the RQC process is a frontline mechanism 

of maintaining proteostasis – but what happens if ubiquitination fails, as can occur when 

Ltn1/Listerin activity is limiting? The discovery of the core RQC factors through a Heat shock 

factor 1 (Hsf1) activation screen in yeast shed light on this question. Specifically, the loss of 

Rqc1 or Ltn1 induced the heat shock stress response – a homeostatic guardian that senses and 

responds to proteotoxic insults to restore proteostasis (Morimoto 2011) – while Rqc2 deletion 

did not (Brandman et al. 2012). Rather, loss of Rqc2, or expression of an Rqc2 allele that can 

bind the 60S and Ltn1 but cannot synthesize CAT tails, suppressed the heat shock response 

triggered by the loss of Rqc1 or Ltn1 (Brandman et al. 2012; Shen et al. 2015). Thus, the 

accumulation of CAT tail-modified species, as can occur when ubiquitin-mediated degradation 

of nascent chains is limiting, leads to proteotoxicity and activation of the heat shock stress 

response. 

In yeast, Ltn1 mutants accumulate CAT-tailed proteins in detergent-resistant, dense 

inclusions. This aggregation is dependent on Rqc2-mediated CAT tailing of a stalled substrate 

(Choe et al. 2016; Defenouillère et al. 2016; Yonashiro et al. 2016; Sitron et al. 2020). 

Importantly, an appendage of 12 or more lysines to GFP was sufficient to induce CAT-tail-

dependent aggregation (Choe et al. 2016; Yonashiro et al. 2016). This finding is notable since a 

run of lysine residues is obligatorily appended to nascent chains during Non-Stop translation 

(Shoemaker and Green 2012; Simms et al. 2017). 

Based on these and other observations, it was proposed that CAT-tail-induced nascent 

chain aggregation, especially for chains that arise from NS errors, might both sequester 

potentially toxic species and activate the heat shock response (Hill et al. 2017). While it is 
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tempting to ascribe this as a primary function of CAT tails, the heat shock response is an 

indicator of proteotoxicity and CAT aggregation impairs cell growth under stalling stress, 

demonstrating that it is toxic (Morimoto 2011; Choe et al. 2016; Defenouillère et al. 2016; 

Yonashiro et al. 2016; Sitron et al. 2020). Furthermore, CAT-tail aggregates have also been 

shown to sequester important chaperone proteins, depleting them from the cytosolic pool (Choe 

et al. 2016; Defenouillère et al. 2016; Yonashiro et al. 2016). Sequestration of these chaperones 

is thought to be “aggresome”-specific and has previously been associated with pathology-

associated protein deposits, like those of polyglutamine-expanded Huntingtin, in yeast (Wang 

et al. 2009; Defenouillère et al. 2016; Hill et al. 2017). Later work confirmed that Hsf1 induction 

and proteotoxicity in yeast are directly tuned by the degree of CAT tail aggregation. The more 

CAT-tailed translation products aggregate, the more they stress the cell. These aggregates also 

inhibit their own degradation, adding further insight into their toxicity beyond sequestering other 

machinery (Sitron et al. 2020). The net effect of CAT tail aggregation may therefore be a double-

edged sword. CAT-tail aggregates may be advantageous because they isolate potentially toxic 

species and signal proteostasis stress; however, CAT-tail aggregates also exert general stress on 

the cell, deplete critical cellular machinery and limit their own degradation. 

In addition to the heat shock response, RQC is directly linked with another proteostasis 

pathway: the Integrated Stress Response (ISR). The ISR is one of the most well-studied and 

central mechanisms of cellular adaptation to injury and insult. The ISR senses a wide range of 

stresses and responds by repressing global translation while simultaneously and paradoxically 

enhancing the translation of a small number of proteostasis-preserving transcription factors (Wek 

et al. 2006; Pakos-Zebrucka et al. 2016; Masson 2019; Costa-Mattioli and Walter 2020). In the 

face of unremitting stress, the cell will not resume protein synthesis and will instead undergo 
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programmed cell death (Novoa et al. 2003; Scheuner et al. 2006; Dey et al. 2010). As with RQC, 

the ISR is a double-edged sword: translational repression is an important acute response but 

taken too far and this too will kill the cell. 

Recent studies have revealed that RQT activity can suppress ISR signaling. Specifically, 

the accumulation of stalled ribosomes activates the ISR kinase Gcn2 in yeast. The activation 

appears to be direct because it depends on Gcn2 and cofactors being able to bind stalled, collided 

ribosomes – the same collision species recognized by RQT factors Hel2 and Asc1. 

Overactivation of Hel2 suppresses Gcn2 activity, and the converse is also true (Yan and Zaher 

2021). This antagonistic interplay between Hel2 and Gcn2 has broad implications, as Gcn2 

activity has been linked to a variety of diseases including neurodegeneration and cancer (Ye 

et al. 2010; Ma et al. 2013). Other work in flies has shown that the accumulation of CAT-tail 

aggregates increases p-eIF2ɑ levels, the canonical marker for ISR activity (Pakos-Zebrucka 

et al. 2016; Wu et al. 2019). Together, these studies reinforce our understanding of RQC as a 

guardian of new protein quality, while also suggesting that modulation of either the ISR or RQC 

could ameliorate stress-induced diseases. 

Proteostasis consequences of CAT tails: organelle function 

The subcellular location of CAT-tail accumulations may be just as important as their 

aggregation propensity. Translation and co-translational import occur at Endoplasmic Reticulum 

(ER) and mitochondrial membranes (Kellems et al. 1974; Keenan et al. 2001; Rapoport 2007; 

Yogev et al. 2007; Izawa et al. 2012; Williams et al. 2014). These membrane-associated 

ribosomes are similarly susceptible to general translational stresses, in addition to the unique 

challenges associated with synthesizing organelle-destined nascent chains (Keenan et al. 2001; 

Rapoport 2007; Izawa et al. 2012; Williams et al. 2014). Soon after the discovery that the RQC 
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complex operates on stalled ribosomes, it was shown that Listerin can engage ER-bound 

ribosomes and ubiquitinate nascent polypeptides that stall during cotranslational import into the 

ER. Although the translocon machinery poses an access challenge, Listerin can ubiquitinate the 

nascent chain through the steric gap between a 60S and the engaged translocon (von der 

Malsburg et al. 2015). 

Subsequent work indicated that ribosome quality control may also act before translocon 

engagement. In one case in yeast, the RQT ubiquitin ligase Hel2 is associated with stalled 

ribosomes translating a secretory mRNA before translation of its ER-targeting signal peptide. 

Hel2 enrichment at these sluggish ribosomes increases when signal recognition particle (SRP) is 

depleted, suggestive of an interplay between quality monitoring and targeting to the ER. 

Moreover, SRP depletion in cells lacking Hel2 leads to mitochondrial injury because many of the 

nascent peptides that escape both RQC and SRP targeting the ER are wrongly incorporated into 

mitochondria (Matsuo and Inada 2020). These results underscore an important yet still emerging 

perspective on the interplay between ER and mitochondrial proteostasis. 

An obvious connection between RQC and mitochondria is the release factor tRNA 

nuclease Vms1 (VCP/Cdc48-associated mitochondrial stress-responsive 1). Cdc48/VCP is a 

well-characterized “extractase” and a key player in ER-associated degradation (ERAD), the 

process by which misfolded ER proteins are removed from the organelle and degraded in the 

cytosol (Jentsch and Rumpf 2007; Baek et al. 2013). In the presence of oxidative stress, a 

complex of Vms1 and Cdc48 translocates from the cytosol to the mitochondria (Heo et al. 2010). 

If Vms1 is deleted or its ability to bind Cdc48 disrupted, yeast cells show defects in ubiquitin-

associated mitochondrial protein degradation, highlighting a proteostasis mechanism for 

mitochondria that is analogous to ERAD. Cell viability and respiratory function also suffer in the 
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absence of Vms1, emphasizing its importance for mitochondrial health (Heo et al. 2010; Nielson 

et al. 2017). Vms1 was among the subset of proteins observed by affinity purification-mass 

spectrometry to co-purify with core RQC factors when the complex was first characterized 

(Brandman et al. 2012). Soon after, a genetic interaction screen against certain SKI gene 

deletions (genes required to degrade problematic mRNAs) confirmed a role for Vms1 in RQC. 

Specifically, the four genes with the strongest synthetic growth phenotypes, when combined with 

SKI mutations, were VMS1, LTN1, RQC1 and RQC2 (Defenouillère et al. 2013). 

Vms1’s role in RQC was further queried in the context of mitochondria-destined nascent 

chain translation. When co-translationally imported mitochondrial proteins, like fumarase, stall 

during translation they can be released into mitochondria (Yogev et al. 2007; Izawa et al. 2012). 

If these chains are also CAT tailed, they aggregate within the organelle (Izawa et al. 2017; Zurita 

Rendón et al. 2018). Like aggregates in the cytosol, intra-mitochondrial aggregates are likely 

toxic because they sequester chaperones plus transcriptional and translational factors within the 

matrix of the mitochondria. Vms1 and Cdc48 have been shown to associate with stalled 60S 

ribosomes near mitochondria. Vms1 was also shown to limit the stress of accumulating CAT-

tailed chains. It was therefore proposed that Vms1 serves a protective role by directly 

antagonizing CAT tailing to preclude aggregation (Izawa et al. 2017). 

This tantalizing idea inspired a hunt for the protective mechanism(s). A series of 

biochemical, genetic, and structural studies revealed that, in addition to strengthening the 

association between Cdc48 and RQC, Vms1 also catalyzes the release of peptides processed by 

the RQC complex (Izawa et al. 2017; Kuroha et al. 2018; Verma et al. 2018; Zurita Rendón 

et al. 2018). This irreversible release from the RQC complex explains how it antagonizes CAT 

tailing by severing the Rqc2 substrate for proteasomal degradation. The middle domain of Vms1, 
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renamed eukaryotic Release Factor-Like (eRFL), has structural homology to canonical release 

factors, although the highly conserved catalytic GGQ motif of release factors is slightly different 

in Vms1 (GGxQ) (Nielson et al. 2017; Verma et al. 2018; Zurita Rendón et al. 2018). This 

structural homology with release factors led the authors of the first reports on Vms1-mediated 

nascent chain release to hypothesize that it acts like a canonical hydrolase release factor (Verma 

et al. 2018; Zurita Rendón et al. 2018). However, subsequent studies revealed that Vms1 is 

actually an endonuclease. Rather than severing the peptidyl-tRNA bond through a coordinated 

nucleophilic water attack on the ester bond, Vms1 cleaves the tRNA itself (Kuroha et al. 2018; 

Yip et al. 2019). This cleavage occurs at the universal acceptor arm, producing RNA-peptide 

hybrids oriented 5’CCA3’-O-Ala(n)/Thr(n)…N’ (Yip et al. 2019). Further study revealed the 

pathway involved in repair and recycling of cleaved tRNAs generated by Vms1 nuclease activity 

(Yip et al. 2019, 2020). 

As with co-translational import at the ER, it is thought that RQC ubiquitination activity 

on mitochondrially-translocating peptides can be sterically limited by the mitochondrial 

translocon. Given that mitochondria-associated Vms1 protects against CAT-tail-dependent 

mitochondrial aggregates, a model emerged in which an imbalance of CAT-tailed, but not 

ubiquitinated, peptides might be prone to accumulation in mitochondria (Izawa et al. 2017). Such 

an accumulation could be antagonized by Vms1-mediated release before CAT tails grow too 

long. Indeed, under respiratory conditions, yeast cell viability is relatively unaffected by Ltn1 

deletion. Double mutant ltn1Δvms1Δ cells, however, show marked growth defects (Izawa 

et al. 2017; Zurita Rendón et al. 2018). Consistent with the notion that CAT-tailed nascent chains 

are responsible for impaired respiratory growth, further loss of Rqc2 activity in 

ltn1Δvms1Δrqc2Δ cells restores growth (Izawa et al. 2017). 
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The fact that ltn1Δvms1Δ cells display a respiratory growth defect that can be rescued by 

loss of CAT-tailing activity indicates a causal role for CAT tails in mitochondrial toxicity. 

Further analysis showed that loss of Ltn1 and Vms1 led to Rqc2-dependent formation of 

detergent-insoluble mitochondrial inclusions, and these inclusions sequestered respiratory chain 

complexes, chaperones, and mitochondrial translation machinery. Protein levels for the 

machinery of oxidative phosphorylation were also reduced in the ltn1Δvms1Δ double mutant, 

consistent with a gross impairment of respiratory function. Similar results were observed when 

yeast cells were challenged with over-expression of a mitochondrially-destined NS reporter, 

supporting the model that this mitochondrial toxicity is due to failure to resolve imported stalls 

that have longer CAT tails (Izawa et al. 2017). 

Similar connections between RQC and mitochondrial toxicity have been documented in 

flies. Disruption of the Drosophila gene PINK1 (PTEN-induced putative kinase 1) has been used 

as a Parkinson’s disease model in which mitochondrial defects lead to neuromuscular 

degeneration (Valente et al. 2004; Liu and Lu 2010; Wu et al. 2019). In PINK1 mutant flies, 

mitochondrial stress leads to translational stalling of the mitochondrial outer membrane-

associated C-I30 (complex-I 30kD subunit). This stalled chain is C-terminally extended (CAT 

tailed) in a reaction that depends on the fly homolog of Rqc2 known as Caliban (Clbn). Notably, 

these authors report that additional amino acids, including Ser, Tyr, Cys, Pro and Glu were 

incorporated into these extensions. As with CAT-tail accumulations in the mitochondria of yeast, 

C-terminally extended (CAT-tailed) C-I30 (C-I30-u) was found within fly mitochondria and 

inhibited respiration. A forward phenotypic screen for rescuing mutants revealed that loss of 

Clbn rescued wing posture, ATP production, mitochondrial morphology, and neuronal loss 

phenotypes of PINK1 flies. This process was termed MISTERMINATE (mitochondrial-stress-



 249 

induced translational termination impairment and protein CTE), and C-I30 represents one of the 

first described examples of an endogenous nascent chain substrate of RQC (Wu et al. 2019). 

Notably, both endogenous and epitope-tagged C-I30-u were found to aggregate in the 

cytosol and mitochondria of HeLa cells. As in yeast and flies, these mammalian aggregates 

sequestered chaperones and quality control factors, in addition to 60S ribosomal proteins 

(consistent with their origin on RQC-targeted split ribosomes). C-I30-u formation also elevated 

p-eIF2ɑ levels, again indicating induction of the ISR (Pakos-Zebrucka et al. 2016; Wu 

et al. 2019). Notably, anisomycin (a PTC-targeting translation inhibitor previously shown to 

inhibit CAT-tail formation) reduced the CAT tailing and aggregation of C-I30 (Osuna 

et al. 2017; Wu et al. 2019). Slowing mitochondrial import of C-I30 by Tom20 or Tom40 RNAi, 

moreover, increased C-I30-u formation. This observation confirmed that the MISTERMINATE 

process can be triggered by inefficient co-translational import. The RQC proteins ANKZF1 and 

VCP appeared to inhibit C-I30-u formation because their overexpression reduced, while their 

RNAi inhibition increased, C-I30-u levels. Additionally, ANKZF1 knockdown led to almost 

exclusive localization of C-I30 and C-I30-u at mitochondria, further supporting a role for 

Vms1/ANKZF1 in antagonizing CAT-tail-associated aggregation at mitochondria (Wu 

et al. 2019). In both yeast and mammalian experiments, synthetically-encoded CAT-tail 

extensions also trigger aggregation, reaffirming the potential toxicity of unresolved CAT tails 

(Howard and Frost, unpublished results) (Yonashiro et al. 2016; Wu et al. 2019; Udagawa 

et al. 2021). Altogether, these findings point to the CAT-tailing activity of Rqc2/Clbn/NEMF as 

a potential source of stress and cellular toxicity. 

As noted earlier, however, studies in yeast have shown CAT tailing also has positive 

roles in promoting ubiquitination (Kostova et al. 2017; Osuna et al. 2017). More recent work in 
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flies has further highlighted the importance of maintaining CAT-tailing activity. Specifically, 

Drosophila Clbn was reported to have an important role in regulating mitochondrial functions 

within fly enterocytes. In these experiments, loss of Clbn resulted in mitochondrial 

fragmentation, reduced mitochondrial membrane potential and ATP production, and high levels 

of reactive oxygen species. For unclear reasons, these effects were specific to enterocytes. While 

the mechanism of this toxicity remains to be determined, Clbn localized to the mitochondrial 

outer membrane in enterocytes (Dai et al. 2020). This work further supports a direct connection 

between Rqc2/Caliban dysfunction and mitochondrial stress. More broadly, this emphasizes the 

competing effects that may explain the seemingly paradoxical toxicities of accumulating CAT 

tails versus CAT-tailing failure. 

The recent data on RQC failure in metazoan cells support the notion that dysregulation of 

RQC activities can lead to organellar and, in turn, cellular proteostasis failure in a variety of 

ways. The fact that CAT tailing can serve both beneficial and detrimental roles highlights the 

contextual complexity of this node of the protein quality control network. Further mechanistic 

dissection will hopefully explain how RQC factor mutations give rise to disease. 

Proteostasis consequences of CAT tails: human disease 

Listerin, the first component of the RQC complex to be described, was discovered over a 

decade ago through a mutagenesis screen in mice. The mutant gene lister (named for the 

asymmetric lister phenotype exhibited by mice harboring two copies of the recessive mutation) 

led to amyotrophic lateral sclerosis (ALS)-like progressive motor impairment and early death in 

mice (Figure 5-1C, left) (Chu et al. 2009). lister encodes the ribosome-binding protein Listerin, a 

RING finger E3 ubiquitin ligase and homolog of yeast Ltn1 (Chu et al. 2009; Bengtson and 

Joazeiro 2010). A truncating allele of Listerin that lacks the RING domain led to embryonic 
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lethality. While Listerin is expressed in all mouse tissues, neuronal cell types are primarily 

affected by the lister mutation, consistent with numerous studies showing defects in the UPS are 

associated with early-onset neurodegeneration (Berke and Paulson 2003; Chu et al. 2009; 

Sulistio and Heese 2016). A proliferation of research into the mechanisms of this co-translational 

quality control system followed, but much remains to be learned about how RQC defects lead to 

neurodegeneration in mammals. 

One model for the neurodegeneration in lister mice is that, as in yeast and flies, loss of 

RQC capacity for ubiquitination leads to unresolved CAT-tailed peptides that accumulate to 

toxic levels. It would make sense for this mechanism of dysfunction to hold true in long-lived, 

terminally differentiated cells like neurons. Indeed, recent work confirmed that human LTN1 

depletion further sensitizes neurons to the stress of NS protein production, leading to abnormal 

morphogenesis and, in some cases, apoptosis. Again, as in flies and yeast, Rqc2/NEMF depletion 

ameliorates this toxicity (Udagawa et al. 2021). Further supporting a more general link between 

protein quality control failure and disease, mutations in Cdc48/VCP have also been implicated in 

human neurodegenerative disorders, including ALS and frontotemporal dementia (Watts 

et al. 2004; Johnson et al. 2010). 

Specific repeat expansions associated with ALS have also been directly linked to RQC. 

G4C2 repeat expansion in C9ORF72, a known ALS disease expansion, has been shown to be 

subject to CAT tailing. The resulting dipeptide poly(GR) repeats can apparently act as 

mitochondria-targeting signals, leading to co-translational import that is characterized by 

frequent translational stalling. In mammalian cells, both Clbn and NEMF colocalize with these 

stalls and induce CAT tailing, much like Clbn-mediated elongation of C-I30 in the PINK1 

model. These CAT tails were found to be predominantly composed of Ala, Thr and Ile – another 
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example of metazoan elaboration on the CAT-tail code. CAT tailing of poly(GR) stalls leads to 

stabilization, aggregation and toxicity of the extended proteins. As with C-I30-u, both 

anisomycin or RNAi knockdown of NEMF led to a reduction in poly(GR) accumulations in fly 

and mammalian cells. Also consistent with previous studies, ANKZF1 activity antagonized 

poly(GR) extension and accumulation (Li et al. 2020). This work further implicates unresolved 

CAT-tail production as a causal agent for organelle injury, cellular toxicity and disease. 

This model of pathogenesis is consistent with existing concepts in the field of aging and 

neurodegeneration. Protein aggregates are considered a hallmark of normal and accelerated 

aging. While all cells must cope with proteostasis, neurons may be particularly sensitive to the 

accumulation of faulty peptides (López-Otín et al. 2013; Ruan et al. 2018). The production of 

new protein is necessary for ongoing function and survival, but new synthesis also means more 

potential for proteostasis stress. In yeast, cells cope by sequestering translation aggregates to the 

mitochondria of aging “mother” cells. In a surprising demonstration of this idea, inhibiting 

translation through a variety of chemical means is sufficient to ameliorate aggregation in yeast – 

highlighting the burden that ongoing translation places on a cell (Zhou et al. 2014). 

To what degree are the neurodegenerative effects of RQC mutations in mammals a result 

of CAT-tail accumulations? Disruption of NEMF entirely also leads to neurodegenerative 

disease in mice. A recent mutagenesis screen in mice, similar to that which first identified 

Listerin, uncovered two mutations in NEMF that approximately phenocopy lister mice and lead 

to progressive motor neuron degeneration (Figure 5-1C, right). These mutations are in highly 

conserved regions of the protein, and their yeast-equivalent mutations in Rqc2 impaired – 

although to notably different degrees – CAT-tailing activity. Moreover, nine variants of NEMF 

identified in humans were associated with juvenile neuromuscular defects (Figure 5-1D) (Martin 
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et al. 2020). Thus, while excessive or unresolved CAT tailing can be detrimental to mammalian 

cells, a failure or deficiency in CAT tailing is also toxic. It appears the cell requires just the right 

amount of CAT tailing, balanced by commensurate UPS activity, to maintain proteostasis. 

This type of “goldilocks” scenario is not uncommon in biology. The RQC complex has 

already been implicated in such a relationship based on studies of cytosolic toxicity attributable 

to mutant Huntingtin protein (Yang et al. 2016). Huntington’s disease is a highly progressive and 

fatal neurodegenerative disorder in humans characterized by polyglutamine expansions in the 

Huntingtin protein. Such “mutant” Huntingtin proteins (mHtt) lead to, among other things, mHtt 

aggregation and neuronal failure (Ross and Tabrizi 2011). In yeast, the toxicity of mHtt103QP (a 

less toxic form of polyglutamine-expanded Huntingtin protein) was shown to be regulated by 

Hsf1 activity (Yang et al. 2016). Only at intermediate Hsf1 activity levels did mHtt103QP 

sequester into singular inclusion bodies (IBs), which are thought to be protective (Dehay and 

Bertolotti 2006; Duennwald et al. 2006; Meriin et al. 2007; Wang et al. 2009; Yang et al. 2016). 

At both low and high Hsf1 activity levels these IBs break apart into smaller, more toxic 

aggregates. Interestingly, the absence of Rqc1 or Ltn1 also led to failure to form single IBs. 

Deletion of Rqc2 reversed the effects of Rqc1 or Ltn1 loss, (Yang et al. 2016). Once again, the 

accumulation of CAT-tailed products was linked to activation of global stress response through 

Hsf1. Rqc2 activity correlated directly with Hsf1 activity in an apparently upstream manner. 

Thus, the level of Rqc2 activity modulates IB dissolution and, in turn, toxicity. Intriguingly, in 

these yeast experiments, aged mother cells failed to form IBs for unknown reasons (Yang 

et al. 2016). This effect may also be linked to Hsf1 activity, and studies in animal models have 

demonstrated Hsf1 activity modulates lifespan (Hsu et al. 2003; Morley and Morimoto 2004; 

Cohen et al. 2006; Chiang et al. 2012). Future work will hopefully uncover mechanistic 
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connections between aging-related Hsf1 dysfunction and the development of neuronal disorders 

as a result of RQC failure. 

An outstanding mystery related to the phenomena of CAT-tail function concerns the 

variation in CAT-tail composition noted in different organisms, and potentially in different cell 

types or cell states. In yeast, CAT tails were first shown to be primarily composed of alanine and 

threonine (Shen et al. 2015). We now know that certain bacteria also CAT tail (reviewed below), 

and in the Gram-positive bacterium, Bacillus subtilis, these are composed strictly of alanines 

(Lytvynenko et al. 2019). Fly and mammalian CAT tails, by contrast, appear to be more complex 

and have additional residues beyond alanine and threonine, including glycine, isoleucine, serine, 

and others, albeit at much lower levels than alanine (Li et al. 2020; Udagawa et al. 2021). It 

remains to be seen whether these are distinctions without functional differences, but it is 

tempting to speculate that CAT-tail composition is a selectable trait and that evolution has tuned 

the propensity of CAT-tailed nascent chains to aggregate by incorporating non-alanine residues 

into CAT tails. At present, the evidence for composition-dependent modulation of CAT-tail 

aggregation is mixed. In some experiments, synthetic periodic AT repeats appended to a normal, 

non-stalling, reporter was sufficient to induce protein aggregation in yeast cells (Choe et al. 

2016; Yonashiro et al. 2016). Homopolymeric extensions of either alanine or threonine, on the 

other hand, did not induce aggregation in yeast or human cells (Oma et al. 2004; Yonashiro 

et al. 2016). Directly contradicting these results, however, were similar experiments that showed 

GFP appended with nineteen or more consecutive alanines aggregated and induced cell death in 

human cells (Rankin et al. 2000). 

Adding another layer to this puzzle, a recent paper reported that incorporation of non-

alanine residues tends to solubilize CAT-tailed nascent chains and decrease their toxicity in 
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human neurons. Specifically, in this system synthetic homopolymeric alanine tails were shown to 

be both more aggregation-prone and more toxic to human cells. Any synthetic combination of 

Ala/Thr/Gly in these tails – residues found in human NEMF-catalyzed CAT tails – led to less 

aggregation and toxicity (Udagawa et al. 2021). More broadly, homopolyalanine tract expansions 

are associated with protein aggregation and disease in humans, much like well-characterized 

polyglutamine expansion disorders (Scheuermann et al. 2003; Albrecht and Mundlos 2005). 

Thus, it remains to be seen to what degree non-alanine residues modulate CAT-tail aggregation, 

localization, or toxicity, and whether this is being selected for through evolution. Further 

complicating the picture is the fact that RQC substrate release by Vms1-driven endonucleolytic 

cleavage produces CAT tails with a terminal 5′-CCA-3′ nucleotide appendage (Kuroha et al. 

2018; Yip et al. 2019). This has many possible implications in the tuning of CAT-tail 

aggregation, as the RNA nucleobases may introduce new interactions and are also potential 

modulators of liquid-liquid phase separation (Alberti et al. 2019). What is clear is that alanine, an 

ancient and simple residue, is the conserved core of CAT tails across the tree of life, and that 

CAT tails with this amino acid may drive aggregation (Miller 1953; Rankin et al. 2000; Muñoz 

Caro et al. 2002; Martin and Russell 2007; Shen et al. 2015; Macé and Gillet 2016; Lytvynenko 

et al. 2019; Udagawa et al. 2021). 

Thus, a picture is beginning to emerge for the relationship between CAT tailing and 

human disease. When there is an imbalance in RQC activities leading to more CAT tailing than 

UPS-driven degradation, CAT tails can aggregate and trigger proteotoxic stress. Conversely, if 

CAT tailing is disrupted or insufficient, the cell will also experience proteotoxic stress due to 

aberrant protein accumulation. Both scenarios also potentially impair 60S subunit recycling 

(Figure 5-1E). It is not yet clear whether the protective role of CAT tailing reflects a primary role 
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for CAT tails in promoting stalled nascent chain ubiquitination or sequestration. We argue that 

current evidence points toward a primary role for CAT tails in enhancing ubiquitination and 

proteasomal degradation in mammals. 

RQC in bacteria 

If promoting ubiquitination is a primary purpose of CAT tailing in eukaryotes, one would 

expect the activity to be absent in branches of life that lack a UPS system. Why, therefore, would 

bacteria CAT tail? Bacteria do not have a dedicated UPS, and instead, utilize a more direct 

tmRNA/SmpB system for handling translational stalls (Karzai et al. 2000; Burroughs et al. 

2012). And yet some bacteria have an Rqc2 ortholog, RqcH, which has been shown to perform 

the bacterial analog of CAT tailing (Lytvynenko et al. 2019). 

RqcH binds the bacterial 50S ribosomal large subunit and promotes C-terminal 

elongation of stalled peptides in a manner similar to that of eukaryotes (Figure 5-1A, upper 

panel) (Lytvynenko et al. 2019; Crowe-McAuliffe et al. 2021; Filbeck et al. 2021). This tailing is 

catalytically dependent on the analogous residues of the eukaryotic system (Lytvynenko et al. 

2019). Unlike the varied Ala/Thr/Gly/Ile/+ composition of various eukaryotic tails, RqcH-

mediated tails appear to be composed predominantly, if not exclusively, of alanines (Figure 5-

1A) (Lytvynenko et al. 2019; Crowe-McAuliffe et al. 2021; Filbeck et al. 2021). Rather than 

relying on the UPS for downstream turnover of RQC targets, bacterial alanine tails themselves 

act as degrons, functionally similar to the degron encoded by tmRNA, which are recognized and 

targeted for degradation by the ClpXP system (and possibly other proteases) (Figure 5-1A, upper 

panel) (Lytvynenko et al. 2019). 

Multi-state structural characterizations of B. subtilis RQC complexes revealed in detail 

how this conserved machinery mimics canonical translation elongation activities in the absence 
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of traditional GTPases, and shed further light on the mechanistic similarities and differences 

between bacterial and eukaryotic CAT tailing. Like Rqc2/NEMF, RqcH forms a bi-lobed 

architecture linked by a coiled-coil middle region that interacts with the large subunit face, in 

place of mRNA and the small subunit (Crowe-McAuliffe et al. 2021; Filbeck et al. 2021). 

Mimicking traditional mRNA-anticodon recognition, RqcH interacts with and recruits tRNAAla 

to the ribosomal A-site. This is followed by a conformational change in RqcH that directs 

peptidyl-transfer in a manner similar to elongation factor EF-Tu (Crowe-McAuliffe et al. 2021; 

Filbeck et al. 2021). 

A novel RQC component in bacteria, termed RqcP for “P-site tRNA stabilizing factor” 

(originally named YabO and homologous to, yet C-terminally distinct from, Hsp15), functions 

analogously to translation factor EF-G to stabilize the post-transfer hybrid A/P-state peptidyl-

tRNA into the P-site, freeing the A-site for further tRNAAla recruitment. RqcP appears to be an 

essential component of bacterial RQC and is co-distributed across bacteria (Crowe-McAuliffe 

et al. 2021; Filbeck et al. 2021). Future work is required to determine if an analogous factor 

serves a similar elongation role during eukaryotic CAT tailing. Eukaryotic RQC release, on the 

other hand, has been recently well-characterized (Kuroha et al. 2018; Verma et al. 2018; Zurita 

Rendón et al. 2018; Su et al. 2019; Yip et al. 2019). At the present time, it remains unclear how 

the final step of nascent chain release is promoted during bacterial RQC. The tmRNA system 

includes a mechanism for promoting peptidyl-hydrolysis at an encoded stop after degron 

synthesis (Karzai et al. 2000). An open question raised by bacterial RQC studies is whether a 

specialized endonuclease (like eukaryotic Vms1/ANKZF1), a peptidyl-tRNA hydrolase, 

uncharged tRNA or canonical release factors are responsible for liberating CAT tails for 

degradation in bacteria (Filbeck et al. 2021). 
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The newly characterized bacterial CAT-tailing system appears functionally redundant 

with the tmRNA system. Bacteria lacking RqcH do not exhibit significant growth defects in 

response to translational or environmental stressors, but when both the tmRNA and RqcH 

systems are deleted cells show strong synthetic growth defects (Lytvynenko et al. 2019; Filbeck 

et al. 2021). A notable distinction between these quality control mechanisms is that tmRNA 

requires a fully intact, translation-competent ribosome (Karzai et al. 2000). RqcH, by contrast, 

can only act on the 50S:peptidyl-tRNA product generated by ribosome splitting (Lytvynenko 

et al. 2019; Crowe-McAuliffe et al. 2021; Filbeck et al. 2021). Thus it has been proposed that 

CAT tailing in bacteria may serve as an alternative translational rescue route when the tmRNA 

system is overwhelmed or impaired, or when stresses like heat shock lead to premature splitting 

(Lytvynenko et al. 2019). 

The broad conservation of CAT tailing – by contrast with tmRNA/SmpB – from bacteria 

to yeast to metazoans presents a potential paradigm shift in the evolution of ribosome rescue and 

raises questions about the ancestral function(s) of the RqcH/Rqc2/NEMF family of proteins. Is 

the interplay between CAT tails and the UPS, plus the inclusion of additional amino acids in 

CAT tails, a eukaryotic-specific innovation? The core conservation of alanine residues in CAT 

tails and their ability to act as low-complexity degrons supports a model in which the bacterial 

system represents a primordial mechanism of non-templated chain elongation for translational 

quality control (Figure 5-1A). If so, how much of the other RQC activities are conserved 

throughout life? And what roles might template-free protein synthesis by the large ribosomal 

subunit and Rqc2-like proteins have played in precursors of our last universal common ancestor? 

In the concluding section of our review, we consider the informatic clues regarding a primordial 

role for CAT-tailing activities. 
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Informatic identification of Rqc2 and Vms1 orthologs across the tree of life 

To gain insight into the evolutionary roots of RQC, thorough bioinformatic analyses have 

been performed to understand when and where each RQC component emerged during the 

evolution of life on this planet. Of the RQC components, only the Rqc2 family appears to have 

been present in LUCA (Burroughs and Aravind 2014, 2019). The family was first identified two 

decades ago by use of the Clusters of Orthologous Groups (COGs) protein database to reannotate 

archaeal genomes (Tatusov et al. 1997; Natale et al. 2000). Of the core archaeal genes analyzed, 

one poorly characterized family termed “COG1293” contained a Streptococcus ortholog 

predicted to be a fibronectin-binding protein (Courtney et al. 1994; Natale et al. 2000). Yet the 

high conservation and broad evolutionary distribution of this group hinted at different functions 

for members of this protein family. Indeed, detailed sequence analysis of the proteins revealed a 

Helix-hairpin-Helix (HhH) nucleic acid-binding module similar to that of certain ribosomal 

proteins, suggesting a role in ribosome-associated rRNA-binding or other nucleic acid binding 

functions (Natale et al. 2000). 

Years later the group revisited this protein family, leveraging a wealth of new genome 

data and the conserved HhH domain to systematically map its orthologs (NEMF in mammals, 

FpbA-like in bacteria, Caliban in drosophila, and Tae2/Rqc2 in yeast) and terming it the 

“NFACT” family. Representatives of the family were found in all major lineages of archaea, 

bacteria (except α-, β-, and γ-proteobacterial lineages, and actinobacteria), and eukaryotes 

(except basidiomycete fungi). This confirmed the likely presence of NFACT proteins in LUCA 

(Burroughs and Aravind 2014). Detailed inspection revealed a conserved domain architecture 

consisting of (from N- to C-terminus): an NFACT-N domain, two HhH domains, a coiled-coil 

region, and an NFACT-R domain (previously annotated as DUF814, the uncharacterized C-
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terminal domain was renamed NFACT-R for its predicted RNA-binding properties). Notably, 

archaea and eukaryotes were also found to contain an additional C-terminal domain (DUF3441) 

which they termed NFACT-C. While the absolute sequence of this domain is not highly 

conserved, the polarity or charge of various amino acid positions is, hinting at a role in protein-

protein contacts rather than catalysis. The uniqueness of this domain to archaea and eukaryotes 

suggests that they share a common Rqc2 ancestor that evolved an additional archaeo-eukaryotic-

specific protein-binding activity (Burroughs and Aravind 2014). 

Broader inspection of other RQC components reveals a more complicated evolutionary 

trajectory. Cdc48 is considered an archaeo-eukaryotic innovation exclusive to that lineage. 

Originally described as a Cdc48 interaction partner, Vms1 is more broadly distributed and 

considered a prototypical member of what is now termed the Vms1-like Release Factor 1 

(VLRF-1) clade. VLRF-1 is present in eukaryotes, bacteroidetes and Heimdallarchaeota 

(considered a sister branch to eukaryotes). Interestingly, VLRF-1 is absent in basal eukaryotes. 

As bacteroidetes have been shown to form endosymbiotic relationships with eukaryotes, this 

pattern suggests the sequential horizontal transfer of VLRF-1 – first from a specialized branch of 

archaea to bacteria, and then again from bacteria to eukaryotes. Surprisingly, the toroidal tetra-

trico-peptide repeats (TPR) module of the poorly characterized Rqc1 appears to be of bacterial 

origin and present in eukaryotes but absent from archaea, implying a transfer from bacteria to 

eukaryotes (Burroughs and Aravind 2019). In contrast, Ltn1 appears to be an early eukaryotic 

innovation exclusive to that lineage, consistent with the emergence of Cdc48 and expansion of 

the UPS in eukaryotes (Burroughs et al. 2012; Burroughs and Aravind 2019). Given these 

explanations of evolutionarily distributed RQC factor origins, an open question is whether 

archaeal RQC more closely resembles that of bacteria or eukaryotes. Taken as a whole, Rqc2 
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appears to be a “core” protein of ancient, pre-LUCA, provenance upon which additional RQC 

activities were elaborated in eukaryotes through a complex combination of protein evolution, 

gene transfer and symbiotic events. 

Evolutionary speculations 

In closing, we remind the reader that Rqc2-family proteins, charged tRNAs, and the 

peptidyl-transferase center within the 23S rRNA alone can synthesize CAT tails without GTP, 

ATP, an mRNA or the small ribosomal subunit across life (Shen et al. 2015; Osuna et al. 2017; 

Lytvynenko et al. 2019; Wu et al. 2019; Li et al. 2020; Martin et al. 2020; Udagawa et al. 2021). 

This is remarkable and leads us to wonder whether CAT-tailing-like activities predated LUCA 

and, rather than serving a role in protein quality control, could have arisen before the advent of 

translation itself. Soon after the discovery of the structure of DNA, the “RNA world” hypothesis 

was proposed (Crick 1968; Gilbert 1986). In this world, RNA molecules spontaneously 

assembled and, over a long period of time, were selected for by their ability to perform primitive 

biochemistry such as peptide-bond formation (Crick 1968; Gilbert 1986; Nissen et al. 2000; 

Fox 2010; Hsiao et al. 2013; Petrov et al. 2015; Bowman et al. 2020). We envision that the 

advent of a CAT tailing-like activity could have triggered the transition from an RNA world to 

an RNA-peptide world. Specifically, we wonder if the first, simple peptides were synthesized by 

an RNA-only proto-50S ribosome, proto-tRNAs, plus an Rqc2 functional equivalent – a 

primordial RNA catalyst that possessed CAT-tailing activity. This idea is grounded in Robin 

Monro’s demonstration in 1969 that in the presence of methanol the large ribosomal subunit and 

charged tRNAs are sufficient to catalyze peptide bond formation of di-, tri-, and tetra-peptides 

(Monro 1969). Since then, a variety of experiments have shown it is possible for small RNA 

fragments to catalyze peptide bond formation, supporting the idea that peptide synthesis could 
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have occured in a RNA world (Zhang and Cech 1997, 1998; Tamura and Schimmel 2001). 

However, only very recently was it reported that longer fragments of the ribosomal large subunit 

23S rRNA – specifically the RNA domains encoding the PTC – are capable of catalyzing 

peptide-bond formation in the absence of any proteins (Khaitovich et al. 1999; Xu and 

Wang 2021). These experiments apparently produced poly-lysine 9-mers from tRNA minihelices 

and two symmetric fragments of the 23S rRNA that encodes the PTC (Xu and Wang 2021). If 

these results hold – with additional controls – the protein-free synthesis of polypeptides 

represents a substantial proof-of-concept advance in our understanding of the emergence of an 

RNA-peptide world and predict that canonical translation emerged after this pivotal 

development, perhaps when an Rqc2-like RNA precursor evolved into a selectable genetic 

message. 

tmRNA has also been proposed to be a missing link between an RNA-world, the RNA-

peptide world, and modern translation by acting as the first nonrandom genetic medium 

translated by a proto-ribosome (Macé and Gillet 2016). Given the much broader evolutionary 

conservation of Rqc2 and its ability to catalyze non-templated peptide bond formation of 

primordial alanines at the PTC, we speculate that an RNA-encoded Rqc2-like activity may have 

co-evolved with, and perhaps preceded, both tmRNA and templated peptide synthesis. Notably, 

an analogous model for release factor evolution has been proposed in which the ancestral 

function of release was first performed by an uncharged tRNA-like molecule, and then the 

bacterial and archaeo-eukaryotic lineages independently evolved the more efficient release factor 

proteins we see today (Burroughs and Aravind 2019). Ribosomes, on the other hand, have core 

and more ancient RNAs that were later elaborated upon, rather than replaced, by additional shells 

of proteins (Nissen et al. 2000; Fox 2010; Melnikov et al. 2012; Hsiao et al. 2013; Petrov et al. 
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2015; Bowman et al. 2020). The behavior of the ribosome as an “entropy trap”, rather than an 

enthalpic catalyst, supports its evolutionary roots in RNA-driven positioning as the basis of 

catalysis (Sievers et al. 2004). 

Could this process have been preceded by an even simpler, non-templated Rqc2-like 

entropy trap? In this twist on the RNA world hypothesis, an RNA molecule capable of Rqc2-like 

template-free peptide synthesis could have cooperated with the proto-PTC and charged proto-

tRNAs to catalytically enhance efficient peptide synthesis. Was this the origin of the first 

untemplated proteins, prior to the emergence of the genetic code? If so, the evolution of an Rqc2-

like RNA catalyst could have spurred the revolution from the RNA world to the RNA-peptide 

world. In this new world, coacervates of low-complexity peptides and RNA could have 

condensed. Could such phase-separated RNA and peptide droplets, distinct from their 

environment, have been the first “organisms” (Oparin 1974, 1976)?  
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Figure 5-1. CAT tailing in RQC and disease. 
(A) Schematic of RQC activities in bacteria and eukaryotes. (B) Anti-GFP western blot 

of a stalling reporter in various RQC yeast mutants reveals Tae2/Rqc2-dependent “smears”/CAT 
tails (adapted from Brandman et al. 2012). (C) Comparisons of wild-type mice with mice 
harboring homozygous copies of the ubiquitination-defective lister allele of Ltn1/Listerin (left) 
or the CAT tailing-defective NemfR86S mutation of Rqc2/NEMF (right) (adapted from Chu et al. 
2009 and Martin et al. 2020, respectively). (D) Individual with a NEMF nonsense variant 
(NemfR870*), displaying axonal neuropathy, spastic paraplegia, and speech delay (adapted from 
Martin et al. 2020). (E) Models for disease-associated consequences of RQC failure to CAT tail, 
ubiquitinate, or release stalled nascent chains. 
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