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Abstract 
 
 

Strategies and Bottlenecks Towards Humanizing the Proteasome Core in Yeast 
 

 
Mudabir Abdullah, Ph.D. 
Concordia University, 2023 

 
All organisms are derived from a common ancestor and share several biological processes. The 

principle of evolutionary conservation of genes between species enables their investigation in 

simpler model organisms. These evolutionary conserved genes encode essential cellular machinery 

whose failures are linked to diseases in humans. Despite a billion years of evolutionary divergence, 

budding yeast shares several thousand protein coding-genes with humans. Recent systematic 

studies have identified many human orthologs that can individually complement a lethal growth 

defect conferred by the loss of the corresponding yeast gene. Computational analysis of many 

properties of orthologous gene pairs revealed functional replaceability is not well-explained by 

sequence similarity between the human and yeast genes. Instead, it is a property of specific protein 

complexes and pathways “genetic modularity”, that broadly defines the human protein's ability to 

interact with yeast proteins such that some genetic modules are entirely non-replaceable (e.g., DNA 

replication initiation complexes, splicing machinery), whereas, some are entirely replaceable, 

including the proteasome complex, a highly conserved, multi-protein complex comprising ~33 

proteins.  

The modularity paradigm allows if the entire yeast and human systems are, to a first approximation, 

interchangeable (at least in yeast). My thesis aims to humanize the yeast proteasome core complex 

comprising 14 subunits. In Chapter 1, I present a review of concepts relevant to humanized yeast 

and our recent efforts to use humanized yeast models to study human biology, disease, and 

evolution. In Chapter 2, I describe efforts to humanize the entire alpha proteasome core in yeast. In 
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the process, I describe a novel rapid, scalable, and combinatorial genome engineering strategy, by 

Marker-less Enrichment and Recombination of Genetically Engineered loci (MERGE) in yeast. In 

Chapter 3, I demonstrate the humanization of the non-replaceable yeast 𝛽 core subunits revealing 

the role of species-specific protein-protein interactions and genetic modularity in functional 

replaceability. Finally, in Chapter 4, I discuss future efforts to humanize the proteasome core in its 

entirety in yeast, including the assembly chaperones required for optimal assembly of the multi-

subunit core.  
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Chapter 1: Introduction to thesis 
 

1.1 Humanized yeast  

The Functional conservation of genes between humans and budding yeast highlights the value of 

using distant model organism for studying human processes (Dixon et al.., 2008; Dolinski et al.., 

2007; Sonnhammer et al.., 2015; Tugendreich et al.., 1994). With over 2000 (∼30% of its genome) 

shared genes with humans (Fig. 1.1) and easy genetic manipulation, budding yeast is useful model 

for large scale testing of orthologous human gene function. The avaialibilty of genome-wide 

knockout, temperature-sensitive, and titratable promoter yeast collections, and the human 

ORFeome collection (Lamesch et al., 2007) along with rapid growth and simple conversion 

between haploid and diploid forms, makes yeast a unique model for systematic humanization 

assays. Humaniziation involves cloning the orthologous human cDNA in yeast expression vector 

and transforming in yeast strains harboring conditional knockout alleles of the corresponding yeast 

genes (Kachroo et al., 2015). If the yeast gene is essential, viable yeast cells that express the human 

gene alone suggest functional replaceability (Fig. 1.1A). Alternatively, CRISPR/Cas9 enables 

precise and marker less insertion of human coding sequences at the corresponding genomic loci, 

thus replacing the yeast gene while maintaining the native regulation (Akhmetov et al., 

2018; Brzácˇová et al., 2021). Therefore, humanization assays provide a simple growth-based 

readout of function while bringing together all the benefits of using yeast cells to study human 

genetics (Botstein et al.., 2011; Laurent et al.., 2016). 

Recent studies have shown that many conserved human genes can substitute for their yeast 

equivalents and sustain yeast growth, (Garge et al., 2020; Hamza et al., 2015, 2020; Kachroo et al., 

2015; Laurent et al., 2020; Sun et al., 2016), creating reagents to directly test human gene function 
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in tractable system. Humanized yeast also enables testing of the effects of human genetic variation 

on function at scale and can serve as biological reagent to discover novel therapeutic targets, 

repurpose drugs and characterize disease mutations (Fig. 1.1B). 

 

 

 

 

Fig.1.1 Swapping conserved human genes in yeast. 

 (A) General outline of yeast humanization assays. Shared human protein-coding sequences are cloned in yeast 
expression vectors. The wild-type yeast that express functional essential genes are viable, as indicated by colonies 
growing on Petri dishes. The deletion or conditional knockout of the essential yeast gene causes lethality, resulting in 
an absence of colonies on Petri dishes. However, yeast is viable if the expression of the orthologous human gene can 
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compensate for the function of the yeast counterpart, despite nearly a billion years of divergent evolution, as indicated 
by growth on Petri dishes similar to that of wild-type yeast. (B) There is extensive genetic polymorphism in critical 
human genes, and some of these mutations often lead to disease. Yeast shares 2146 orthologs with humans, of which 
702 are essential in yeast. Comparatively, owing to gene amplification, humans share 3942 genes with yeast, of which 
961 human orthologs relate to corresponding essential counterparts in yeast [data obtained from Inparanoid 
(Sonnhammer and Östlund, 2015)]. By functionally replacing the conserved human genes in yeast, the resulting 
humanized yeast become a tractable system for testing human genetic variation in the context of a simplified cell. These 
yeast–human gene swaps allow researchers to characterize genetic or protein–protein interactions relevant to disease, 
build entire human pathways in yeast, generate personalized yeast strains for each unique human variant, identify 
genetic suppressors of human disease, and provide a platform to identify novel therapeutics. Image concept credit: 
Andrew Horton. 
 

1.2 Principles governing functional conservation 

While functional complementation tests of human genes in yeast have been explored extensively 

in the past (Balakrishnan et al., 2012; Heinicke et al., 2007), but recent studies have taken a systems 

approach to test hundreds of shared human genes for functional replaceability in yeast (Garge et 

al., 2020; Hamza et al., 2015, 2020; Kachroo et al., 2015; Laurent et al., 2020; Sun et al., 2016) 

(Fig. 1.2A). These large-scale have revealed unexpected features that govern functional 

replaceability, for example, it was found that sequence similarity is not the best predictor of 

functional replaceability. Instead, the replaceability of human-yeast orthologous pair that have 

undergone no observable duplication in either lineage (referred to as 1:1 orthologs; Fig. 1.2A), is 

mostly determined at the level of pathways and protein complexes rather than at the level of 

individual genes, a property known as genetic modularity. The genetic modularity broadly defines 

the human protein's ability to interact with yeast proteins in a manner like that of the replaced yeast 

protein (Fig. 1.2B). Data showed that some genes that form a functional genetic module were 

entirely replaceable, such as those encoding components of the proteasome complex and of the 

sterol and heme biosynthesis pathways. By contrast, other modules, such as the DNA replication 

initiation complex, were altogether non-replaceable (Kachroo et al., 2015) (Fig. 1.3C). The studies 

also identified several features of shared genes predictive of functional replaceability for human 

and yeast orthologous pairs that have undergone lineage-specific duplication in the human lineage, 
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referred to as 1:2 or 1:>2 orthologs (Fig. 1.2A), such as relative divergence of human co-orthologs, 

involvement in GI or PPI networks and subcellular localization (Fig. 1.2B) (Laurent et al., 2020).  

 

 

Fig1.2 Systematic humanization of yeast reveals the properties critical for functional 
replaceability.  
 
(A). Yeast and human genomes share several thousand orthologs that belong to different classes. 1:1 orthologs are 
shared genes that have acquired no observable duplications in either lineage, whereas 1:2 or 1:>2 refers to orthologs 
that have undergone duplication in humans (Laurent et al.., 2020). (B) Large-scale replaceability assays identify critical 
features of shared genes important for functional complementation in yeast. In 1:1 orthologs, genetic modularity is the 
best predictor of replaceability, followed by transcription rate and amino acid sequence identity. By contrast, in 1:2 or 
1:>2 orthologs, the top predictors are divergence of the human or yeast genes, conserved interactions and similar sub-
cellular localization. The x-axis represents the predictive power calculated as area under the curve (AUC) or receiver 
operator curve plots [computed from data in Kachroo et al. (2015) and Laurent et al. (2020)]. 
 

1.3 Humanizing non-replaceable yeast genes 

The concept of ortholog–function conjecture suggests that the orthologs genes from diverse 

organisms perform equivalent functions (Gabaldón et al., 2013). However, even when orthologous 

genes perform similar functions, they may not be interchangeable if the organisms have 

significantly diverged. Nonetheless, functional replaceability can indirectly measure the ability of 

a human gene to perform most of the essential roles of the yeast counterpart, including critical 

genetic interactions or protein-protein interactions. Restoring these essential interactions may 
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facilitate the humanization of non-replaceable yeast genes (Fig. 1.3A). However, several factors, 

including evolution of partners (Kachroo et al., 2015; Teufel et al., 2019), distinct genetic 

interactions or protein-protein interactions, and non-native expression (Garge et al., 2020), can 

explain why conserved human genes are not replaceable in yeast. Mutating the non-replaceable 

human genes can make them replaceable in yeast. Therefore, it is crucial to identify and characterize 

mutations in human or yeast genes that allow the assimilation of human genes it may not be possible 

to swap them if the organisms have widely diverged. 

Most humanization assays have only tested the functional replaceability of individual genes, but 

genes do not work in isolation. Investigating whether entire yeast and human systems are 

interchangeable can enable the humanization of yeast biological processes in their entirety 

(Fig. 1.3B, C). For instance, genetic modules such as the proteasome complex and the cholesterol 

and heme biosynthesis pathways can be fully humanized because these modules are mainly 

composed of genes that are individually replaceable in yeast (Kachroo et al., 2015, 2017) 

(Fig. 1.3C). This innovative genetic modularity-based approach could offer a unique opportunity 

to study polygenic diseases associated with variants belonging to the same protein complex or 

biosynthetic pathway. These fully humanized yeast strains carrying multiple human genes encoding 

components of the same biological complex or process will be more suitable for screening human 

disease-associated alleles as they maintain human-like local genetic interactions or protein-protein 

interactions. The previous successful attempts, such as the humanization of core histones and the 

purine biosynthesis pathway in yeast (Agmon et al., 2020; Truong et al., 2017), indicate that this 

endeavor is feasible. 
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Fig.1.3. Genetic modules govern functional replaceability.  
 
(A) Lack of functional complementation by a shared human gene in yeast could be attributed to the inability of a human 
gene to perform critical genetic interactions or protein–protein interactions (PPIs) in yeast. Using a reverse evolution 
approach and modifying a non-replaceable human gene to complement the yeast ortholog should allow the discovery 
of critical interactions or other factors, such as diverged mechanisms or regulation between humans and yeast. (B) 
Genetic modularity is a feature that strongly predicts replaceability and allows researchers to test whether higher-order 
humanizations of yeast are possible. Some modules can be humanized because most of the individual genes within the 
module are replaceable, either sequentially or by expressing all humanized components simultaneously. However, non-
replaceable modules represent a major challenge and could be humanized if the entire yeast genetic module is replaced 
simultaneously. (C) Several yeast genes are functionally replaceable by their human equivalents one gene at a time, but 
many are not. For example, genes encoding components of the transcription and translation machinery, the proteasome 
complex, and the sterol and heme biosynthesis pathways are mostly replaceable. By contrast, modules such as the 
splicing complex, the origin recognition complex (ORC), minichromosomal maintenance (MCM) complex and the 
chaperone-containing TCP-1 (CCT) complex are largely non-replaceable. This distribution of replaceable or non-
replaceable human genes in pathways or complexes suggests that these yeast processes are likely humanizable in their 
entirety, even when individual genes are non-replaceable. The module maps were generated using Cytoscape (version 
3.9.1) (Shannon et al.., 2003) with data from Garge et al. (2020), Kachroo et al. (2015) and Laurent et al. (2020) and 
are meant to illustrate the broad spectrum of functional replaceability across different cellular processes. 
 

 

1.4 Proteasome complex 

Proteins and membranes can become damaged during cellular process, and cells have two 

proteolytic systems to eliminate these damaged components and maintain protein and organelle 

turnover. These systems are the proteasome and lysosomal systems. The proteasome degrades 

short-lived and abnormal proteins with the help of ubiquitin system (Wang et al., 2014). This highly 

conserved molecular machine is responsible for recycling the cellular proteome (Maupin et al., 

2012) and plays a crucial role in many cellular processes, including cell cycle progression, gene 

expression, transcription and cell signaling. The proteasome works with ubiquitination, recognizing 

proteins to be degraded by their poly-ubiquitin chain markers. The 26S proteasome consists of the 

20S proteasome catalytic “core particle (CP)” and the 19S “regulatory particle (RP)”. Throughout 

the kingdom of life, CP consists of four stacked heptameric rings. In Archaea and bacteria, CP 

constitutes single 𝛼 and 𝛽 subunits. In eukaryotes, the 26S proteasome is a cylindrical complex 
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containing a CP of four stacked rings forming a barrel-shaped central catalytic core. Each ring is 

composed of seven individual proteins. The inner two rings are made of seven 𝛽 subunits that 

comprise six protease active sites. These sites are located on the interior surface of the rings such 

that the target proteins that enter the central pore are degraded. The outer two 𝛼-rings each contain 

seven 𝛼 subunits whose function is to regulate a "gate" through which proteins enter the catalytic 

core (Beck, F et al., 2012). The proteasome’s function is to degrade defective proteins in a regulated 

fashion by cleaving them into short peptides via the proteolytic activity of three 𝛽 subunits (Forster 

et al., 2013).  In humans and yeast, five (𝛽1, 𝛽2, 𝛽5, 𝛽6, 𝛽7) of the seven 𝛽 subunits are initially 

synthesized with pro-peptides which are cleaved immediately after the correct assembly of the 

functional proteasome (Chen,P et al., 1996) . The 𝛽1, 𝛽2, and 𝛽5 subunits show different proteolytic 

activities, such as trypsin-, caspase- and chymotrypsin-like respectively. The RP is composed of lid 

and base. The RP base subunits are ATPases that play an essential role in the regulation of gating 

of the 𝛼-ring by promoting translocation of unfolded protein substrate into CP.  Given the 

proteasome complex’s critical nature, eukaryotes have evolved a highly regulated process to 

assemble this molecular machine inside cell (Murata et al., 2009). The correct proteasome assembly 

is achieved by several chaperones that aid in the recruitment, sequential incorporation, and 

maturation of catalytic 𝛽 subunits to make a functional proteasome.  

Humans possess duplicated copies of some core subunits (2 copies each for 𝛼4, 𝛽1, 𝛽2 and 3 for 

𝛽5 subunits). Therefore, different kinds of tissue-specific proteasomes are made owing to the type 

of subunits incorporated in the newly assembled proteasome (Demartino et al., 2007and Sutoh, Y 

et al., 2012). Constitutive-proteasome, present in most human tissues, comprises catalytic subunits 

termed 𝛽1c (caspase‐like, cleaving preferentially after acidic residues), 𝛽2c (trypsin‐like, cleaving 

preferentially after basic residues) and 𝛽5c (chymotrypsin‐like, cleaving preferentially after 
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hydrophobic residues). However, in human lymphoid tissues and cells that are exposed to the 

inflammatory cytokine’s interferon‐γ (IFN‐γ) and tumor necrosis factor‐𝛼 (TNF‐𝛼), cells make 

another variant of the proteasome, called immuno-proteasome, in which 𝛽1c, 𝛽2c and 𝛽5c are 

replaced by their duplicated versions 𝛽1i (branched amino acid preferring, BrAAP), 𝛽2i and 𝛽5i, 

respectively. Humans also have one thymus specific 𝛽5t subunit, which is exclusively expressed in 

cortical thymic cells, playing a critical role in the development of T-cells in the thymus that has 

reduced chymotrypsin-like activity helping in the production of unique peptides in the thymus 

(Murata, S. et al., 2007).  

Proteasome is largely replaceable in yeast by human ortholog gene by plasmid-based 

complementation (Kachroo et al., 2015). Proteasome complex is an ideal platform to test whether 

higher order humanization is possible and explore different strategies to humanize non-replaceable 

subunits. The interaction context with neighboring proteins is a major factor determining 

replacement of an ortholog. That is, if a significant fraction of a gene’s physical or functional 

interaction partners are replaceable, the gene in question is more likely to be replaceable. As 

discussed above this phenomenon is called genetic modularity, whereby a protein evolves and 

retains the ability to successfully replace and assimilate in a genetic module, with the proteins it 

must interact with to carry out its function. This observation strongly suggests that it may be 

possible to extend the scope of humanization beyond individual replacements to humanize multiple 

genes simultaneously, likely starting with those that function in the same complex or biochemical 

pathway. In Chapter 2, we demonstrated that nearly all subunits in the yeast proteasome are 

individually replaceable at the native loci and used sequential strategy to humanize the rest subunits 

to achieve whole-complex humanization. In Chapter 3, we explored the genetic modularity theme 
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for functional replaceability to assess whether individually non-replaceable proteins can become 

replaceable in the presence of their interaction partners.  
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Chapter 2 

Rapid, scalable, and combinatorial genome engineering by Marker less Enrichment and 

Recombination of Genetically Engineered loci (MERGE) in yeast 

Mudabir Abdullah, Brittany M. Greco, Jon M. Laurent, Riddhiman K. Garge, Daniel R. Boutz, 

Michelle Vandeloo, Edward M. Marcotte, Aashiq H. Kachroo  

bioRxiv.2022.  Version1, Doi:  https://doi.org/10.1101/2022.06.17.496490; version 2, SSRN, Doi: 

http://dx.doi.org/10.2139/ssrn.4208348 

 

Abstract: 

A major challenge to rationally building multi-gene processes in yeast arises due to the 

combinatorics of combining all the individual edits into the same strain. Here, we present a scalable, 

precise, multi-site genome editing approach that combines all edits without selection markers, using 

CRISPR-Cas9 and gene drives. We show that engineered loci become resistant to the corresponding 

CRISPR reagents, allowing the enrichment of distinct genotypes. We demonstrate a highly efficient 

gene drive that selectively eliminates specific loci by integrating CRISPR-Cas9-mediated Double-

Strand Break (DSB) generation and homology-directed recombination with yeast sexual 

assortment. The method enables Marker-less Enrichment and the Recombination of Genetically 

Engineered loci (MERGE). We show that MERGE converts single heterologous loci to 

homozygous loci at ~100% efficiency, independent of chromosomal location. Furthermore, 

MERGE is equally efficient at converting and combining multiple loci, thus identifying viable 

intermediate genotypes. Finally, we establish the feasibility of MERGE by engineering a fungal 

carotenoid biosynthesis pathway and 6 of 7 human α proteasome core proteins into yeast. MERGE, 
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therefore, lays the foundation for scalable and combinatorial genome editing, enabling pathway 

engineering and functional genomics in yeast. 

 

2.1 Introduction: 

Baker’s yeast has long served as a convenient chassis for bioengineering owing to its genetic 

tractability, versatile metabolism, and ease of culture in the lab. Decades of fundamental research, 

together with the development of high throughput toolkits and genome engineering capacities, have 

established yeast as an ideal model eukaryote for system genetics and synthetic biology (Botstein 

et al., 2011). The availability of many selectable genetic markers and simple conversion between 

haploid and diploid forms provide avenues to easily combine pairs of genetically engineered loci 

to understand gene-gene interactions at a global scale (Costanzo et al., 2016). For more extensive 

genetic alterations, yeast’s highly efficient Homologous Recombination (HR) pathway even 

enables the synthesis of entire chromosomes, although this approach requires iterative use of 

selection markers and tedious repetitive procedures (Richardson et al., 2017). Nonetheless, the 

ability to alter large contiguous segments of genomic loci has many applications, such as genome 

minimization (Suzuki et al., 2015), multiplex genome editing (Barbieri et al., 2017), and the total 

synthesis of the Mycoplasma and E.coli genomes using yeast HR (Gibson et al., 2008; Fredens et 

al., 2019). In spite of the progress in whole genome engineering, editing intermediate numbers of 

independent genomic loci–greater than two and in discontiguous regions of the genome still 

presents a significant technological challenge. While strategies exist for E. coli (Lajoie et al., 2013) 

(e.g., MAGE), diploid organisms such as yeast present the additional challenges for example editing 

multiple alleles for each (independently assorting) genomic locus. Moreover, while high throughput 

cloning strategies and the reduced cost of de novo DNA synthesis now allow swapping entire 
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heterologous pathways or protein complexes into yeast, such efforts frequently require the deletion 

of corresponding yeast loci, such as the case for efforts to systematically humanize yeast genes 

(Truong et al., 2017; Agmon et al., 2020), which may entail replacing genes at their corresponding 

genomic loci to retain native regulation. Beyond these aspects, the expression of each new gene 

often reveals incompatibilities associated with the engineered pathway. Thus, there is a need for 

rapid, multi-site, progressive genome editing strategies to address these issues. The efficiency and 

speed of CRISPR-Cas9-based genome engineering allow straightforward editing of multiple yeast 

loci in a single strain, eliminating the need for markers (Ran et al., 2013; DiCarlo et al., 2013; 

Akhmetov et al., 2018; Kachroo et al., 2017; Lee et al., 2015). However, the approach gets 

progressively more challenging for multi-gene systems when the fitness of the intermediate 

genotypes is unknown (Figure S2.1). Therefore, rationally building heterologous genetic modules 

in a yeast surrogate requires a highly scalable and combinatorial genome editing technology. 

Synthetic Genetic Array (SGA) analysis permits the combination of loci in a fitness-driven manner, 

requiring markers linked to the modified loci and haploid-specific selections (Kuzmin et al., 2016). 

Using an SGA-like strategy to build a heterologous multi-gene system would need several unique 

markers linked to each gene. However, the lack of adequate selection markers limits its application. 

The Green Monster (GM) method bypasses the marker dependency by using Green Fluorescent 

Protein (GFP) expression as a readout to combine engineered loci (Suzuki et al., 2011). However, 

implementing the GM strategy can be challenging for heterologous pathway engineering with an 

added burden of expressing fluorescent cassettes (Labunskyy et al., 2014). Thus, accomplishing 

large-scale combinatorial genome editing in yeast necessitates new genetic tools that circumvent 

these requirements. In this work, we describe a novel, CRISPR-Cas9-based method to readily 

combine genetically engineered loci without the need for markers and exogenous repair templates. 
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The approach involves generating CRISPR-Cas9-mediated Double-Strand Breaks (DSBs) and 

highly efficient Homology Directed Repair (HDR) along with yeast mating and sporulation to 

randomly assort edited sites performing multi-site and marker-less combinations of engineered loci. 

This selective and successive elimination of specific yeast loci mimics a gene drive (Xu et al., 2020; 

Yan & Finnigan, 2018; DiCarlo et al., 2015; Roggenkamp et al., 2017) (Figure S2.2) and facilitates 

Marker-less Enrichment and Recombination of Genetically Engineered yeast loci (MERGE). We 

show that CRISPR-mediated selection operates like classical selection markers, enabling MERGE 

to efficiently explore many combinations of genetically engineered loci, revealing a fitness-driven 

path to engineering any heterologous system in yeast. We further demonstrate that MERGE enables 

rapid assembly of an entire carotenoid biosynthesis pathway by performing a multi-site and marker-

less combination of distinct engineered loci. Finally, using a multiplexed version of MERGE, we 

humanize a near-complete α proteasome core (6 of 7 subunits) in yeast while revealing a fitness-

driven path to the humanization of complex processes. 

 

2.2 Results: 

 2.2.1 CRISPR-Cas9 allows marker-less selection and enrichment of unique genotypes in yeast   

CRISPR-Cas9 enables precise and marker-less editing of both essential and non-essential yeast loci 

owing to significantly lower error-prone Non-Homologous End Joining (NHEJ) in yeast relative to 

HDR (Kramer et al., 1994). Therefore, Cas9-sgRNA-induced lethality serves as a rapid test for a 

functional CRISPR reagent in yeast (Colony Forming Units Observed or CFUO = ~0) compared to 

the Cas9 alone (Colony Forming Units Expected or CFUE). To verify the ON target activity of 

CRISPR reagents, the transformation of a plasmid carrying an expression cassette for both Cas9 

and a sgRNA targeting a specific locus (pCas9-sgRNAlocus) in a yeast strain harboring a 
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corresponding engineered locus resistant to further targeting allows the survival of colonies similar 

to the pCas9 alone (CFUO/CFUE = ~1) (Figure 2.1A).  

We tested this strategy by humanizing α proteasome core genes in yeast that are functionally 

replaceable by their human counterparts (Kachroo et al., 2015). Using CRISPR-Cas9, we replaced 

each yeast α proteasome genes with its human ortholog at the native loci (Figure S2.3). 

Additionally, we modified non-essential loci to test if the CRISPR-mediated selection is broadly 

applicable and found that all engineered strains are resistant to the corresponding CRISPR-Cas9- 

sgRNA mediated lethality (CFUO/CFUE = ~1, Figure 2.1B, Figure S2.4A & S2.4B).  

To verify if the resistance of humanized strains is exclusive to its corresponding CRISPR reagent, 

all single-humanized α proteasome strains were mixed in culture (Figure 2.1C). To quantify the 

enrichment of unique genotypes, we inoculated a ade2Δ::kanMX haploid strain in the mixture. The 

pCas9-sgRNAADE2 exclusively enriched for resistant ade2Δ genotype, whereas all other genotypes 

in the mix harboring a wild type ADE2 locus are inviable (Figure 2.1C-ii). 

Conversely, the transformation of pCas9-sgRNARPT5 targeting RPT5 (a base subunit of the 

proteasome complex), for which all the strains in the mix harbor a wild-type copy, shows no 

survivors (Figure 2.1C-iii). We demonstrate that each CRISPR reagent targeting yeast α 

proteasome genes selected a corresponding humanized genotype from a mix, respectively (Figure 

2.1C-iv). Thus, CRISPR-Cas9-mediated resistance functions similarly to conventional antibiotic or 

auxotrophic markers in yeast. 
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Figure 2.1 CRISPR-mediated selection enables the enrichment of unique genotypes. 

(A) pCas9-sgRNA1 targeted to any yeast locus (locus 1) leads to lethality (CFUO) compared to the vector without 
sgRNA (pCas9 alone; CFUE). However, the modification of locus 1 to i prevents further targeting by the corresponding 
CRISPR reagent (CFUO). A simple readout of CFUO/CFUE enables the identification of modified genotypes. (B) Each 
CRISPR reagent targeted to several wild-type yeast loci shows near 100% lethality (Gray bars or CRISPR-sensitive 
loci). However, after editing the loci (by generating single-humanized yeast α proteasome genes, ade2Δ::kanMX and 
inserting carotenoid genes at landing pad loci), the strains show resistance to the corresponding CRISPR reagent (Blue 
bars or CRISPR-resistant loci, CFUO/CFUE = ∼1). (C) Each unique genetically modified strain can be enriched from 
the mixture using the corresponding CRISPR reagent. The transformation of pCas9 alone serves as a control (i). 
Haploid ade2Δ::kanMX strain quantifies the efficiency of the CRISPR selection (pCas9-sgRNAADE2), enriching only 
the ade2Δ homozygous genotypes (red-colony phenotype) (ii). The transformation of pCas9-sgRNARPT5 causes 
lethality as all the strains in the mix harbor a wild-type copy of the RPT5 gene (iii). Similarly, each CRISPR reagent 
specific to individual yeast α proteasome genes also selected the corresponding humanized strains as demonstrated by 
PCR-based genotyping of randomly picked colonies (iv). 

 
 
 

 
 2.2.2 MERGE0 is nearly 100% efficient at converting loci irrespective of the yeast gene 

 location on the chromosome 
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Mating of engineered haploid strains with wild type generates a heterozygous genotype. CRISPR-

Cas9 reagents targeted to either allele should enable the conversion to homozygous diploids at high 

efficiency while simultaneously enriching the desired genotype (MERGE level 0 or MERGE0) 

(Figure 2.2A). We used ADE2/ade2Δ::kanMX heterozygous knockout diploid (hetKO) strain to 

quantify the efficiency of MERGE0. The wild type ADE2 allele is susceptible to pCas9-sgRNAADE2 

mediated DSB. In contrast, the ade2Δ::kanMX allele is resistant, proving a readout of conversion 

as the loss-of-function of ADE2 results in a red color colony phenotype. The transformation of both 

wild-type haploid or diploid yeast with pCas9-sgRNAADE2 showed a lethal phenotype (~0-20 CFUO 

on average) (Figure 2.2B). However, pCas9-sgRNAADE2 transformation in ADE2/ade2Δ::kanMX 

hetKO strain shows resistance while also simultaneously converting the locus to Δade2::kanMX at 

~100% efficiency (Figures 2.2B & S2.5A). MERGE0 similarly performs with comparable 

proficiencies across multiple loci at single-humanized ɑ proteasome and landing pad loci (Figures 

2.2C, S2.5B & S2.5C). To test if MERGE0 can convert any heterozygous yeast locus independent 

of the position on a chromosome, we explored the strategy across many yeast genes located on 

chromosome 1. We designed a CRISPR reagent (pCAS9- sgRNAkanMX) to target the het KO diploid 

yeast strains harboring the kanMX cassette instead of a yeast gene. MERGE0 converted all 

heterozygous loci to homozygous wild-type alleles, respectively, with simultaneous loss of kanMX 

cassette (except for CNE1) (Figure 2.2D, S2.6A & S2.6B). Furthermore, using CRISPR-Cas9 to 

target a wild-type yeast locus instead of the kanMX cassette in a hetKO diploid strains, MERGE0 

enables single-step gene essentiality screening in yeast, significantly increasing efficiency 

compared to the classical methods such as Tetrad dissection or SGA analysis (Winzeler et al., 1999; 

Pan et al., 2004). Except for a non-essential PRE9 (a3) gene, all six essential a subunit proteasome 

genes are inviable post-transformation of the corresponding CRISPR reagents (Figure 2.2E). 
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Figure 2.2 MERGE level 0 (MERGE0) efficiently converts a single heterozygous to a 
homozygous locus. 
 
(A) Mating haploid yeast strains, each harboring a different allele at a single locus, enables the combination as a 
heterozygote. CRISPR reagent targeted to one of the alleles (CRISPR-sensitive locus) initiates recombination using the 
homologous chromosome with a CRISPR-resistant locus as a repair template. Sporulation of the resulting homozygous 
diploid yields the desired genotype in both mating types. (B) CRISPR reagent (pCas9-sgRNAADE2) targeted to the wild 
type ADE2 locus quantifies the efficiency of MERGE0. The transformation of pCas9-sgRNAADE2 in the wild type 
haploid or diploid strains is lethal, with few surviving red colonies suggesting efficient ON-target activity 
(CFUO/CFUE = ∼0). However, the transformation of pCas9-sgRNAADE2 in heterozygous 
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diploid ADE2/ade2Δ::kanMXstrain shows no lethality (CFUO/CFUE = ∼1). Instead, all surviving red colonies suggest 
efficient conversion to the knockout locus. (C) Similarly, CRISPR reagents targeted to several wild-type yeast loci 
show near 100% lethality with few surviving colonies while simultaneously providing exogenous repair templates 
(oligo for ADE2 locus and PCR fragments for the remaining loci) (Red bars). However, each heterozygous diploid 
displays resistance to CRISPR reagents respectively (CFUO/CFUE = ∼1, Yellow bars). PCR confirmation verified the 
conversion to the CRISPR-resistant locus. (D) CRISPR reagent targeting kanMX cassette (pCas9-sgRNAkanMX) shows 
no OFF-target activity in a strain lacking the cassette (CFUO/CFUE = ∼1). However, haploid or diploid strains 
harboring kanMX cassettes as the only allele show lethality (CFUO/CFUE = ∼0), suggesting ON-target activity. 
However, diploid strain heterozygous for kanMX allele (SWH1/swh1Δ::kanMX) is viable (CFUO/CFUE = ∼1), 
suggesting conversion to the wild type allele as demonstrated by the loss of G418 resistance after performing MERGE0. 
Using heterozygous diploid knockout strains (hetKO) arrayed across the entire yeast chromosome I, MERGE0 similarly 
converted every knockout allele to the wild type locus (Yellow = CFUO/CFUE = ∼1), except in the case of CNE1 that 
showed resistance to the CRISPR reagent but did not lose the kanMX cassette. (E) Alternatively, using hetKO strains 
and targeting CRISPR reagent to the wild-type yeast locus enables a single-step gene essentiality assay in yeast. The 
remarkably high efficiency of MERGE0 converts every heterozygous yeast locus to homozygous null, therefore, 
allowing viability only if the gene is non-essential (as in the case of yeast proteasome α3 gene). All other essential loci 
show lethality after MERGE0. 
 

 2.2.3 MERGE1 permits a fitness-driven combination of the engineered loci 

Given the high efficiency of MERGE0 at converting a single yeast locus, we sought to test if the 

method works similarly to convert and combine two distinct loci (MERGE1). Mating haploid yeast  

strains, each with one modified locus, facilitates the combination as heterozygotes at two separate 

loci. CRISPR-Cas9 with two sgRNAs each uniquely targeting their corresponding locus allows for 

simultaneous generation of two CRISPR-resistant loci (Figure 2.3A). To test the pipeline across 

all humanized a proteasome strains, we first used MERGE0 to move all singly humanized 

a proteasome loci from a BY4741 background to an SGA strain background in both mating-types 

(Figure S2.4B). To verify if MERGE1 can simultaneously convert two distinct loci, we tested the 

efficiency of combining paired-humanized a3/a7 and a1/a7 genotypes. We found that MERGE1 

is highly efficient as each heterozygous genotype is resistant to the double-sgRNA CRISPR-Cas9 

reagent while converting and combining two humanized loci (Figure 2.3B, S2.7A). The CRISPR 

reagent is lethal in wild-type and singly humanized strains (Figure 2.3B & S2.7B). The sporulation 

of viable diploids yields haploid double-humanized strains in both mating-types. Genotyping 

randomly picked colonies confirmed the conversion to humanized loci (Figure 2.3B). Additionally, 
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the double-humanized a7/a1 genotype, while viable, shows a sporulation defect (a phenotype 

associated with Hsa7) (Figure S2.7A). Thus, MERGE1 allows the survival and enrichment of only 

viable homozygous double-humanized loci without the requirement of any diploid-specific 

selection. Interestingly, we found that a double-humanized a5/a7 strain is inviable as a combined 

genotype, as evidenced by double-sgRNA CRISPR-Cas9-mediated lethality (CFUO/CFUE = ~0). 

PCR-based genotyping of a surviving colony shows homozygosity of only the Hsa7 locus (Figure 

2.3C). In contrast, while a single-humanized Hsa6 strain is temperature-sensitive (ts) at 37°C, 

combination with the neighboring Hsa7 gene rescues the ts phenotype (Figure S2.7A′). However, 

the ts phenotype is associated with one of the variants of Hsɑ6 (Variant 1, 37>Glycine) (Figure 

S2.8A), whereas another common variant (Variant 2, 37>Valine) shows no growth defect at 37°C 

(Figure S2.8B). Thus, MERGE1 revealed the fitness of paired-humanized genotypes and epistasis 

similar to synthetic genetic interactions without the need for linked markers or haploid-specific 

selections (Kuzmin et al., 2016).  

To systematically determine if there are specific pairwise restrictions to the humanization of a 

subunits, we mated all haploid single-humanized strains obtaining diploid heterozygous genotypes 

(21 different genotypes). The corresponding CRISPR-Cas9-based selection and a simple readout 

of CFUO/CFUE identified the permitted double-humanized genotypes (17/21 genotypes). We found 

that only specific double-humanized genotypes are viable, whereas some are not (Figure 2.3D & 

S2.7C). The incompatibility of paired genotypes comprising Hsα1/α6, Hsα4/α6, Hsα5/α6, and 

Hsα5/α7 may likely be due to the missing neighboring interactions within the α proteasome core, 

except in the case of Hsα5/α6 pair (Figure S2.7C′). With a sequential editing strategy, we 

successfully engineered several paired-humanized genotypes to confirm that MERGE1 represents 
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viable/fit paired genotypes. However, the sequential strategy did not provide a clear perspective of 

incompatibilities (Figure S2.7D). 

Given the success of MERGE1, we examined the strategy to select double-humanized genotypes 

randomly from a mixture (Mix, Mate & MERGE or MERGEM&M) (Figure 2.3E). We inoculated 

single-humanized a1, a3 and a7 haploid strains of both mating-types as a mix, allowing random 

mating. Each double-sgRNA CRISPR-Cas9 selection enriched the corresponding paired genotype 

from the mated mix while converting the wild-type yeast to humanized loci (Figure2.3E iii & 2.3E-

iv). In mixed culture, the transformation of pCas9-sgRNASc-a1,a6, a selection for a non-existing 

genotype, does not yield any viable genotype (Figure 2.3F-ii). Therefore, MERGEM&M can be 

scaled to obtain several paired genotype combinations of engineered loci from a mix. 
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Figure 2.3. MERGE level 1 (MERGE1) efficiently converts and combines two heterozygous 
to homozygous loci. 
 
(A) The schematic shows the mating of haploid yeast strains, each harboring two different alleles, enabling the 
combination as a heterozygote for each locus. Double-sgRNA CRISPR reagent targeted to both the alleles (CRISPR-
sensitive loci, 1 & 2) initiates recombination at both loci using the homologous chromosome with CRISPR-resistant 
loci (i & ii) as a repair template, thus, enabling the simultaneous combination of 2 loci. CFUO/CFUE = ∼1 suggests 
viable combined genotypes. Sporulation of the resulting homozygous diploid yields the desired combined genotype in 
both mating types. (B) Double-sgRNA CRISPR reagent (pCas9-sgRNAScα3,α7) targeted to two wild type yeast loci 
(proteasome α3 and α7 genes) quantifies the efficiency of MERGE1. The transformation of pCas9-sgRNAScα3,α7 in the 
wild type, and single-humanized haploid Hsα3 or Hsα7 strains is lethal, with few surviving colonies (CFUO/CFUE = 
∼0). However, the transformation of pCas9-sgRNAScα3,α7 in a heterozygous diploid humanized strain shows no lethality 
(CFUO/CFUE = ∼1). PCR-based genotyping of surviving diploid strains after MERGE1 shows conversion of both yeast 
to the humanized loci (ii) compared to before MERGE1 (i). Sporulation generated the paired-humanized haploids in 
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both mating-types (shown here as Tetrads spotted on YPD (iii) and MAT α selection-iv). PCR check of haploid strains 
confirms the combination of humanized loci (vi). PCR of wild-type yeast loci is shown as a reference 
(v). (C)Alternatively, double-sgRNA CRISPR reagent (pCas9-sgRNAScα5,α7) targeting two wild type yeast loci 
(proteasome α5 and α7 genes) in a corresponding heterozygous diploid humanized strain showed lethality, suggesting 
incompatible combination (CFUO/CFUE = ∼0). The transformation of pCas9-sgRNAScα5,α7 in the wild type, and single-
humanized Hsα5 or Hsα7 strains is lethal, with few surviving colonies, suggesting ON-target activity (CFUO/CFUE = 
∼0). PCR-based genotyping of surviving colonies after MERGE1 shows the conversion of only one (α5) yeast to the 
humanized locus (ii) compared to before MERGE1 showing heterozygous genotype at both loci (i). (D) 
MERGE0 generated 7 humanized α proteasome strains in each mating-type. Mating each single-humanized strain 
allows a systematic test for every viable double-humanized genotype (21 combined genotypes). Transformation of 
double-sgRNA CRISPR reagent uniquely targeting yeast genes in each paired heterozygote facilitates the combination 
of two humanized loci as homozygotes (CFUO/CFUE = ∼1, yellow) while also revealing genotypes that are not 
permitted (CFUO/CFUE = ∼0, blue). (E) Mixing and mating singly humanized genotypes (Hsα1, Hsα3 and Hsα7) 
allows a random combination of two humanized alleles after double-sgRNA CRISPR selection referred to as mix, mate, 
and MERGE (MERGEM&M). Transformation of pCas9 alone serves as a control (i). Double-sgRNA CRISPR 
reagents, pCas9-sgRNAScα1,α7 (ii) and pCas9-sgRNAScα3,α7 (iii), specifically enriched the corresponding double-
humanized genotype while also converting yeast to humanized loci. PCR-based genotyping of randomly picked 
colonies confirms Hsα1α7(4 of 4 colonies tested) and Hsα3α7 (3 of 4 colonies tested). Comparatively, the 
transformation of double-sgRNA CRISPR reagent, pCas9-sgRNAScα1,α6 (iv), shows no surviving colonies as the 
genotype does not exist in the mixture. 

 

2.2.4 MERGE is scalable to combine multiple genetically engineered loci 

The CRISPR-Cas9 system enables multiplexed editing by introducing multiple sgRNAs (Cong et 

al., 2013). To test scalability, we designed MERGEMX (MERGE multiplex) to verify if more than 

two genetic loci can simultaneously convert to engineered loci by building the 4-gene carotenoid 

biosynthesis pathway from the carotenogenic yeast Xanthophyllomyces dendrorhous into baker’s 

yeast (Figure 2.4A). The carotenoid pathway provides a colony color readout as a proxy for 

pathway engineering (Figure 2.4A). MERGE0 generated haploid strains of opposite mating-types 

for each carotenoid transcription unit (Figure S2.5C), MERGE1 provided the double-carotenoid 

genotypes (Figure 2.4B), and MERGEMX enriched a complete homozygous carotenoid pathway 

genotype (Figure 2.4C). Furthermore, genotyping of randomly picked dark orange colonies 

confirmed the conversion and combination of the engineered loci (Figure 2.4C). 

To test whether MERGEMX can perform the combination of >2 humanized α proteasome genotypes, 

we mated a previously obtained Hsa1a2a3 strain (MERGE1) with a wild-type strain generating a 

heterozygous diploid for all three loci. The strain provided a platform to test MERGEMX by 
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simultaneously combining 3 distinct humanized loci. The triple-sgRNA CRISPR reagent (pCas9-

sgRNASc-a1,a2,a3) converted all yeast loci to human versions (7 of 9 colonies tested) (Figure 4D). 

Next, using MERGEMX, we tested if a triple humanized Hsa4a6a7 genotype is viable. 

Transformation of triple-sgRNA, pCas9-sgRNASc-a4a6,a7 in a mated mix of haploid Hsa4a7 (MAT 

a) and Hsa6 (MATa) strains allowed simultaneous conversion of three wild-type yeast loci to 

humanized versions without using any diploid specific selection (Figure 2.4E & S2.11A). We 

found that if a triple-humanized intermediate genotype is viable, MERGEMX can enrich and 

combine the specific genotype. To further test the ability of MERGE to scale to >10 loci, we 

designed a CRISPR reagent targeting a GFP expression cassette in a GM strain (Suzuki et al., 2011) 

(16 GFP loci, Figure S2.9A). The transformation of pCas9-sgRNAGFP resulted in a few survivors 

that failed to show GFP expression, likely due to mutations at GFP loci due to NHEJ (Figure S2.9B 

& S2.9C), suggesting successful targeting of the majority of GFP cassettes. 
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Figure 2.4. MERGE mate and multiplex (MERGEMX) is scalable to combine multiple 
engineered loci. 
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(A) Schematic shows the carotenoid pathway genes and the metabolic intermediates leading to the color colony 
phenotype. A complete pathway (CrtE, CrtYB & CrtI) leads to an orange colony appearance, whereas the partial 
assembly (CrtYB & CrtI) provides an off-white colony phenotype. MERGE1 provided single carotenoid engineered 
strains in both mating types. The homozygous diploid for a complete carotenoid pathway shows an intense orange 
colony phenotype than the heterozygous strain. (B)Schematic showing MERGE1 combining two engineered genotypes 
at landing pad loci. Double-sgRNA CRISPR reagent (pCas9-sgRNA511B,FGF20) targeting two landing pad loci 
(511B and FGF20) quantifies the efficiency of MERGE1. PCR- based genotyping of several colonies 
after MERGE1 shows the conversion to the engineered carotenoid loci. (C) Single-carotenoid gene strains of both 
mating-types were mixed, mated (2X) and sporulated (1X). (D) Schematic shows mating haploid triple-humanized 
Hsα1,α2,α3 strain with a wild-type yeast enables the combination of 3 humanized loci as heterozygotes.(E) 
MERGEMX similarly combined >2 loci after mating a strain with 2 humanized loci (Hsα4,α7, MATa) with a strain 
carrying 1 humanized locus (Hsα6, MATα). The transformation of pCas9-sgRNAScα4,α6,α7 in the wild type is lethal, 
suggesting ON-target activity (CFUO/CFUE = ∼0). However, the transformation of pCas9-sgRNAScα4,α6,α7 in a mated 
mix selected a diploid triple-humanized strain (CFUO/CFUE = ∼1). PCR-based genotyping of several colonies 
after MERGEMX shows conversion of all yeast to the humanized loci. 
 
 

2.2.5 MERGE enables fitness-driven engineering of a near entire human ɑ proteasome core 

in yeast 

To explore the proficiency of MERGE for testing many combinations of engineered loci, we asked 

if an entire yeast heptameric a  proteasome ring is humanizable. As an alternate strategy, we also 

tested the feasibility of sequential engineering using repetitive CRISPR selections and exogenous 

human gene repair templates (Figure 2.5A). The co-transformation of a triple-sgRNA CRISPR 

reagent (pCas9-sgRNASc-a1 a2a3) targeting yeast a1, a2 and a3 genes and PCR fragments of human 

gene repair templates was successful in obtaining a triple-humanized strain (Figure S2.10A-i). A 

similar strategy generated triple-humanized Hsa1a2a4 and Hsa1a3a4 strains but failed to obtain 

a quadruple-humanized Hsa4a5a6a7 (Figure S2.10A-ii). Thus, yeast genes are replaceable 

sequentially either alone or as small-scale simultaneous replacements. Using a triple-humanized 

genotype (Hsa1a2a3), the humanization of yeast a4 was successful. Next, we explored Hsa5, 

Hsa6 and Hsa7 humanizations in parallel; however, we obtained only one quadruple humanized 

Hsa1a2a3a4a7 genotype (Figure 2.5A, Figure S2.10B). The functional replacement of yeast a5 

or a6 was unsuccessful despite repeated attempts. The plasmid-borne expression Hsa6 in a 



 
 

27 

quintuple-humanized strain (Hsa1a2a3a4a7) resulted in a toxic phenotype (no growth), 

suggesting that further humanizations are incompatible (Figure 2.5A). Overall, while the sequential 

strategy was partly successful, it failed to reveal if the inability to humanize yeast a core entirely 

was due to incompatible genotypes or inefficient genome editing, especially as hybrid human-yeast 

genotypes show growth defects and reduced transformation efficiencies (Figure S2.10C). However, 

MERGEMX provided a clear readout of incompatible humanized genotypes, readily generating 

many combinations of humanized genotypes (Figure 2.5B). We first explored several triple-

humanized genotypes, obtaining Hsa1a2a3 & Hsa4a6a7 strains (Figures 2.4D & 2.4E) while 

Hsa4a5a6 and Hsa4a5a7 genotypes are inviable (Figures 2.5B, S2.11B & S2.11C). By mating 

yeast strains with distinct humanized genotypes, we next explored many higher-order (>3) 

combinations, obtaining quadruple-humanized Hsa1a2a3a4 and Hsa1a2a3a7 genotypes. In 

comparison, the quadruple-humanized Hsa4a5a6a7 genotype is not feasible (Figure 2.5B, Figure 

S2.12A, S2.12B, S2.12C & S2.12D). Subsequent MERGE strategies generated viable quintuple 

humanized genotypes, Hsa1a2a3a6a7 and Hsa1a2a3a4a6, whereas Hsa1a2a3a4a5 genotype 

is inviable (Figures 2.5B, S2.12E, S2.12F, & S2.12G). The following MERGEMX assay yielded a 

viable sextuple humanized Hsa1a2a3a4a6a7 genotype with a delayed growth phenotype (Figure 

S2.11H). To conclusively verify if the entire yeast a proteasome core is humanizable, we mated 

partially humanized Hsa1a2a3a6a7 and Hsa4a5 strains, allowing the combination of all ɑ 

proteasome genes as heterozygous human-yeast genotypes (Figure 2.13A). MERGEMX converted 

yeast a1, a2, and a3 loci to homozygous human alleles. However, the subsequent conversion of 

the remaining four yeast a4a5a6a7 to human loci using pCas9-sgRNASca4,a5,a6,a7 did not yield 

viable colonies suggesting a fully human a proteasome core is incompatible (Figure S2.13B). 

Overall, MERGE successfully tested many combined humanized genotypes. This gradual 



 
 

28 

progression from yeast to humanized a proteasome core rescued the viability of specific 

incompatible double-humanized genotypes, suggesting that these subunits are co-humanizable 

when neighboring interactions are restored (Figures 2.3D & S2.14). The data reveals that the 

proteasome subunits a5 and a6 are not co-humanizable in yeast (Figure 2.5). The sporulation 

failure observed in genomically-replaced strains can lead to dead ends while performing MERGE 

(associated with all humanized Hsa7 genotypes, Figures S2.11A, S2.12A& S2.12F). We propose 

two solutions: One, by allowing the strains with heterozygous engineered loci to sporulate without 

MERGE, followed by CRISPR plasmid selection to enrich combined haploid genotypes (Figure 

S2.15A). Alternatively, a sequential strategy can engineer viable genotypes in a haploid strain 

(Figures S2.12F & S2.15B). Furthermore, using CRISPR reagents to generate multiple DSBs at 

several yeast loci could potentially have OFF-target effects. Therefore, we performed whole-

genome sequencing of singly humanized (Hs-a1) and quintuple-humanized strains 

(Hsa1a2a3a4a7), ruling out OFF-target DSBs and mutations (Figure S2.16).  

Proteasome biogenesis is a highly regulated process aided by several assembly chaperones 

(Budenholzer et al., 2017; Hirano et al, 2006; Le Tallec et al., 2007). In the case of a proteasome 

core, particularly a5 and a6, subunits interact with assembly chaperones, enabling ordered 

assembly (Schnell et al., 2021; Morrris et al.,, 2021; Stadtmueller et al., 2012). We analyzed the 

expression of human proteasome subunits by mass spectrometry (MS) and found proteome-wide 

changes with significant over-expression of many yeast proteasome subunits, including several 

assembly chaperones in the humanized proteasome strains (Figure S2.17A & Table S2.2). The 𝛽 

core assembly immediately follows the a core, and the incompatible interface may now require 

human 𝛽 subunits in yeast (Budenholzer et al., 2017; Murata et al., 2009). The heterologous 

expression of human assembly chaperones or human 𝛽 subunits in a humanized a core strain may 
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permit the synthesis of a fully human catalytic core particle in yeast. We performed the co-

expression of human constitutive- and immuno-𝛽s followed by MS analysis in the singly 

humanized Hsa1, quintuple-humanized Hsa1a2a3a4a7 and sextuple-humanized 

Hsa1a2a3a4a7𝛽3 (also harboring human 𝛽3 in place of the yeast ortholog) strains showing stable 

expression of human 𝛽 subunits only in partially humanized yeast strains (Figure S2.17A). Together 

with the phenotypic rescue of the humanized yeast strains by human 𝛽 subunits, these data suggest 

the assembly of a human 20S proteasome core in yeast (Figure S2.17B & S2.17C). 

Given the complex synthesis and architecture of the proteasome (Tomko & Hochstrasser, 2013), it 

is challenging to know if there are a limited number of ‘paths’ to engineer a fully humanized 20S 

core particle due to a rapidly accumulating number of assays to perform (as in Figure S2.1). 

However, using MERGE and the co-expression of critical human proteasome subunits (as in Figure 

S2.17), an entirely humanized catalytically active yeast 20S proteasome core is possible. 
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Figure 2.5. MERGE reveals a fitness-driven path to the humanization of most of 
the α proteasome core in yeast. 
 
(A) The schematic shows the transition of heptameric yeast α proteasome to humanized α proteasome core. (A) A 
sequential strategy used a triple-humanized Hsα1,α2,α3 strain as a background to progressively humanize the rest of 
yeast α core genes by co-transforming a CRISPR reagent and a human gene repair template. Choices to sequentially 
humanize the α proteasome core were made depending on the success of the prior effort. The strategy permitted the 
humanization of yeast α7 followed by α4. Whereas several attempts to humanize yeast α5 and α6 failed. The expression 
of human Hsα6 in a quintuple-humanized Hsα1,α2α3,α4,α7 strain resulted in a lethal phenotype. (B) MERGE provided 
a clear readout of the fitness of combined genotypes while revealing incompatible combinations of the humanized yeast 
α proteasome core. Mating distinct humanized yeast combinations (show as connecting lines) followed 
by MERGEMX tested various triple-, quadruple-, quintuple- and sextuple-humanized α-proteasome yeast 
strains. MERGE generated viable triple-humanized combinations Hsα4,α5,α6 and Hsα4,α5,α7 (indicated as dashed 
lines in red), suggesting incompatible combinations. Similarly, while MERGE1facilitated the generation of Hsα4,α5 
and Hsα6,α7 genotypes, the subsequent MERGEMX to generate quadrupled Hsα4,α5,α6,α7 failed. 
Using MERGEMX followed by MERGE0 identified several quadruples, quintuples and one sextuple-humanized 
genotype (Hsα1,α2,α3,α4,α6,α7), revealing a fitness-driven path to the humanization of near entire yeast α-proteasome 
core. Whereas identifying humanized combinations (>2), comprising the Hsα5 subunit, as incompatible genotypes. 
Mating of Hsα1,α2,α3,α6,α7 and Hsα4,α5 strains generated a heterozygous human-yeast diploid for all 7 α proteasome 
core genes. Using multiplex-sgRNA CRISPR reagents permitted verifying if the entire human α-proteasome core is 
feasible. A triple-sgRNA CRISPR reagent (pCas9-sgRNASc-α1,α2,α3) homozygosed 3 of 7 humanized loci. However, a 
subsequent MERGEMX, using a quadruple-sgRNA CRISPR reagent (pCas9-sgRNASc-α4,α5,α6,α7), failed to obtain a viable 
genotype. Proteasome core structures were generated using Pymol and PDB- 1RYP. Colored structures show 
humanized α yeast subunits. 
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2.3 Discussion 
 
By integrating marker-less CRISPR-Cas9-based selection with cycles of mating and sporulation, 

we developed a new method (MERGE) that enables efficient combination of multiple distinct loci. 

The advantages of using CRISPR selection are numerous, with no requirement of markers for any 

number of genotypes. Given the efficiency of MERGE, and because the method entails the creation 

of viable heterozygous intermediate strains, it permits the quantitative identification of all possible 

combined genotypes. MERGE can probe higher-order genetic interactions (>3 loci) limited by the 

availability of selection markers in budding yeast (Kuzmin et al., 2021), and given the broad 

conservation DNA repair machinery, MERGE can simplify genetic assays in model systems, such 

as Candida albicans and fission yeast. 

In conclusion, MERGE offers highly scalable multi-locus genome engineering in diploid yeast cells 

by using a high-efficiency CRISPR-based gene-drive-like strategy to overcome the independent 

assortment of unlinked loci. MERGE has the potential to allow systematic functional genomic 

analysis in other systems lacking sophisticated tools and drive synthetic and systems biology 

research from engineering heterologous systems to performing multi-site and genome wide 

combinatorial editing in yeast, as we demonstrated by engineering 89 independent sites along 

Chromosome 1, a complete four gene carotenoid biosynthesis pathway, 16 GFP insertions within 

the same strain, and a majority of the a proteasome genes. By engineering 6 of 7 human 

a proteasome core genes in yeast, our work also demonstrates the remarkable degree of functional 

conservation in the proteasome complex despite over a billion years of evolutionary divergence, 

extending from a single gene to nearly an entire module. The data confirm our previous 
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observations that humanization seems to be driven by modules of physically or functionally 

interacting proteins being similarly replaceable (Kachroo et al., 2015). Further characterization of 

the incompatibilities should reveal novel orthogonal functions or interactions in diverged species. 

However, pursuing a combinatorial strategy with MERGE along with a sequential strategy in 

parallel allows one to inform the other about simultaneous replacements that are likely to work. 

Humanizing all or multiple members of a protein complex will allow a novel approach to learning 

human biology, including complex assembly, biogenesis, and variant effects on function, 

investigations of their contributions to disease, and the possibility of seeking therapies for these 

diseases in the simplified context of a yeast cell. 

 

 
2.4 Materials & methods 
 
2.4.1. Targeting sgRNA design 
 
CRISPR-Cas9 targeting sequences consist of a 20 bp recognition sequence preceding an ‘NGG’ 

sequence motif (PAM). To design our targeting sequences, we used the built-in guide RNA design 

tool in version 11 of the Geneious software (Kearse et al., 2012), using a recent version of the yeast 

genome (available from http://www.yeastgenome.org/strain/S288C/overview) to screen for 

possible off-target sequences (Akhmetov et al., 2018; Kachroo et al., 2017). We chose two high 

scoring guide sequences to target each gene, requiring that they be near the 5’ end of the gene so 

any NHEJ repair would likely result in an early frameshift. The guides were ordered as 

complementary oligos with overhangs according to the sgRNA template described in the Yeast 

Tool Kit (Lee et al., 2015) (Table S2.1). 

 

2.4.2. Plasmid construction using Yeast Tool Kit (YTK) 
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Entry vectors for each guide RNA sequence were constructed by the BsmbI-mediated Golden Gate 

(GG) assembly (Thermo) into plasmid pYTK050 from the Yeast ToolKit (Lee et al., 2015). The 

targeting sequences were ordered (IDT) as two single-stranded DNA oligos with a complementary 

region and unique overhangs according to the ‘sgRNA’ template described in Lee, et al.,  (Lee et 

al., 2015). Briefly, the two oligos for each guide were annealed by slow cooling from 95°C to 4°C 

(1-5 hrs) in a thermal cycler, and 1μl of the annealed product was added to the entry vector GG 

reaction. Entry Vectors were sequence-verified using custom primers. ‘Transcriptional unit’ (TU) 

vectors (pYTK095) were constructed by a BsaI-mediated GG assembly (Thermo). The entry vector 

for a particular guide RNA was combined with a left connector part plasmid (ConLX) and right 

connector part plasmid (ConRX) into the AmpR-ColE1 (pYTK095) backbone plasmid (Akhmetov 

et al., 2018; Kachroo et al., 2017). To create single sgRNA TU vectors, we assembled the sgRNA 

entry vector with left connector 1 (ConL1, pYTK003) and right connector E (ConRE, pYTK072). 

To create TU vectors for the multi-sgRNA knockout, an entry vector was combined with the 

appropriate connectors to enable proper subsequence knockout vector assembly (i.e. a triple-

sgRNA vector would have one TU vector with ConL1 and R2, one with ConL2 and R2, and the 

third with ConL3 and RE). ‘Knockout’ (KO) vectors were constructed by BsmbI-mediated GG 

assembly (Thermo). The appropriate TU vectors were assembled into the CEN6-URA3 backbone 

and the Cas9-TU1 vector to create a KO vector. Each GG reaction was performed in a 10μl volume, 

with approximately 20fmol of each starting DNA molecule, along with 0.5μl each of the appropriate 

restriction enzyme, 0.5μl of T7 DNA ligase (NEB), and 1μl of 10X T4 ligase buffer (NEB). A 

thermocycler was used to cycle between 16°C and 37°C each for (5 minutes). Three μl of the 

reaction volume was transformed into competent DH5α E. coli and plated on appropriate selective 

media for the backbone (i.e., Chloramphenicol for entry vectors, ampicillin for TU vectors, and 
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kanamycin for KO vectors). Each backbone plasmid is a ‘GFP-dropout’ vector, so correct clones 

were selected by screening for non-fluorescent colonies when viewed by blue light and verified by 

sequencing. 

 
 2.4.3 Cas9-TU1 
 
The Cas9-TU1 vector was constructed by BsaI GG assembly of YTK parts pYTK002 (ConLS), 

011 (PGK1 promoter), 036 (Cas9 coding sequence), 055 (ENO2 terminator, 067 (ConR1), and 095 

(AmpR-ColE1 GFP dropout backbone). 

 

2.4.4. CEN6-URA3 expression vector 
 
The CEN6-URA GFP dropout backbone vector was constructed by BsaI GG assembly of YTK 

parts pYTK008 (ConLS’), pYTK047 (GFP dropout), pYTK073 (ConLE’), pYTK074 (URA3),  

pYTK081 (CEN6/ARS4), pYTK084 (KanR-ColE1 RFP dropout vector). 

 

2.4.5. An alternate strategy to directly clone annealed sgRNAs in a yeast expression vector 
 
To perform faster direct sgRNA-Cas9 plasmid construction without requiring three independent 

cloning strategies (as described in section 2), we constructed pCas9-GFPdo to directly clone the 

annealed sgRNA primers into yeast expression vectors. The sgRNA expression unit from the 

pYTK050 plasmid was amplified via PCR using primers with BsaI sites that generated overhangs 

similar to ConL1 (forward primer) and ConRE (reverse primer) to clone in CEN6-URA or CEN6-

kanMX yeast expression vectors. Finally, using the GG reaction protocol, the sgRNA TU PCR was 

assembled into the CEN6-URA3 or CEN6-kanMX backbone with the Cas9-TU1 vector to create a 

direct knockout (pCas9-GFPdo) vector. 
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 2.4.6. An alternate strategy to directly clone multiple sgRNAs TUs in a yeast expression vector 

for multiplexing in MERGEMX  

The YTK kit allows cloning multiple sgRNA expression cassettes in a yeast expression vector. 

However, the strategy involves three cloning steps. To build >1 sgRNAs TUs directly into the yeast 

expression vector without generating intermediate connector vectors, we designed the pCas9-

GFPMX (CEN6-URA3) vector. Primers were designed to PCR amplify the GFP expression 

cassette (for E. coli expression, pYTK047) with GG enzyme sites to clone GFP (BsaI for cloning 

the GFP insert, the sites are lost after GG cloning). The BsmBI sites, with overhangs similar to 

ConLS and ConRE, designed in the primers, allow the PCR-based sgRNA TU cloning (obtained 

by ligating annealed sgRNA primers in pYTK050) in CEN6-URA3 yeast expression vector (Table 

S1). The primers used to amplify the sgRNA expression units now harbor connector overhangs to 

clone >1 sgRNA expression units in tandem, eliminating the need to individually make each 

connector clone. 

 

2.4.7. Repair design and construction 

Repair DNA was designed to be a linear DNA molecule that contained the human coding sequence, 

from the start codon to stop, with at least 100bp of flanking homology to the yeast genome 

immediately upstream and downstream of the native yeast start and stop codons (Figure S3B). They 

were constructed by PCR using human ORFeome (Lamesch et al., 2007) or MGC (MGC Project 

Team et al., 2009) clones as templates, using primers with long extensions providing the homology 

sequence. Repair template PCRs were performed with Accuprime Pfx (Thermo) as multiple 100μl 

reactions according to the manufacturer's protocol, combined and purified using the Zymo DNA 
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Clean or Qiagen PCR Cleanup and Concentrator -25 kit. Approximately 5μg of repair DNA was 

included in the transformation mix during sequential replacement transformations. 

 

2.4.8. Humanization procedure 

Yeast transformations were performed using the Frozen-EZ Yeast Transformation 846 II Kit from 

Zymo Research (Cedarlane). In short, cells were grown to mid-log phase, washed with kit Solution 

1, resuspended in kit Solution 2 and either used directly to transform or frozen at -80 C for future 

use. In general, we transformed approximately 1μg of the KO plasmid along with 5μg of repair 

DNA, which yielded anywhere from single to dozens of colonies, depending on transformation 

efficiency and the number of simultaneous molecules necessary. In general, nearly all screened 

clones were successful. For initial single replacement in the wild-type strains, we tested two sgRNA 

sequences for each gene. These were tested in parallel, together with a no repair control 

transformation to assay for sgRNA effectiveness. Successful sgRNAs show zero or very few 

colonies in the no-repair control transformation (CFUO/CFUE =~0, Figure 2.1A & S2.4A). 

 

2.4.9. Engineering carotenoid genes at the landing pad loci 

Single-sgRNA CRISPR reagents targeting three landing pad loci (511B, USERX, FGF20) 

(Bourgeois et al., 2018) were generated as described in section 1. The repair templates were 

generated as previously described in section 7. Specifically, carotenoid gene transcription units 

were amplified from plasmids harboring the transcription units using the primers with 80bp 

homology to the landing pad loci (Mitchell et al., 2015) (Table S2.1). Each landing pad locus was 

edited in the SGA strain (MATa) to harbor a carotenoid gene transcription unit (511B for CrtE, 

USERX for CrtI, and FGF20 for CrtYB) driven by strong constitutive yeast promoters. The 
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transformation was carried out using the Zymogen frozen EZ yeast transformation kit (Cedarlane), 

and colonies were confirmed by PCR using primers specific to the landing pad or the carotenoid 

gene loci as described below (Figure S2.4B & Table S2.1). 

 

2.4.10. Clone verification 

Clones were initially screened by colony PCR using a rapid DNA isolation method and colony PCR 

(Lõoke et al., 2011). Forward primers for PCR screening were designed such that the upstream 

primer would bind in the yeast genome approximately 150bp - 500bp upstream of the yeast ORF 

or the landing pad loci, to ensure it was outside of the homology region used for repair. the human 

or carotenoid gene sequence. To facilitate multiplex PCR screening, each pair amplifies different-

sized bands for the yeast and human or carotenoid genes. Following plasmid loss, clones were 

further verified by directly sequencing a PCR product using Sanger sequencing. 

 

2.4.11. Plasmid loss to perform sequential editing of loci 

Successful clones were subjected to a plasmid loss procedure to alleviate any stress incurred by the 

constitutive expression of the Cas9 protein and allow further knockout plasmids to be transformed. 

To avoid any potential stress-induced defects, we rarely used 5-FOA counter selection to force loss 

of the URA3 plasmid, instead relying on spontaneous plasmid loss. One two methods were used to 

identify spontaneous plasmid loss. Clones were grown overnight in YPD and then again either 

spread onto YPD (100μl of 1:1000 dilution) and replica plated on SC -Ura and YPD or patch plated 

(typically 6-12 colonies) to both minimal media lacking uracil and YPD. This procedure resulted 

in around 10-60% of colonies losing the plasmid (estimated). For a plasmid harboring URA3 

selection, the strains that lost the plasmid were identified using 5- FOA selection. 
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2.4.12. Growth curves 

Cells were diluted to approximately 0.01-0.02 OD660 (~2-5 x105 cells) in 150μl YPD across 3-4 

replicates. They were grown and read in a BioTek Synergy H1 or Sunrise Tecan microplate reader, 

with continuous double orbital shaking at 30℃ or 37℃. Reads were taken while stationary every 

10-20 minutes, and experiments were run for at least 24-36 hrs. For spot assays, strains were grown 

overnight in YPD at 30℃ and spotted with serial dilutions on YPD agar. The plates were incubated 

for 2-3 days at 23℃, 30℃ and 37℃. 

 

2.4.13. CRISPR-based selection to identify and enrich unique genotypes 

To test the efficiency of CRISPR selection, a subset of engineered strains (Haploid MATa/a) were 

mixed as a pool. Each strain was cultured overnight in YPD individually and back diluted into a 

pool the next day at equal OD and grown to mid-log phase. The strains used in the mix were all the 

same mating types to avoid random mating events during the experiment. Competent cells were 

prepared and transformed with various pCas9-sgRNAlocus plasmids. We performed the experiments 

as biological and technical replicates using different genotypes in the mix. The same competent cell 

mix was either transformed with pCas9 alone or with various pCas9-sgRNAWT locus vectors, each 

harboring a different yeast-specific sgRNA expression unit. Competent cells were generated using 

Zymo Research Frozen EZ kit transformation protocol. Each transformation was plated on SD-

URA. pCas9 alone served as a positive control allowing the growth of all genotypes in the mixture. 

pCas9-sgRNAADE2 was used to visually observe and quantify the efficiency of the selection. The 

plasmid will eliminate all the other genotypes except the ade2Δ::kanMX (red colonies due to the 

disruption of the ADE2 gene). pCas9-sgRNARPT5 was used as a negative control as the yeast Rpt5 
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gene is present in all the strains such that yeast cells should survive this transformation. Colonies 

from each Petri plate were picked randomly and genotyped by locus-specific PCR to confirm the 

CRISPR reagent exclusively selected a unique genotype as described in section 10. (Figure 2.1C). 

 

2.4.14. Mating and MERGE0 assays 

The mating assays were carried out in the following ways: The engineered strains with single gene 

modification in BY4741 (Haploid MATa) backgrounds were mated with SGA-haploid strains 

harboring haploid specific markers (SGA MATa; can1Δ::STE2pr_Sp_his5his3Δ1leu2Δ0ura3Δ0; 

select on SD-His+Canavanine & SGA MATa; lyp1Δ::STE3pr_LEU2 his3Δ1leu2Δ0ura3Δ0; select 

on SD-Leu+Thialysine). Each parental strain was transformed with two different empty vector 

plasmids with distinct selectable markers URA3 and kanMX, and mated diploids were selected on 

SD-Ura+G418. The haploid strains were grown overnight in 5ml selection media (SC -Ura or YPD 

+G418). The strains were mixed in a rich medium and incubated at 30°C for 3-4 hrs. with shaking. 

500μl of the mated mixture was washed with distilled water, and 10μl of the mix was plated at 

different dilutions on solid agar media using SD -URA+G418 selection and incubated for 2-3 days 

at 30°C. Plasmids were cured using a previously described strategy in section 11. The heterozygous 

colonies were confirmed by PCR genotyping using primers specific to the wild-type and engineered 

loci as described in section 10. The confirmed heterozygous strains for all proteasome and 

carotenoid strains were transformed with CRISPR plasmids targeting wild-type loci and converting 

the parent heterozygous strain into homozygous diploid strain. Colonies were picked randomly 

from the plate and genotyped for humanized or carotenoid loci. 

Alternatively, instead of an empty vector, the engineered humanized or carotenoid strains were 

transformed with a CRISPR reagent for which the corresponding strain harbors a CRISPR-resistant 
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locus. The subsequent mating with an opposite mating-type strain with an empty vector (pCas9 

alone or a backbone plasmid) results in the loss of heterozygosity and conversion of single loci 

(MERGE0). In each scenario, the number of colonies obtained on plates transformed with CRISPR 

reagent (CFUO) were compared with empty vector transformations (CFUE) to calculate the 

efficiency of MERGE0. Each experiment was performed at least 3 times. 

 

2.4.15. Sporulation of diploid and selection of haploid yeast strains 

Diploid strains were sporulated in a media containing 0.1% (w/v) potassium acetate and 0.005% 

(w/v) zinc acetate for 4-7 days. For tetrad dissection, spores were spun down at 5000rpm for 5 

minutes, resuspended in 200μl of 20mg/ml Zymolyase and incubated at 37oC for 25-30 minutes. 

The mix was then incubated at -20oC to stop the reaction. Cells were thawed on ice, and 20ul of the 

mix was plated into YPD for Tetrad dissection. Tetrad dissection was performed using Spore play 

(Singer Instruments for every engineered proteasome spore on YPD and then replicated on SGA 

selection. For carotenoid and humanized loci in SGA background strain, the sporulation mix was 

directly plated on SGA selection. Locus-specific PCR verified the haploid strains for the presence 

or absence of engineered loci. 

 

2.4.16. Estimating the efficiency of MERGE0 using yeast ADE2 locus as a readout 

The yeast ADE2 locus was used to estimate MERGE0 using a CRISPR-resistant allele 

ade2Δ::kanMX on the homologous chromosome as a repair template. The sgRNAs were designed 

using Geneious version 11 as described in section 1 (Table S2.1). The pCas9-sgRNAADE2 vector 

showed ON-target activity causing lethality in wild-type haploid or diploid strains. Occasional 

colonies show a red colony phenotype suggesting mutations via NHEJ at the ADE2 locus. To 
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estimate MERGE0 efficiency, the pCas9-sgRNAADE2 was transformed in a diploid hetKO 

ADE2/ade2Δ::kanMX obtained from the yeast “Magic Marker'' hetKO collection(Pan et al. , 2004). 

To further verify that the red colonies observed after MERGE0 are not due to the mutations in the 

ADE2 locus (NHEJ) and instead due to conversion to ade2Δ::kanMX locus (HDR), the 

heterozygous diploid (ADE2/ade2Δ::kanMX) strain transformed with a control (pCas9 alone) and 

pCas9-sgRNAADE2 plasmid were sporulated followed by tetrad dissection (Figure S2.5A). Haploid 

spores were selected on YPD or YPD + G418 (200μg/ml). Spores harboring a control plasmid 

showed the expected 2 : 2 (red : white phenotype) and 2 : 0 (G418 resistant, G418 sensitive) 

phenotype compared to the pCas9-sgRNAADE2 transformed cells that show 4 : 0 (red, white) 

colonies and 4 : 0 (G418 resistant, G418 sensitive) colonies phenotype, respectively, suggesting the 

conversion to ade2Δ::kanMX rather than the mutation of ADE2 locus. In contrast, the co-

transformation of pCas9-sgRNAADE2 and oligo as a repair template harboring (100bp homology, 

5X molar excess than the plasmid) to the 5' and 3' UTRs of ADE2 locus in haploid wild-type yeast 

cells, shows resulted in significantly fewer survivors (Figure 2C; % CFUO/CFUE = 21.6+/-SD; 

N=4). However, this method is still far less efficient than MERGE0 (Figure 2.2C; ~100% vs 

21.6%). 

 

2.4.17. Using MERGE0 to perform one-step gene essentiality assays in yeast 

HetKO diploid strains for 7 a proteasome core genes were obtained from the yeast “MagicMarker'' 

hetKO collection (Pan et al., 2004). The strains were transformed with either a single sgRNA 

CRISPR reagent targeting the corresponding yeast a proteasome genes or the empty vector control 

and selected on SD -URA+G418. CRISPR reagent transformed plates caused lethality in 6 of 7 
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a proteasome hetKO strains, except in the case of non-essential ɑ3. A similar assay in the hetKO 

ADE2/ade2Δ::kanMX strain showed viable homozygous null cells for a non-essential ADE2 locus. 

 

2.4.18. Testing MERGE0 efficiency for all yeast loci on Chromosome I 

All the strains harboring heterozygous knockout diploid loci from the yeast “Magic Marker” 

collection on chromosome I were arrayed in a 96-well format (Pan et al., 2004) (Figure S6A). A2 

is the locus close to the left telomere, F1 near the centromere, and G10 close to the right telomere 

(Figures 2.2D & S2.6A). The sgRNA targeting the kanMX cassette was designed using the strategy 

mentioned earlier (Table S1). Since the bacterial selection for the previously described (section 4) 

yeast shuttle vector harbors a KanR cassette identical to the kanMX cassette in the case of hetKO 

strains, we designed a new expression vector with AmpR selection. The plasmid showed a lethal 

phenotype in the strains harboring the kanMX allele (haploid or homozygous diploid) in the genome 

(Figure 2.2D). Approximately 1μg of pCas-sgRNAkanMX was transformed for each transformation. 

First, we performed a pilot assay using 5 hetKO strains with genes located at various regions on 

chromosome I (Figure S6B). These strains showed no lethality (CFUo/CFUE of ~1). Each strain 

was inoculated in 800μl of YPD + His (50 mg/L) + G418 (200 μg/ml) overnight in 96- well format. 

The following day, cultures were back diluted and grown to the mid-log phase. Competent cells 

were generated in a 96-well format using the Gietz yeast transformation protocol (Gietz, 2007). 

Each transformation mix was transformed with either 1μg of pCas9 alone or 1μg of the pCas9-

sgRNAkanMX plasmid. An equal amount of the transformed cells were plated onto SD URA and SD-

URA + G418. All of the yeast loci (except for A10- CNE1) on chromosome I show MERGE0 

mediated conversion of kanMX to wild-type yeast locus irrespective of the position of the gene 
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along the chromosome (CFUO/CFUE =~1) and simultaneously lost the kanMX cassette (Figure 

S2.6A). 

 

2.4.19. Performing MERGE1 and MERGEMX at 2 or more loci using humanized proteasome 

and carotenoid strains 

CRISPR plasmids expressing 2 or more sgRNA cassettes in tandem were designed and constructed 

as described in sections 1 - 6. Each single-humanized ɑ proteasome (BY4741, MATa) was mated 

with SGA strain (MATa) as described in section 14. Heterozygous strains from each mating mix 

were confirmed by locus-specific PCR genotyping as in section 10. MERGE0 enabled the 

conversion to humanized loci. The next round of mating in SGA strain (MATa) followed by 

MERGE0 generated humanized strains in both mating-type SGA backgrounds. Carotenoid strains 

were directly generated using SGA compatible strains described in section 9, followed by MERGE0 

to obtain strains in both mating-types. Each double-sgRNA CRISPR reagent was lethal in singly 

engineered strains (Figure S2.7B). Mating between each distinct single-engineered genotype 

combines the loci as heterozygotes. Transformation of 0.5-1μg of double-sgRNA CRISPR reagent 

in heterozygous diploid strains either showed no lethality (viable genotype, CFUO/CFUE =~1) or a 

lethal phenotype (inviable genotype, CFUO/CFUE =~0) (Figures 2.3B, 2.3C &S2.7C). 

Homozygosity was confirmed by randomly picking colonies after MERGE1 and performing a 

locus-specific PCR confirming the presence or absence of yeast or engineered genotype. For 

MERGEMX to simultaneously target >2 loci, the CRISPR reagents were generated as described in 

sections 2-4 and 6. The haploid strains harboring combined engineering loci were mated with either 

a wild-type or strains carrying a different set of engineered loci. The diploids were transformed 

with either an empty vector or a multiplex-sgRNA CRISPR reagent. The genotypes were confirmed 
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by locus-specific PCR as described in section 10. Human 𝛽3 was genomically inserted using 

CRISPR-Cas9-sgRNA strategy, targeting the yeast ScPUP3 locus, in a quintuple-humanized 

Hsα1,α2,α3,α4,α7 strain and verified using locus specific PCR and WGS. 

 
 
2.4.20. Performing MERGEM&M to combine 2 loci from the mated mix of single-humanized 

proteasome genes. 

Single-humanized α proteasome strains Hsa1, Hsa3, and Hsa7 of both mating-types were allowed 

to mate randomly in a mix. Each strain was inoculated at 0.3 OD600 in 2 ml YPD overnight, then 

added to a mix at equal OD600 and incubated on a shaking incubator for 4- 6 hrs. at 30°C. Five 

hundred ul of the mix was further cultured overnight at starting 0.3 OD, followed by competent cell 

preparation. The mixture was transformed with either an empty vector or double-sgRNA CRISPR 

reagent. Several colonies were observed post MERGEM&M for Hsa1a7, and Hsa3a7 paired 

genotypes. PCR-based genotyping confirmed the combination as a homozygous double-humanized 

diploid. 

 

2.4.21. Testing the potential of CRISPR reagent to target multiple loci using the Green 

Monster strain. 

To address the scalability of targeting multiple yeast loci, we used the Green Monster (GM) strain 

(Suzuki et al., 2011). The sgRNA target sequence was designed in GFP (S65T) variant using 

Geneious version 11 as described in section 1. pCas9-sgRNAGFP was constructed using the method 

of direct cloning strategy as described in section 5 using a backbone with AmpR (E. coli) and kanMX 

(yeast) selection. The MATα mating-type Green Monster was used MATα lyp1Δ his3Δ1 leu2Δ0 

ura3Δ0 met15Δ0 can1Δ::GMToolkit-α [CMVpr-rtTA NatMX4 STE3pr-LEU2]. The OFF-target 
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activity of pCas9-sgRNAGFP was tested in a haploid WT strain with no GFP gene showing a 

CFUo/CFUE =~ 1. The ON-target activity was measured transformation in natively tagged C 

terminal fusion of GFP to BRO1 gene (BRO1-GFP) obtained from the yeast GFP collection (Huh 

et al. , 2003). To estimate the loss-of-function mutations at the GFP locus, cells from an empty 

vector and pCas9-sgRNAGFP transformed GM yeast cells were subjected to flow cytometry (BD 

Accuri™ C6 Plus Flow Cytometer). Cells were grown in 96-well format in YPD overnight and back 

diluted in SC media with 10μg/ml of doxycycline for ~48 hrs. The culture was diluted 1 in 10 in 

water and passed through the flow cytometer. Using BY4741 yeast with no GFP as a control, the 

cells showed mostly background fluorescence as expected. GM cells transformed with an empty 

vector show high fluorescence as this strain harbors 16 GFP cassettes serving as  a positive control. 

Finally, random colonies were picked and pooled from haploid GM cells transformed with pCas 

sgRNAGFP, and the mixture passed through the flow cytometer. The cells show little GFP 

expression similar to the wild type, suggesting ON-target NHEJ-mediated mutations at nearly all 

GFP loci (Figures S2.8). 

 

2.4.22. Performing MERGEMX using mating and sporulation cycles to assemble an entire 

Carotenoid pathway in yeast. 

SGA strains of both mating-types harboring single-carotenoid transcription units at the landing pad 

loci were generated in sections 2.4.9 and 2.4.14. The strains were cultured independently overnight, 

followed by mixing at a similar 0.3 OD600 and cultured on a shaking incubator for 5-6 hrs. A hole 

was made on the lid of the Eppendorf tube to allow aeration, and the mixture was incubated at 30℃ 

for 12 -16 hrs. The formation of diploids was confirmed by light microscopy. Next, 500μl of culture 

was centrifuged at 3500 rpm for 5 minutes. The supernatant was removed and resuspended in 2 - 
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5ml of sporulation media, followed by incubation on a rotating shaker for 5-8 days at room 

temperature. Next, 500μl of sporulation mix was centrifuged at 3500 rpm for 5 min and treated with 

Zymolyase. After the first sexual cycle, the cells were centrifuged, washed with water, and 

resuspended in rich media YPD. The cycle was repeated to generate a second set of diploids. The 

mixture was incubated for 4-6 hrs.in a shaking incubator and incubated at 30℃ for 2 days. The 

confirmation and appearance of most diploids were again confirmed with a light microscope, and 

the 100μl of culture was inoculated overnight to make competent cells. The competent cells were 

transformed with either an empty vector or a triple-sgRNA CRISPR reagent pCas9-

sgRNA511B,USERX,FGF20. For the most part, we followed a GFP monster protocol. However, we did 

not use haploid or diploid-specific selection (Suzuki et al., 2012). Instead, CRISPR selection was 

sufficient to enrich unique combined genotypes. 

 

2.4.23. Genomic DNA isolation, whole genome sequencing, and SNP analysis 

Genomic DNA was purified from single-humanized Hsɑ1 and quintuple-humanized 

Hsa1,a2,a3,a4,a7 strains using the Monarch Nucleic acid purification kit according to the 

manufacturer's protocol (NEB). Spheroplasts were obtained before the genomic DNA extraction 

for a high-quality DNA prep. Wild type and engineered strains were sequenced using Illumina 

MiSeq 2x150 at 30x coverage using 150-bp paired-end reads. The Geneious Pro Software (Kearse 

et al., 2012) and its included tools were utilized for pairing paired-end sequences, trimming ends 

and adapters based on quality using the BBDuk tool, and reference mapping using the Geneious 

Read Mapper algorithm at medium-low sensitivity, iterated 5 times. Reads were mapped to a 

reference BY4741 strain (for the engineered strain, the same reference sequence was used, but 

replacing the sequences of the 5 engineered genes with their human ortholog to ensure alignment 
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with the humanized loci reads) using the Geneious Prime Software 2020.2.4 algorithm. Mapping 

was run at medium sensitivity: word length to allow for matching was set to 18 with a maximum 

permitted mismatch of 20% of the read length, maximum mismatches per read were set to 20%, a 

minimum 80% overlap was required, and reads with errors were set to accurately be mapped to 

repeat regions - this was iterated 5 times to give the final mapping. For analysis, low coverage 

regions of below 2 standard deviations from the mean were excluded from SNP-calling, and only 

SNPs with a variant frequency of 0.90 or higher were considered. SNPs were called with a 

minimum variant frequency of 0.25, and low coverage regions below 2 standard 1109 deviations 

from the mean were excluded. SNPs that were unique to the engineered strain (i.e. not in the 

mappings of the wild-type strain) were marked. To ensure SNPs were not introduced by off-target 

CRISPR effects, 300bp up- and down-stream of each SNP was searched for CRISPR-gRNA 

alignment at 75% sequence similarity. 

 

2.4.24. Construction of yeast expression vectors harboring human constitutive- and immuno-

𝛽s 

Human 𝛽 subunits, with flanking Type IIS restriction sites generating unique overhangs, were 

obtained as gBlocks from IDT. To obtain a yeast expression vectors for native expression of 7 

human constitutive- (pCN7) and immuno-𝛽s (pIN7), we PCR amplified 5'UTRs (~500bp) and 

3'UTRs (`250bp) of the orthologous yeast genes using genomic DNA of BY4741 strain as a 

template. Each 5'UTR, gBlock (human 𝛽 ortholog) and 3'UTR were cloned as transcription units  

(TUs) using Type IIS (Golden Gate)-based cloning. The TUs were sequence-verified followed by 

cloning 7 constitutive- and immuno-𝛽 TUs in yeast vector (CEN6, URA+). To obtain a yeast 

expression vectors for heterologous expression of 5 functionally non replaceable human 
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constitutive- (pCH5) and immuno-𝛽s (pIH5) (Kachroo et al. , 2015; Laurent et al. , 2020), the 

human 𝛽 gBlocks were cloned as transcription units (TUs) using strong yeast promoters and 

terminators from MoClo toolkit and Type IIS (Golden Gate)-based cloning (Lee et al. , 2015). The 

TUs were sequence-verified followed by cloning 5 constitutive- and immuno-𝛽 Tus in yeast vector 

(CEN6, URA+). 

 

2.4.25. Proteomic Sample Preparation 

Singly humanized Hsɑ1, quintuple-humanized Hsa1,a2,a3,a4,a7 and sextuple humanized 

Hsa1,a2,a3,a4,a7,𝛽3 yeast strains were transformed with empty vector or plasmids expressing 7 

human constitutive- (pCN7) or immuno- 𝛽s (pIN7). The cell pellet obtained from the strains was 

resuspended in Digestion Buffer (50mM Tris, 2mM CaCl2) and lysed by bead beating with glass 

beads for 3 x 1 min. The resulting whole-cell lysate was recovered and mixed 1:1 with 2,2,2-

trifluoroethanol. Samples were reduced by incubation with 5 mM tris - carboxyethyl)phosphine 

(TCEP solution, Pierce) at 60°C for 40 min. Reduced samples were then alkylated by incubation 

with 15 mM iodoacetamide at room temp. for 30 min. 7.5mM Dithiothreitol  (DTT) was added to 

quench excess iodoacetamide. Samples were then diluted 10-fold with Digestion Buffer and 2 μg 

trypsin was added for digestion. Samples were incubated at 37°C for 5 hr. Tryptic digestion was 

quenched with 1% formic acid, and samples were concentrated by vacuum centrifugation to reduce 

volume to less than 300 μl. Digests were cleaned using HyperSep C18 SpinTips (Thermo) 

according to manufacturer’s protocol. Eluted peptides were briefly dried by vacuum centrifugation, 

then resuspended in 5% acetonitrile, 0.1% formic acid. 

 

2.4.26. LC-MS/MS Analysis 
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Tryptic peptides were separated by reverse phase chromatography on a Dionex Ultimate 3000 

RSLCnano UHPLC system (Thermo Scientific) with an Acclaim C18 PepMap RSLC column using 

a 3-42% acetonitrile gradient over 60 min. Peptides eluted directly into a Thermo Orbitrap 

Lumos mass spectrometer by nano-electrospray. Data-dependent acquisition was applied, with 

precursor ion scans (MS1) collected by FTMS at 120,000 resolution and HCD fragmentation scans 

(MS2) collected in parallel by ITMS with 3-second cycle times. Monoisotopic precursor selection 

and charge-state screening were enabled, with ions > +1 charge selected. Dynamic exclusion was 

applied to selected ions +/- 10 ppm for 30 s. Raw data was processed using Proteome Discoverer 

2.2 (Thermo Scientific). Mass spectra were searched against a protein sequence database 

comprising the Saccharomyces cerevisiae reference proteome (UniProt OX: 559292), human 

proteasome proteins, and a list of common protein contaminants (MaxQuant). Searches were 

restricted to fully tryptic peptides only, allowing up to two missed cleavages. A precursor tolerance 

of 5 ppm and fragment mass tolerance of 0.5 Da were used. Static modifications of 

carbamidomethyl cysteine and dynamic modifications of oxidized methionine and protein N-

terminal acetylation and/or methionine-loss were considered. High-confidence peptide-spectrum 

matches (PSMs) were filtered at a false discovery rate of <1% as calculated by Percolator. Peptide 

abundances based on extracted ion-chromatography (XIC) feature intensities were calculated using 

the Label-Free Quantitation (LFQ) workflow. Due to conservation of sequence between human and 

yeast proteasome proteins, peptide and protein abundances were calculated using an in-house 

workflow to remove degenerate peptides. Isoleucine/leucine sequence variants were collapsed into 

single peptide groups. For each peptide, protein groups generated by Proteome Discoverer 2.2 were 

checked to make sure all peptides used were unique to either yeast or human protein. Protein 

abundances were calculated as the sum of all unique peptides matching to those proteins. Only 
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proteins detected in two separate injections of at least one sample were included in the final dataset. 

The consolidated data is provided as Table S2.2. 

 

2.4.27. Microscopy 

The yeast cells were grown to mid-log phase in selective media to maintain plasmids and were 

imaged with DMi6000B microscope (Leica Microsystems). Cell size measurements were 

performed with a minimum 50-100 cells per strain using FIJI/ImageJ. 

 

2.5. Supplementary Information 

 

Figure S2.1. Multiple routes to the engineering of biological systems using a sequential 
replacement strategy. 
 
Let’s examine a simple 3-gene pathway. A sequential replacement strategy to fully engineer this module will navigate 
6 possible intermediate genotypes. The following formula can calculate the number of genotypes: nCr = (n!/n − 
r!) (r!), where n represents a total number of genes to be combined (for example, depicted above, n = 3). And r 
represents the combined intermediates, like for a single-gene intermediates r = 1 and similarly for a 2-gene 
intermediates r = 2. Furthermore, while the strategy explores 6 intermediate genotypes, the distinct routes to complete 
pathway engineering are 9 as some genotypes may require gene 1 and then gene 2, or gene 2 and then gene 1. The 
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higher the number of genes to be engineered, the more the number of intermediate genotypes to be explored. As a 
reference, for the humanization of the heptameric α proteasome core, a total of 126 intermediate hybrid yeast-human 
genotypes exist towards humanizing the entire yeast α core. 
 
 
 

 

 

Figure S2.2. MERGE enables the highly efficient conversion of heterozygous to homozygous 
loci. 
 
Every locus in yeast follows a normal (1:1) inheritance pattern of segregation. However, CRISPR reagent targeted to a 
haploid or a diploid locus leads to lethality. Similarly, a heterozygous yeast locus follows 1 (1, wild-type) : 1 (i, 
engineered) inheritance pattern. CRISPR reagent targeted to one of the heterozygous alleles initiates homologous 
recombination using the CRISPR-resistance homologous chromosome as a repair template, thus enabling efficient 
conversion to homozygous loci, mimicking a gene drive. The subsequent segregation pattern of 4 : 0 allows propagation 
of only desired loci. 
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Figure S2.3. General scheme of CRISPR-Cas9-based gene replacement. 

(A) For each gene, a ‘knockout’ (KO) plasmid (CRISPR reagent) is constructed that expresses the Cas9 endonuclease 
and a sgRNA with a targeting sequence to the gene of interest. To replace the gene of interest, the CRISPR reagent is 
co-transformed into yeast with a linear repair DNA, consisting of the replacing gene sequence flanked by long (60-
200bp) homology sequences to the flanking region of the genome. Cas9 and the sgRNA are co-expressed and target 
the gene of interest for cutting, allowing repair by homologous recombination (HR) with the provided repair 
DNA. (B) After obtaining transformants, sequencing across the junction reveals successful replacement (as shown for 
the human α proteasome subunits replaced at the native yeast loci). PCR for the yeast locus (Sc) is negative, whereas 
for a human gene (Hs) is positive. (C) The growth of singly humanized α-subunits is not significantly impaired. Each 
curve represents an averaging of 4 replicates for each indicated strain, grown in YPD for 24 hrs. No strains exhibit 
significantly impaired growth, though strains with human subunits α4, 5, and 6 show some extension of lag phase at 
30°C and marginally slowed doubling times at 30°C. The behavior is similar at 37°C except in Hs-α6, which exhibited 
a significant growth defect. 
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Figure S2.4. General scheme of CRISPR-Cas9-based gene replacement, CRISPR-mediated 
sensitivity, and resistance of yeast loci. 
 
(A) CRISPR reagent (pCas9-sgRNAlocus) targeted to any yeast locus often leads to lethality with few surviving colonies 
(CFUO). The corresponding transformation of a control plasmid (pCas9 alone) estimates the transformation efficiency 
(CFUE). CRISPR reagents targeting 7 yeast α proteasome genes show lethality (CFUO/CFUE = ∼0) with or without the 
repair template. After humanizing the corresponding yeast loci, each single-humanized haploid strain shows resistance 
to further targeting by the corresponding CRISPR reagent, respectively (CFUO/CFUE = ∼1). (B) CRISPR reagents 
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targeted to landing pad loci (511B, USERX and FGF20) enabled editing by introducing carotenoid gene transcription 
units CrtE, CrtI and CrtYB (provided as PCR fragment repair templates). The engineered strains show resistance to 
further cutting by the corresponding CRISPR reagents (CFUO/CFUE = ∼1). PCR-based genotyping confirmed the 
integration of each carotenoid transcription unit for every colony tested. 
 
 

 

 

 Figure S2.5. MERGE0 enables the efficient conversion of single heterozygous to homozygous 
loci. 
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(A) A schematic of possible genotypes after the ADE2 locus in a heterozygous diploid ADE2/ade2Δ::kanMX strain is 
subjected to a CRISPR-Cas9-mediated DSB followed by sporulation. The repair via NHEJ could mutate the locus 
(ade2*) or repair via HDR converts the locus to ade2Δ::kanMX, either scenario leads to a red colony phenotype. 
However, post sporulation, the prior scenario will show only 50% G418 resistant colonies compared to the latter 
outcome, which will exhibit 100% G418 resistance. Tetrad dissection of pooled cells from heterozygous diploid strains 
before MERGE0 (pCas9 alone) or after MERGE0 (pCas9-sgRNAADE2) shows that before MERGE0 cells appear as 2 : 
2 (red : white) and 2 : 2 (G418- resistant : G418-sensitive) phenotype. However, after MERGE0, cells show 4 : 0 (red : 
white) phenotype. Furthermore, all 4 spores in the post MERGE0 strain show 4 : 0 G418 resistance. (B) Schematic 
shows CRISPR reagent targeted to one of the heterozygous alleles (wild type yeast gene) in a diploid strain permits 
efficient conversion to homozygous humanized loci. MERGE0efficiently converts wild-type yeast loci α proteasome 
genes to humanized loci (CFUO/CFUE= ∼0). PCR-based genotyping verified the conversion to the CRISPR-resistant 
humanized loci for every colony tested. (C) Schematic shows how CRISPR reagent targeted to the landing pad loci in 
a heterozygous diploid enables conversion to engineered carotenoid loci. MERGE0 converts heterozygous landing pad 
loci (511B, USERX, and FGF20) to engineered carotenoid loci (CFUO/CFUE = ∼1). PCR-based genotyping shows 
heterozygous status of the loci before MERGE0 and conversion to engineered carotenoid loci after MERGE0. 
Sporulation yields haploids of both mating types with only engineered loci. 
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Figure S2.6. MERGE0 is efficient at converting many yeast heterozygous to homozygous loci 
independent of the position on Chromosome 1. 
 
(A) Schematic shows a CRISPR reagent (pCas9-sgRNAkanMX) targeted to the kanMX allele in a hetKO strain converts 
the locus to homozygous wild-type. The hetKO strains were arrayed as genes close to the left-arm of a telomere through 
the centromere to the right arm of a telomere. The strains were transformed with pCas9 alone (CFUE) or with pCas9-
sgRNAkanMX (CFUO) and spotted on either SD-Ura or SD-Ura with G418 selection. Every genotype shows spots with 
a similar density of colonies showing no lethality due to the CRISPR reagent (CFUO/CFUE = ∼1). The spots on SD-
Ura with G418 selection show G418 resistance in the case of pCas9 alone transformants. However, all but one (A10 
- CNE1) strain transformed with pCas9-sgRNAkanMX lost the kanMX cassette resulting in G418 sensitivity. (B) 
MERGE0 mediated conversion of loci was tested on several unique hetKO genotypes on Petri plates, demonstrating 
agreement with 96-well spot assays. All tested strains show no lethality due to the CRISPR reagent (CFUO/CFUE = 
∼1). Ambiguous spots on a 96-well plate (A10, G7 and G9) were further analyzed on Petri plates. G7 and G9 spots 
show no lethality due to CRISPR reagent (CFUO/CFUE = ∼1) and loss of kanMX cassette. While the A10 (CNE1) strain 
is resistant to the CRISPR reagent, the cells retain G418 resistance. It is unclear why this behavior occurs. 
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Figure S2.7. MERGE0 is efficient at simultaneously combining two heterozygous to 
homozygous loci. 
 
(A) Double-sgRNA CRISPR reagent (pCas9-sgRNAScα1,α7) targeted to two wild type yeast loci (proteasome α1 and α7 
genes) quantifies the efficiency of MERGE1. The transformation of pCas9-sgRNAScα1,α7 in the wild type, and single-
humanized Hsα1 or Hsα7 strains is lethal, suggesting ON-target activity (CFUO/CFUE = ∼0). However, the 
transformation of pCas9-sgRNAScα1,α7 in diploid heterozygous humanized strain shows no lethality (CFUO/CFUE = 
∼1). PCR-based genotyping of surviving colonies after MERGE1 shows conversion of both yeast to the humanized loci 
compared to before MERGE1. (B) All tested single-humanized strains transformed with double-sgRNA CRISPR 
reagents show lethality, demonstrating that selection only allows survival of viable paired genotypes. (C)Mating each 
single-humanized strain of opposite mating-types (obtained via MERGE0) provided 21 heterozygous genotypes to 
test MERGE1. Heterozygous diploid humanized strains transformed with double-sgRNA CRISPR reagents specific to 
each yeast allele allow testing viability of all paired-humanized genotypes (CFUO). If the genotype is permitted, the 
strategy enables survival similar to the pCas9 alone transformation (CFUE). While the majority of combined double-
humanized genotypes are viable (CFUO/CFUE = ∼1), specific genotypes (Hsα1α6, Hsα4α6, Hsα5α6 and Hsα5α7) were 
inviable, suggesting incompatible genotypes. Other combinations, such as those involving the genotypes with Hsα2, 
showed a slow-growth phenotype. (C’) Yeast proteasome structure (PDB-1RYP) with α and β cores show the 
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humanized α subunits that are incompatible as paired genotypes. Except for α5 and α6, the subunits are missing 
neighboring interactions within the α core. (D) A sequential strategy using single-humanized strains acquired several 
pairwise combinations of human α subunits. However, several other genotypes could not be obtained, revealing the 
drawback of the method. MERGE1 is far more efficient in identifying incompatible paired genotypes 
 

 

 

Figure S2.8. The variant-specific phenotype of single-humanized Hsα6 (PSMA1) yeast strain. 

(A) A growth assay performed on a single-humanized Hsα6 strain (Variant 1, amino acid residue 37>Glycine) shows 
a temperature-sensitive (TS) phenotype at 37°C (dotted red line) compared to growth at 30°C (solid red line). The 
combined genotype of Hsα6,α7 partially rescues the TS phenotype at 37°C (dotted blue line) compared to the growth 
at 30°C (solid blue line). (B) Spotted dilutions of single-humanized Hsα6 strains (Variant 1, amino acid residue 
37>Glycine) and (Variant 2, amino acid residue 37>Valine) show Variant 2 with no growth defect at 30°C, 23°C and 
37°C compared to Variant 1. 
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Figure S2.9. MERGE is scalable to target multiple yeast loci simultaneously. 

(A) The schematic shows a CRISPR-based strategy targeting one or many genetic loci in yeast. Transformation of a 
CRISPR reagent (pCas9-sgRNAGFP) targeting a GFP cassette in a Green Monster strain tests the scalability. 
Transformation in the wild type (no GFP) strain should show no lethality, whereas strains harboring single or multiple 
GFPs should show a lethal phenotype. (B) The pCas9-sgRNAGFP transformation in wild type yeast showed viable cells 
(CFUO/CFUE =∼1). In contrast, transformation in a strain harboring a single GFP cassette was lethal. While the Green 
Monster strain (GFP monster, 16 GFP cassettes) showed more viable cells than the single-GFP strain upon 
transformation with pCas9-sgRNAGFP. (C) Using flow cytometry, the pooled mixture of yeast cells that survive pCas9-
sgRNAGFP showed significantly reduced GFP expression compared to the pCas9 alone transformed cells, suggesting 
that nearly every GFP cassette was successfully targeted and mutated via NHEJ. 
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Figure S2.10. Scheme for obtaining triple-, quadruple-, quintuple- and sextuple-humanized 
α-subunit strains via a sequential strategy. 
 
(A)Two multiple-sgRNA CRISPR plasmids were constructed, one expressing sgRNAs targeting yeast α subunits 1, 2, 
and 3 (pCas9-sgRNAScα1,α2,α3), and the other expressing sgRNAs targeting α subunits 4, 5, 6, and 7 (pCas9-
sgRNAScα4,α5,α6,α7). They were transformed individually with the respective human gene repair DNA. A single colony 
with triple-humanized Hs-α1α2,α3 (i) was obtained. However, no clone for a quadruple humanized Hs-α4α5,α6,α7 (ii) 
could be obtained. A similar strategy also generated triple-humanized Hs-α1α2,α4 and Hs-
α1α3,α4 genotypes. (B) Sequential strategy generated a quintuple-humanized Hs-α1α2,α3,α4,α7 strain confirmed via 
locus-specific PCR showing the presence of human and the absence of yeast loci. Sanger sequencing and whole-genome 
sequencing confirmed the genotype. (C) Spotted dilutions of double-, triple-, quadruple-, quintuple- and sextuple 
humanized α proteasome strains at 23°C, 30°C and 37°C show singe-humanized Hs-α6 (variant 1) and quintuple-
humanized Hs-α1,α2,α3,α4,α7 strain with a temperature-sensitive growth phenotype. 
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Figure S2.11. MERGE tests the combination of several triple-humanized yeast α-subunit 
genotypes. 
 
(A) MERGEMX (Mate and multiplex) strategy combined 3 loci after mating a strain with 2 humanized loci (Hsα4,α7, 
MAT a) with a strain carrying 1 humanized locus (Hsα6, MATα) (biological replicate of data shown in Figure 4E). The 
transformation of pCas9-sgRNAScα4,α6,α7 in a mated mix selected a diploid triple-humanized strain (CFUO/CFUE = ∼1). 
PCR-based genotyping of several colonies after MERGEMX shows conversion of all yeast to the humanized loci (5 of 
6). Spotted dilutions of humanized Hs-α4,α7 and Hs-α4,α6,α7 strains at 23°C, 30°C and 37°C show the triple-
humanized strain with a temperature-sensitive phenotype at 37°C. The strain does not yield viable haploid spores 
observed as no growth on haploid-specific selection media (SD-LEU+Thialysine). (B) Double-humanized Hs-
α4α5 (haploid MATα) and single-humanized Hs-α6 (haploid MATa, harboring a pCas9 alone or pCas9-sgRNASc-
α6 vector) strains were mated, generating two distinct heterozygous diploid strains, one heterozygous for three loci and 
another for two with homozygous Hs-α6 locus. Each strain was transformed with double-sgRNA CRISPR plasmid 
(pCas9-sgRNAScα4,α5) to perform MERGE1. The transformation caused lethality in both strains (CFUO/CFUE =∼0). 
However, a few survivors in the context of heterozygous Hs-α6 locus showed the conversion of two loci (Hs-
α4 and Hs-α7), suggesting an incompatible triple-humanized genotype but viable double-humanized genotype 
harboring a heterozygous yeast-human α6 locus. (C) Double-humanized haploid Hs-α4α5 (MATα) and Hs-α7 (MATa 
a) strains were mated. The resulting heterozygous diploid strain was transformed with a triple-sgRNA CRISPR reagent 
(pCas9-sgRNAScα4,α5,α7). The transformation caused lethality with few survivors (CFUO/CFUE =∼0). Genotyping of the 
survivors showed the conversion of two 2 of 3 loci (Hs-α4 and Hs-α7), suggesting an incompatible triple-humanized 
genotype. 
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Figure S2.12. MERGE efficiently tests several higher-order combinations (>3) of humanized 
yeast α-proteasome core. 
 
(A) Double-humanized haploid Hs-α4α5 (MATα) and Hs-α6α7 (MATα) strains were mated. The resulting heterozygous 
diploid strain was transformed with quadruple-sgRNA CRISPR reagent (pCas9-sgRNAScα4,α5,α6,α7) to 
perform MERGEMX. The transformation caused lethality with few survivors (CFUO/CFUE =∼0). The survivors showed 
the conversion of only 2 of 4 loci (Hs-α4 and Hs-α5), suggesting an incompatible quadruple-humanized genotype. 
However, the transformation of triple-sgRNA CRISPR reagent (pCas9-sgRNAScα4,α6,α7) in this strain was viable 
(CFUO/CFUE =∼1). The genotyping of randomly picked colonies showed the conversion of 3 yeast to human loci (Hs-
α4, Hs-α6, and Hs-α7), suggesting a triple-humanized genotype is viable with a heterozygous yeast-
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human α5 locus. (B) Mating quintuple-humanized haploid Hs-α1α2α3α4α7 [MATa, also harboring a triple-sgRNA 
CRISPR reagent (pCas9-sgRNAScα1,α2,α3)] and single-humanized Hs-α6 (MAT α) strains simultaneously combined three 
yeast to humanized Hsα1, Hsα2, Hsα3 loci in a diploid yeast (CFUO/CFUE =∼1). The strain harbors heterozygous 
yeast-human alleles for α4, α6, and α7 loci. Transformation of the diploid strain with (C) pCas9-sgRNAScα4 or (D) 
pCas9-sgRNAScα6 generated viable quadruple-humanized strains (Hs-α1α2α3α4 and Hs- α1α2α3α6) 
(CFUO/CFUE =∼1). Genotyping of randomly picked colonies confirmed the homozygosity of the loci. (E) Using the 
quadruple-humanized strain Hs-α1α2α3α4 as a background, the transformation of pCas9-sgRNAScα6 yielded a viable 
quintuple-humanized (Hs- α1α2α3α4α6) genotype (CFUO/CFUE =∼1) confirmed using locus-specific 
PCR. (F) Double-humanized haploid Hs-α6α7 (MATα) and triple-humanized Hs-α1,α2,α3 [MATa, also harboring a 
triple-sgRNA CRISPR reagent (pCas9-sgRNAScα1,α2,α3)] strains were mated. MERGEMX simultaneously combined 
three yeast to humanized Hsα1, Hsα2, and Hsα3 loci in the diploid background (CFUO/CFUE=∼1). The next 
transformation, using pCas9-sgRNAScα6,α7 also homozygosed the Hsα6 and Hsα7 loci, generating a quintuple-
humanized strain (CFUO/CFUE =∼1). However, post sporulation, the mix plated on MATα selection failed to produce 
any viable humanized haploid strains. (G) Triple-humanized Hs-α1α2α3 [haploid MATa, also harboring a triple-
sgRNA CRISPR reagent (pCas9-sgRNAScα1,α2,α3)] and double-humanized Hs-α4α5 (haploid MATα) strains were mated 
generating a heterozygous diploid strain for 5 loci. The resulting diploid strain simultaneously combined three yeast to 
humanized Hsα1, Hsα2, and Hsα3 loci while harboring two yeast-human heterozygous loci 
(α4 and α5) (CFUO/CFUE =∼1). The subsequent MERGE0 strategy (using pCas9-sgRNAScα4) generated a viable 
quadruple-humanized strain (Hs-α1α2α3α4) with heterozygous yeast-human α5 locus (CFUO/CFUE =∼1). The locus-
specific PCR confirmed the homozygosity for most of the colonies. However, the subsequent CRISPR selection 
(using pCas9-sgRNAScα5) did not produce a viable strain (CFUO/CFUE =∼0), suggesting an incompatible quintuple-
humanized (Hs-α1α2α3α4α5) genotype. (H) Using the quintuple-humanized diploid strain Hs-α1α2α3α4α6 harboring 
a yeast-human heterozygous α7 locus as a background, the transformation of pCas9-sgRNAScα7 yielded a viable 
sextuple-humanized (Hs-α1α2α3α4α6α7) genotype (MERGE0, CFUO/CFUE =∼1) after incubation for 8 days. The 
genotype of the viable colonies confirmed the homozygosity and humanization of the α7 locus.            
 
 

 
 
 
 

 
 

Figure S2.13. MERGE enables the verification of the entire human α-proteasome core in 
yeast. 
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(A) Mating quintuple-humanized haploid Hs-α1α2α3α6α7 (MATα) and double-humanized Hs-α4α5 (MATa) strains 
generated a diploid strain harboring yeast-human heterozygous alleles for 7 α-proteasome loci. Locus-specific PCR 
confirmed the heterozygous nature of the loci. (B) The resulting diploid strain was transformed with a triple-sgRNA 
CRISPR reagent (pCas9-sgRNAScα1,α2,,α3), resulting in a viable genotype homozygous for triple-humanized Hs-
α1α2α3 loci (CFUO/CFUE =∼1) with yeast-human heterozygous alleles for α4, α5, α6, and α7 loci. The subsequent 
transformation of a quadruple-sgRNA CRISPR reagent (pCas9-sgRNAScα4,α5,α6,α7) in the diploid strain was lethal, 
suggesting an incompatible genotype (CFUO/CFUE =∼0). 
 
 
 
 

 

 

Figure S2.14. Inviable double-humanized genotypes are viable when neighboring interactions 
are restored. 
 
Inviable double-humanized genotypes, Hsα1/α6 and Hsα4/α6, become viable when the neighboring interactions are 
restored in higher-order humanized strains (indicated as green lines). However, incompatible paired genotypes 
comprising Hsα5/α6 and Hsα5/α7 could not be rescued (marked as red lines). Proteasome core structures were 
generated using Pymol and PDB-1RYP. Colored structures show humanized α yeast subunits. 
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Figure S2.15. Strategies to generate viable humanized haploid yeast strains when the 
corresponding diploids manifest sporulation defects. 
 
(A) Mating single-humanized Hs-α6 (MATα, with pCas9 alone or pCas-sgRNASc-α6) and Hs-α7 (MATa) strains 
generated two diploid strains; one harboring yeast-human heterozygous allele at α6 locus and another with homozygous 
humanized α6 locus. MERGE0(using strategy pCas-sgRNASc-α7) converted the heterozygous yeast-human α7 locus to 
a homozygous human allele at ∼100% efficiency (CFUO/CFUE =∼1). Locus-specific PCR confirmed the humanized 
homozygous alleles. However, the diploid strains cannot sporulate. However, keeping the α7 locus as heterozygous 
rescues the sporulation defect. The haploid-specific selection (SD-HIS+CAN; MATa) allowed haploid yeast to grow, 
followed by CRISPR plasmid selection (using pCas-sgRNASc-α7) or simply genotyping the haploids to identify 
homozygous double-humanized Hs-α6α7 genotype. (B) The diploid quintuple-humanized Hs-α1α2α3α6α7 strain 
shows a sporulation defect as in Figure S12F. However, using a sequential CRISPR strategy, a haploid quadruple-
humanized Hs-α1α2α3α6 strain enables the generation of haploid quintuple-humanized Hs-α1α2α3α6α7 strain to be 
used for subsequent MERGE experiments. 
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Figure S2.16. Whole-genome sequencing (WGS) of quintupled-humanized Hs-
α1α2α3α4α7 strain shows humanized loci alignment within the yeast genome. 
 
WGS analysis of quintupled-humanized Hs-α1α2α3α4α7 shows humanized loci aligned to a reference S288C genome 
with replaced human coding sequences. The human genes reside on different yeast chromosomes, replacing their 
corresponding native yeast loci (Chr. 7, 13, and 15). Green lines indicate the read lengths with a 200 base range, yellow 
is below, and blue is above the range.  
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Figure S2.17. Humanized proteasome strains show stable expression of human 𝛽s. 

(A) Heatmap showing abundance measurements for each of the yeast and human 20S proteasome core proteins from 
single-humanized Hsα1, quintuple-humanized Hsα1α2α3α4α7, and sextuple-humanized Hsα1α2α3α4α7𝛽3 strains 
harboring empty vector (EV) or plasmids expressing human 𝛽s (heatmap was generated using MORPHEUS software). 
(B) Brightfield microscope images of humanized yeast cells harboring empty vector (EV), plasmids harboring 7 
constitutive- (pCN7) and immuno-𝛽s (pIN7) driven by native orthologous yeast gene promoters and terminators, and 
5-functionally non-replaceable human constitutive-𝛽s (pCH5) and immuno- 𝛽s (pIH5) driven by strong heterologous 
yeast promoters and terminators. (C) Humanized strains show varying cell sizes. Cell areas of humanized strains are 
represented as violin plots on the X axis. Sextuple-humanized Hsα1α2α3α4α7𝛽3 strain shows elongated or abnormal 
cellular morphologies that can be rescued by the expression of the yeast 𝛽3 (Sc𝛽3) or by the coexpression of several 
human 𝛽s. Significance comparisons were performed with wild type yeast determined by a standard t-test. 
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2.6 Tables 

Table S1.1-list Oligonucleotides and primers used.  

 

Primer name Sequence (5' to 3') 

ScSCL1 (alpha1) _Conf_Fp CCTCTTATAATGGTAATCGCGATCC 

ScSCL1(alpha1)_Conf_Rp ACAATCTTTACCTCTGACCG 

HsPSMA6 (alpha1)_Conf_Rp CTACTTGGTAGAGCCGACCC 

ScPRE8 (alpha2)_Conf_FP CCTTTCGACGTGAAAAGCGATAATAGC 

ScPRE8 (alpha2)_Conf_RP CTTCTTTTCTGTGGCAATTACTA 

HsPSMA2 (alpha2)_Conf_Rp ACTTCGCTCATCATACAGAA 

ScPRE9 (alpha3)_Conf_Fp TTCGTTACCCTGCAGGTGGC 

ScPre9 (alpha3)_Conf_Rp GCGTTCTGCTGCAAGAACAATC 

HsPSMA4 (alpha3)_conf_Rp GCCTTAGTTCATTAGTCAGAACA 

ScPre6 (alpha4)_conf_Fp-1 GTAAGAATATCATCCGGGCAACGG 

ScPre6 (alpha4)_conf_Rp-1 GCGTTGTTCGATAAACCGGG 

ScPre6 (alpha4)_conf_Fp-2 AGACCTTCTTTCGCAGCCCAAT 

ScPre6 (alpha4)_conf_Rp-2 ACACCAGCGACATAACGTGT 

HsPSMA7_conf_Rp CGCCCATTGCTCTGCGTATA 

ScPUP2(alpha5)_conf_FP-1 CAGGGTTATCATAAACCAAGACC 

ScPUP2(alpha5)_conf_FP-2 GCGTGCAAACATGAATGTAGC 

ScPUP2(alpha5)_conf_RP-1 CACACCTAGTACAACACCTTCTTT 

ScPUP2(alpha5)_conf_RP-1 ATGGAAAAGTTGATAACCATC 

HsPSMA5-conf_RP GTCCATATGAAACAGCTGGGG 

ScPRE5(alpha6)_conf_FP_1 GAACATACCCTATTATAGAGTGGC 

ScPRE5(alpha6)_conf_FP_1 ATCAGTACTAATTTCTATTAGCTGC 

ScPRE5(alpha6)_conf_RP_1 TTTCAACGCTACTAAAACAGCAT 

ScPRE5(alpha6)_conf_RP_1 CGTATCCTTACCCACGATGGCGAT 
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ScPre10(alpha7)_conf_Fp TGGTAGTGCAGTTGTAAAGCT 

ScPre10(alpha7)_conf_Rp CACTGCAAAGACTACACCGTCGT 

HsPSMA3(alpha7)_conf_Rp GTCTTCCATTAGTTAATTCACCA 

511b_conf_FP GGAAATAGACTTTTTTTACACAGCAACGG 

511b_conf_RP GGCTGACTGGCATACACTGG 

CrtE_conf_RP AGGATGTTCGCGTAATCCAT 

Userx_conf_FP CGTGTACCCACAATAGCAGCTACC 

Userx_conf_RP GTTGCTTTTCTGTTCCCCTTGAG 

CrtI-conf_RP GACCTGGAAACCTTCTTTAGC 

Fgf20_conf_FP CACACGTCGGCACTTACTATCC 

Fgf20_conf_RP CTCTGAGGATATAGGAATCTACAAAATG 

CrtYB-conf_RP GGATATGTCCATGCGCCATTT 

SgRNA1-SCL1Forward primer GACTTTCATCACTATCTTTTCCCCCG 

SgRNA1-SCL1Reverse  primer AAACCGGGGGAAAAGATAGTGATGAA 

SgRNA2-SCL1Forward primer GACTTTATAAACTCACTAGCGGTCAG 

SgRNA2-SCL1 Reverse primer  AAACCTGACCGCTAGTGAGTTTATAA 

SgRNA-PRE8 Forward primer GACTTTTTGGGTATAAAAGCTACGAA 

SgRNA-PRE8 Reverse  primer AAACTTCGTAGCTTTTATACCCAAAA 

SgRNA1-PRE9Forward primer GACTTTACAACAATTTTCTCCCCTGA 

SgRNA1-PRE9Reverse  primer AAACTCAGGGGAGAAAATTGTTGTAA 

SgRNA2-PRE9Forward primer GACTTTTTGGGATTATGGCATCTGAT 

SgRNA2-PRE9 Reverse primer AAACATCAGATGCCATAATCCCAAAA 

SgRNA1-PRE6Forward primer GACTTTAGATGGACACATTTTCCAAG 

SgRNA1-PRE6 Reverse primer AAACCTTGGAAAATGTGTCCATCTAA 

SgRNA2-PRE6Forward primer GACTTTAGTGGAGTACGCCCTGGAGG 

SgRNA2-PRE6 Reverse primer AAACCCTCCAGGGCGTACTCCACTAA 

SgRNA1-PUP2Forward primer GACTTTACTAGAAGTGAATATGATCG 
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SgRNA1-PUP2 Reverse primer AAACCGATCATATTCACTTCTAGTAA 

SgRNA2-PUP2Forward primer GACTTTGCACATTTTCCCCAGAAGGG 

SgRNA2-PUP2 Reverse primer AAACCCCTTCTGGGGAAAATGTGCAA 

SgRNA1-PRE5Forward primer GACTTTGTTCAGGAACAATTACGACG 

SgRNA1-PRE5 Reverse primer AAACCGTCGTAATTGTTCCTGAACAA 

SgRNA2-PRE5Forward primer GACTTTGTTCCAAGTGGAATACGCCT 

SgRNA2-PRE5 Reverse primer AAACAGGCGTATTCCACTTGGAACAA 

SgRNA1-PRE10Forward primer GACTTTATCGGTATAAAGTGTAACGA 

SgRNA1-PRE10Reverse primer AAACTCGTTACACTTTATACCGATAA 

SgRNA2-PRE10Forward primer GACTTTCAAGTCGTAGACCGTCACAT 

SgRNA2-PRE10Reverse primer AAACATGTGACGGTCTACGACTTGAA 

sgRNA-511b Forward primer GACTTTCAGTGTATGCCAGTCAGCCA 

sgRNA-511b Reverse primer AAACTGGCTGACTGGCATACACTGAA 

sgRNA-fgf20 Forward primer GACTTTGTTAGAGCTGTTACAAGTTA 

sgRNA-fgf20 Reverse primer AAACTAACTTGTAACAGCTCTAACAA 

sgRNA-userx Forward primer GACTTTGTAGCTACAAGAACATATGG 

sgRNA-userx Reverse primer AAACCCATATGTTCTTGTAGCTACAA 

sgRNA-ADE2 Forward primer GACTTTAATTGTAGAGACTATCCACA 

sgRNA-ADE2 Reverse primer AAACTGTGGATAGTCTCTACAATTAA 

sgRNA-GFP(S65T) Forward primer GACTTTGGTGAAGGTGATGCAACATA 

sgRNA-GFP(S65T) Reverse primer AAACTATGTTGCATCACCTTCACCAA 

sgRNA-PUP3-Forward primer GACTTTATTGCCTGTGATTTGCGTCT 

sgRNA-PUP3-Reverse primer AAACAGACGCAAATCACAGGCAATAA 

sgRNA-kanMX Forward Primer GACTTTTGTTTTGCCGGGGATCGCAG 

sgRNA-kanMX Reverse Primer AAACCTGCGATCCCCGGCAAAACAAA 
 

PSMA6_Repair_FP CGTAAGGATAGAGTAAGTTAAATGGCTAACTCATTATAATCTTCATGCTAAA
TCATATAAGGGCAGAGACGAAGCAAAGCGAAAAAAACATATTACAATCATGT
CCCGTGGTTCCAGCG 

PSMA6_Repair_RP TCTACTTTTTCCTATAAAATAAATCCTAAATGAAACGTGTCCATACATATATT
GAGTGTTGACGCGTGTGATTTCACATTATGTTGTGGCAGGAAGTATGTTAGT
CTCTCTCTGCTAGAGCAAC 



 
 

71 

PSMA2_Repair_FP CCCCAATAAGCTGAGAGTGGAATAGGTGAAGCATTTTATATTTTTAGTTTCA
ATTAGTAGTAAGCAACCATAAGACACCAATCAACACAGTTCTATAATTATGG
CGGAGCGCGGGTAC 

PSMA2_Repair_RP TAGAAAAAAATCATTTAAAGGTTATGTAAGTTATATACACAATTGGCTTTCT
TTTGGATAAGTTGAGTGAGATGGGTGATTGGCGGGGATAATTATAACATTAT
GCTATGGCAGCCAAGTAATC 

PSMA4_Repair_FP ACATTGGCAGAGCGAAGAGAACAGACTGCTTTCTATAAAAAGTTTTCGATCA
GTCTCTATTTTAATAATTGATTATTGGATATAGTTAGTAGTGTTAAACATGTC
TCGAAGATATGACTCCAGG 

PSMA4_Repair_RP GGGAATCTTAGCGATTTTTTTCTTTCACTTTTAATTTTAGAGATATGTTTCTA
TGCGTACATATTTATATAAGCATGAAGTCAAACAATACTTTCCAACCCTATTT
ATCCTTTTCTTTCTGTTCTTTTTC 

PSMA7-Repair_FP GGAAGGGAAAGAAAAGACATCATATATAGGTGGTAGCAAAACCTTCAAGTT
AGTGCTCAGCAGTTCATCAGGATCAGTTGCATAAACACAATTACACAAAATG
AGCTACGACCGCGCC    

PSMA7-Repair_RP AAACATATATGAGCTAACTATACCGTGCTATGTTATATTTTGCATTTTTATTA
TTGCTGTTATTTTATATAGGTTTTATGCCCAATATATATCGCCGTTTTCATGA
TGCTTTCTTTTGTTTCTTCTTTTCG 

PSMA5_Repair_FP GCAAAAGAGTAACCTAGGAAATTGGACAAGAGAGCGCTATAACTATAGAAT
ACAAGTCAATAAGAACATAAATTCCAATTGTCTAATATAACTAGAAAGGATG
TTTCTTACCCGGTCTGAG 

PSMA5_Repair_RP TGTGATCAATTGAGGTTATTTTACTACTTTTCCTTTCATTTTTGTAAGGTTTT
CTTTCTTTGTTAGTGTGACGTTGGTATTTACCTTTATGTAACTATATTTAAAT
GTCCTTGATAACCTCTTCAAG 

PSMA1_Repair_FP ACCAAGACGCCACTACATTTAGGTAGACGTGGTGATCAATTGAAGTTCAAG
AGAAGTGGGTAAGAATACATTGAACTAAGCCTTCATATATTTACAAAACATG
TTTCGAAATCAGTATGACAATG 

PSMA1_Repair_RP ATTATTATCTTTATATGTAAAAAAACCCCGACCGTGGTGAAAGGCTTCTTTG
GTCTTGCTTTGACAATTGCTTAGTGGAAACGATACTTTGTGTCCAGACTTAA
TGTTCCATTGGTTCATCAGCC 

PSMA3_Repair_FP ATAGTGGCGGTAGAGGGTTTATTTGGTAGTGCAGTTGTAAAGCTTTCAAAC
ACATTCGAGCGTCGCATCATCAAATTAACAAAAGCATAACTCTTCAGCAATG
AGCTCAATCGGCACTGG 

PSMA3_Repair_RP ATGGAAGGTACTAAAATGTATTTTTTGTTTCGCGGCGTTACACGTGAGTTCA
TATTATTTCAACTCTTTGGTTCTTCTTAACGTATTATCAGAATGTCACTTACA
TATTATCATCATCTGATTCATCTTC 

crtE-Repair_FP CCCAACAATACAATAGCGGGAAGAATGCACTTTCTCGTTCCATAAAGGGTCT
CTTTCACCTATACGGTTGGTACAGATTTCCTAGCGGCGCCGGGAAATC 

crtE-Repair_RP GCTTCACTTTTTTCTCTGTCAAGGGACAGTTGCATACAAACGCAGTTCAAAA
CGAAGAAAATAGAAGCAAACGACGTAATGCGCCGCGAGTCACTACTAA 

crtYB_Repair-FP GAAAGAAAGAAAGAAAAACTAACACATTAATGTAGTTTTAAAATTTCAAATC
CGAACAACAGAGCATAGGGTTTCGCAAACTTGAATCGGCTTTAGGATC 

crtYB_Repair-RP CGAGCTTGTAGCACAATAATACCGTGTAGAGTTCTGTATTGTTCTTCTTAGTGCTT
GTATATGCTCATCCCGACCTTCCATTAGCCGCAATCGTATCTGA 

userX_Repair_FP GGAGTTGTATCGATGTGTAGTAACTGGTAGTAGTCTAGTAATGAGTTGTTCT
CATGTTAGTGAATATTCTGTATGCTTCCGAGTCTACGTTACACCTGAA 

userX_Repair_FP ATCAAATGAAAGTAATAATCTTTCAGCTTAGACTTATTTTTAGTTGAAACAC
TTGAATAAGAGTGCAGACACTCAATCGTGGTGGGGACACCATCCCGCC 

sgRNA_DKO_TU_ConLS (FpS) ATGCCGTCTCACTGAATGTGCTTCAGTATTACATTTTTTGCCTTC 

sgRNA_DKO_TU_ConL1 (Fp1) ATGCCGTCTCACCAAATGTGCTTCAGTATTACATTTTTTGCCTTC 

sgRNA_DKO_TU_ConL2 (Fp2) ATGCCGTCTCAGATGATGTGCTTCAGTATTACATTTTTTGCCTTC 

sgRNA_DKO_TU_ConL3 (Fp3) ATGCCGTCTCAGTTCATGTGCTTCAGTATTACATTTTTTGCCTTC 

sgRNA_DKO_TU_ConL4 (Fp4) ATGCCGTCTCAGGTAATGTGCTTCAGTATTACATTTTTTGCCTTC 

sgRNA_DKO_TU_ConL5 (Fp5) ATGCCGTCTCAAAGTATGTGCTTCAGTATTACATTTTTTGCCTTC 

sgRNA_DKO_TU_ConL6 (Fp6) ATGCCGTCTCAAACGATGTGCTTCAGTATTACATTTTTTGCCTTC 
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sgRNA_DKO_TU_ConR1 (Rp1) ATGCCGTCTCATTGGTATCCACTAGACAGAAGTTTGCGTTC 

sgRNA_DKO_TU_ConR2 (Rp2) ATGCCGTCTCACATCTATCCACTAGACAGAAGTTTGCGTTC 

sgRNA_DKO_TU_ConR3 (Rp3) ATGCCGTCTCAGAACTATCCACTAGACAGAAGTTTGCGTTC 

sgRNA_DKO_TU_ConR4 (Rp4) ATGCCGTCTCATACCTATCCACTAGACAGAAGTTTGCGTTC 

sgRNA_DKO_TU_ConR5 (Rp5) ATGCCGTCTCAACTTTATCCACTAGACAGAAGTTTGCGTTC 

sgRNA_DKO_TU_ConR6 (Rp6) ATGCCGTCTCACGTTTATCCACTAGACAGAAGTTTGCGTTC 

sgRNA_DKO_TU_ConRE (RpE) ATGCCGTCTCATGCTTATCCACTAGACAGAAGTTTGCGTTC 

 

 

Table S2.2 Protein abundance heat map 

 

 

 

 

 



 
 

73 

Chapter 3 

Species-specific protein-protein interactions govern the humanization of the 20S proteasome 
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Abstract 

Yeast and humans share thousands of genes despite a billion years of evolutionary divergence. 

While many human genes can functionally replace their yeast counterparts, nearly half of the tested 

shared genes cannot. For example, most yeast proteasome subunits are humanizable, except 

subunits comprising the β-ring core, including β2 (HsPSMB7). We developed a high-throughput 

pipeline to humanize yeast proteasomes by generating a large library of Hsβ2 mutants and screening 

them for complementation of yeast β2 (ScPUP1). Variants capable of replacing ScPUP1 included 

(1) those impacting local protein-protein interactions (PPIs), with most affecting interactions 

between the β2 C-terminal tail and the adjacent β3 subunit, and (2) those affecting β2 proteolytic 

activity. Exchanging the full-length tail of human β2 with that of ScPUP1 enabled 

complementation. Moreover, wild-type human β2 replaced yeast β2 if the adjacent human β3 

subunit was also provided. Unexpectedly, yeast proteasomes bearing a catalytically inactive 

HsPSMB7-T44A variant blocking precursor autoprocessing were viable, suggesting an intact 

propeptide stabilizes late assembly intermediates. Our data reveal roles for specific PPIs governing 

functional replaceability across vast evolutionary distances. 
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3.1 Introduction 

Despite the divergence of humans and yeast from a common ancestor over a billion years ago, the 

yeast Saccharomyces cerevisiae still shares nearly a third of its proteome with humans (Remm et 

al., 2001; Sonnhammer et al. , 2015). Systematic studies have discovered many conserved human 

genes that complement a lethal growth defect conferred by the loss of the corresponding shared 

yeast gene, indicating functional conservation (Kachroo et al., 2015, 2017; Laurent et al., 

2020; Garge et al., 2020; Sun et al., 2016; Yang et al., 2017; Hamza et al., 2020, 2015). These 

studies reveal a striking trend: functional replaceability is not well-explained by sequence similarity 

between the human and yeast genes. Instead, it is a property of specific protein complexes and 

pathways referred to as “genetic modularity,” wherein some systems are near entirely replaceable, 

whereas some modules are entirely non-replaceable (Kachroo et al., 2015). The data suggest, for 

the functionally replaceable set, that the conserved human genes can generally assimilate within the 

yeast genetic or protein-protein interaction (PPI) networks. 

Overall, however, more than 50% of human genes could not replace their yeast orthologs 

(Kachroo et al., 2015; Laurent et al., 2020). There could be several reasons for this lack of 

replaceability, such as divergence of important amino acid residues or domains that are required for 

maintaining function in the yeast orthologs by co-evolution with the rest of the cellular machinery 

or simply a change of a function. The second mechanism is unlikely for most proteins in deeply 

conserved complexes and pathways (Dolinski et al. , 2007; Kachroo et al., 2022). For example, 

nearly all subunits of the yeast proteasome complex are individually replaceable by their human 

counterparts except for two ‘sub-modules’, a 5-subunit contiguous subset of the heptameric β-ring 

of the proteasome core, and a pair of interacting proteins (Rpn3 and Rpn12) in the lid subcomplex 

(Figure S3A) (Kachroo et al., 2015). Surprisingly, yeast and human proteasome core subunits share 
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only ∼50% identical amino acids, even at successfully humanized protein interfaces (Kachroo et 

al., 2015). The proteasome is a highly conserved molecular machine found in all domains of life, 

and is primarily responsible for selective protein degradation (Maupin-Furlow, 2011). The 

eukaryotic 26S proteasome complex comprises two subcomplexes – the 19S regulatory particle 

(RP) and the 20S core particle (CP) (Figure S3A) (Tomko et al., 2013). The 19S RP binds the 20S 

CP barrel on one or both ends and is responsible for recognizing ubiquitinated proteins, unfolding 

them and translocating them into the central CP chamber. The CP, by virtue of its protease active 

sites within the central chamber, degrades substrates into small peptides. The 20S CP comprises 

four stacked heptameric rings. Among the four rings, the two outer rings bear seven different but 

related α subunits, and the two inner rings each have seven distinct β subunits. The CP α-rings form 

gated channels allowing substrate entry to the proteolytic chamber. Three active protease subunits 

are present in each β ring, specifically β1, β2 and β5, which are responsible for catalyzing substrate 

cleavage (Groll et al., 1999) (Figure S3A). These subunits harbor a catalytic threonine at their N-

termini that functions as the attacking nucleophile in peptide-bond hydrolysis, but they are initially 

synthesized as inactive precursors. Activation occurs by autocatalytic N-terminal propeptide 

cleavage, which is highly regulated and is initiated only after successful CP assembly, thus only 

generating the active site threonine residues after they are inside the core (Tanaka, 2009). Among 

the other β subunits, non-catalytic β6 and β7 subunits are also synthesized with propeptides that are 

cleaved in trans during formation of the mature CP. The remaining β3 and β4 subunits do not 

undergo cleavage and retain their primary forms. Notably, none of the human subunits requiring 

propeptide cleavage can substitute for their yeast orthologs (Figure S3A). 

Assembly of the proteasome core occurs through a combination of the self-assembly of subunits 

guided by the N-terminal and C-terminal regions of specific subunits and external assembly 
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chaperones (Tomko et al., 2013). Subunits are added sequentially during the assembly process, 

creating a series of detectable intermediates (Ramos et al., 2008). The incorporation of β subunits 

usually follows α-ring assembly, starting with the β2 subunit, at least in mammalian cells (Hirano et 

al., 2008). A unique C-terminal extension of β2 is crucial for viability and wraps around β3 and 

interacts with β4, followed by the incorporation of β5, β6, β1 and lastly, β7 (Budenholzer et al., 

2017) Given the remarkably high conservation of proteasome complex genes, structure, and 

assembly mechanism between humans and yeast, it is puzzling why the majority of the subunits in 

the yeast β core are not replaceable by their human counterparts (Figure S3A). 

Previously, we discovered that a single mutation (S214G) in the human β2 subunit PSMB7 (a 

constitutive β2C subunit), which normally cannot substitute for the orthologous yeast β2 subunit 

ScPUP1, conferred functional replaceability (Kachroo et al., 2015) (Figure S3B). However, the 

basis of this replaceability remained unknown, particularly since this serine residue is conserved in 

ScPUP1. Given the proximity of Ser214 to the neighboring yeast β6 subunit, we hypothesized that 

the suppressor might restore local PPIs and promote the assembly of the human protein into the 

yeast CP (Figure S3C). To systematically address the role of suppressor mutations in replaceability 

and identify incompatible interfaces, we devised a novel screen to obtain replacement-competent 

human gene variants in a high-throughput manner, providing insights into the likely mechanisms 

of replaceability of human β2 in yeast. We identified multiple replacement-competent variants. 

Structural modeling of the human mutants indicated at least two modes of suppression: (1) 

mutations close to the interacting surfaces of neighboring proteins in the complex suggested 

multiple PPIs critical to β-core assembly. Specifically, the mutations in the C-terminal tail 

extension of human β2 suggested the importance of PPIs with the β3 subunit for optimal assembly. 

(2) Mutations that affected the catalytic activity of the human β2 protein also enabled assembly into 
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the yeast proteasome core, presumably through retention of the 43-residue propeptide. To further 

characterize the role of the C-terminal extension mutations in functional replaceability, we showed 

that swapping the entire tail from yeast PUP1 to human PSMB7 (Tail- Swap1 or TS1) confers 

functional replaceability in yeast. Biochemical analysis of the human PSMB7-T44A variant 

revealed a catalytically inactive subunit with no trypsin-like activity. By contrast, variants such as 

HsPSMB7-S214G and HsPSMB7-TS1 harbored comparable trypsin- like activities as the 

orthologous yeast protein within the proteasome. Finally, humanization of the Hsβ3 subunit enabled 

functional complementation by wild-type human β2, generating a doubly humanized Hsβ2β3 strain. 

Thus, our data show the divergence of local physical interfaces between the human and yeast β core 

and demonstrate that restoring these interactions enables the humanization of yeast proteasomes. 

 

3.2 Results and Discussion  

 

3.2.1 A novel high-throughput pipeline to screen for yeast-complementing human gene 

variants. 

Our previous screening strategy to identify functionally replaceable human gene suppressors, while 

successful, was tedious and identified only two suppressors (Kachroo et al., 2015). The technique 

required manual isolation of colonies followed by tetrad dissection, and identification of 

suppressors required manual screening of hundreds of yeast colonies. Therefore, we developed a 

novel pipeline to screen for suppressor plasmids in an automated high-throughput manner (Figure 

3.1A). We specifically focused on screening for suppressor mutations in the non- complementing 

human β2C or HsPSMB7, a constitutively expressed proteasome subunit. The method allowed 

large-scale and error-free screening in a significantly shorter time. Assays were performed in a 96-
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well format and haploid-specific mutant isolation using Synthetic Genetic Array (SGA) or Magic 

Marker (MM) selection to eliminate the need for tetrad dissection (Pan et al., 2004; Kuzmin et al., 

2016). A plasmid-dependency assay using 5-FOA selection was used to confirm that 

complementation was associated with the variant human gene on the URA3-based plasmid. Using 

this strategy, we successfully obtained multiple suppressors in the HsPSMB7 gene. 

The screening pipeline was developed based on several considerations. Wild-type 

human PSMB7 (β2) cannot normally replace the orthologous yeast β2 gene ScPUP1 (Kachroo et 

al., 2015), and PUP1 is required for yeast viability. By contrast, if a human gene (or its variant) 

successfully replaces the function of the host gene, the strain will be able to grow, serving as a 

simple readout for functional replacement. The error-prone PCR strategy generated 

a HsPSMB7 mutant gene library, with an average of 1-4 mutations per gene, in a URA3-marked 

yeast expression vector (Figure 3.1A) To determine if any mutant PSMB7 alleles can complement 

the lethality caused by the deleted yeast gene, we transformed the mutant library into a yeast diploid 

heterozygous knockout PUP1/pup1Δ::kanMX strain (Pan et al., 2004). The transformation 

protocol was scaled to obtain several thousand well-separated yeast colonies, each carrying a 

plasmid with a different PSMB7 mutant (Figure 3.1B) 

Several thousand colonies were picked in an automated manner using a QPix 460 robot and spotted 

in 96-well format on the pre-sporulation GNA medium with G418 selection for the kanMX-

marked Pup1Δ. After sporulation, Magic Marker (MM) medium (-Leu -Arg -His -Ura +CAN) 

allowed the selection of viable pup1Δ::kanMX haploid yeast spores (in the presence of G418) 

harboring plasmids with different human PSMB7 alleles (Figure 3.1C, bottom panel). As an internal 

control for sporulation efficiency, we also tested the growth of wild type PUP1 haploid spores on 

MM medium (in the absence of G418) (Figure 3.1C, top panel). The screen identified 19 colonies 
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that grew on MM+G418 (see representation images in Figure 3.1D) that potentially carried 

complementing human PSMB7 variants. The haploid suppressor strains were then tested to 

determine if suppression was due to the presence of the plasmid-borne mutant human gene. The 

yeast cells were tested for plasmid dependency based on loss of growth on 5-FOA, which selects 

against the URA3 gene. Seven of the 19 suppressors did not survive on 5-FOA medium, suggesting 

that the human gene variants in these strains were essential for their viability (Figure 3.1D). 

 

 

 

 

Figure 3.1 High-throughput automated pipeline to screen for functionally replaceable human 
gene suppressors in yeast. 
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(A) Workflow showing the generation and screening of a human gene mutant library made by error-prone PCR (0-4 
mutations per kbp). The variant pool was cloned into the expression vector (CEN6, URA3) followed by transformation 
into the yeast heterozygous diploid knockout PUP1/pup1Δ::kanMXstrain. (B) Transformation of the mutant library 
was scaled (4X) and the mixture plated on a QTray. Individual colonies were picked by a QPix 460 colony picking 
robot (up to 1000 colonies) and spotted on a pre-sporulation GNA-rich media followed by sporulation in a 96-well 
format. (C) Each sporulation mix was spotted on Magic Marker medium (MM) with (yeast gene absent and human 
gene present condition) or without G418 (yeast gene present and human gene present condition) to allow the growth of 
haploid yeast. The likely suppressors appear as spots growing in MM with G418, similar to the MM without G418 
condition. (D) Colonies growing on MM with G418 (yeast gene absent and human gene present condition) are further 
tested by a plasmid-dependency assay using 5-fluoroorotic acid (5-FOA) selection against the URA3 plasmid. 
Representative examples showing yeast strains with human gene suppressors that fail to grow on 5-FOA plates, 
indicating their plasmid dependence (suppressor 1, top panel) or grow on 5-FOA, indicating plasmid independence 
(suppressor 2, bottom panel). Finally, each suppressor was re-tested to verify functional replaceability and plasmid-
dependency, followed by Sanger sequencing to identify mutations in the human gene. 
 

 

3.2.2 Identification and characterization of complementing human PSMB7 variants in yeast 

To identify the relevant PSMB7 mutations and quantify pup1Δ complementation by the mutant 

human gene variants, we isolated the plasmid from each strain that had passed the test of plasmid 

dependency. The extracted plasmids were again tested for functional replaceability in a pup1Δ 

strain. Sanger sequencing of the seven-complementing human PSMB7 gene variants identified the 

mutations likely responsible for functional replaceability in yeast. Sequence analysis showed that 

each plasmid contained 1-4 mutations that resulted in amino acid changes in the human protein. 

The screen also identified a previously characterized suppressor, HsPSMB7-S214G, further 

validating the functioning of the pipeline (Figure S3A,). Notably, two independently isolated 

variants included an active-site Thr44Ala mutation. 

All seven original suppressors were confirmed for functional rescue using quantitative growth 

assays (Figure 3.2). We first performed growth assays on solid agar medium. As a control, we used 

the plasmid-borne cognate yeast gene (pGPD-ScPUP1) as a benchmark for optimal functional 

replacement (Figure 3.2). The pup1 knockout strain with pGPD-ScPUP1 formed colonies after 2-

3 days incubation at 30°C. Expression of wild type HsPSMB7 failed to complement the PUP1 

deletion (Figure 3.2B). We tested all seven of the primary HsPSMB7 variants by extending the 
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incubation times up to 6 days, observing a variable level of growth. HsPSMB7-S214G shows a 

growth profile on solid agar medium identical to wild-type ScPUP1. On the other hand, GPD-

driven expression of HsPSMB7 variants harboring A70V, T44A-E26K- M67V, or T44A-L116H 

mutations showed distinctly slower growth in pup1Δ cells than did the HsPSMB7-S214G mutant 

or yeast PUP1. Functional replacement by human gene variants with T233R-D96V, S161T-T260I-

E263K, or K249R-R32W was less efficient compared to the other variants (Figure 3.2C). 

To determine which mutations alone or in combination from the original HsPSMB7 suppressor 

alleles contributed to the ability to replace yeast PUP1, we performed site-directed mutagenesis to 

generate single-site amino acid substitutions in wild-type PSMB7. Each HsPSMB7 single point 

mutant was tested again using the previously established pipeline for functional replaceability 

(Figure 3.2D, S3.2A and S3.2B). Eight of 14 single mutants failed to complement PUP1 loss-of-

function (Table 3.1). The remaining six single-site substitutions were identified as efficient 

suppressors (K249R, S161T, T44A, T233R, A70V and S214G) of the yeast pup1 deletion (Figure 

3.2C,3.2D). Quantitative growth assays in liquid cultures revealed growth of the 

initial HsPSMB7 variants similar to that of the cognate yeast PUP1gene (Figure 3.2E). Thus, in 

the case of these primary suppressors, the additional mutations (L116H, E26K, M67V and N224D) 

are incidental products of the random mutagenesis and are not required for PUP1/β2 replacement. 

In contrast, three-point mutants of HsPSMB7 (S161T, T233R, and K249R) while able to 

complement pup1Δ, show delayed growth on solid agar and in liquid medium relative to the 

respective multiply mutant suppressors from which they derive. This suggested accessory roles for 

the other mutations in the original suppressors (R32W*, D71N*, D96V*, T260I*, E263K*, E263-

Stop*; the enhancing ancillary function is indicated by an asterisk) (Figure 3.2). It is important to 

note that our previous plate-based assays failed to identify HsPSMB7- T44A mutant as a 
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replacement-competent variant (Kachroo et al., 2015). This anomaly resulted from its slower 

growth rate on synthetic medium agar plates. However, given that we obtained two independent 

suppressors with the T44A mutation by incubating the HsPSMB7-T44A variant for longer times 

(additional ∼12 hrs.), we conclude that this mutation allows human β2 to compensate for the loss 

of its yeast ortholog. 
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Figure 3.2 Confirmation and quantitative growth analysis of functionally replaceable human 
gene suppressors in yeast. 
 
(A) Post sporulation selection to grow haploids on Magic Marker medium (MM) with G418 (Yeast gene ABSENT) or 
without G418 (Yeast gene PRESENT) enables selection for functional replaceability. The expression of 
yeast PUP1 under the control of the constitutive GPD promoter functionally complements the growth defect of 
the pup1Δ::kanMX strain, whereas the empty vector does not allow growth. (B)The expression of the wild-type 
human PSMB7 under the control of the GPD promoter does not rescue the lethality of the PUP1 deletion in MM+G418 
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(Yeast gene ABSENT). (C) Expression of human PSMB7 suppressor mutants (K249R-R32W, S161T-T260I- E263K, 
T233R-D96V, T44A-L116H, T44A-E26K-M67V-N224D, A70V, S214G) on MM-G418 (Yeast gene PRESENT) and 
MM+G418 (Yeast gene ABSENT) shows variable growth rescue after 3-4 days of incubation at 30°C. The HsPSMB7-
S214G variant shows a comparable growth profile to the wild-type yeast PUP1 gene, whereas the remaining variants 
show progressively less efficient growth rescue (arrayed from bottom to top). (D) Single-site mutations in human 
PSMB7 complement yeast pup1Δ. The HsPSMB7-T44A variant alone can complement the lethal growth defect 
of pup1 deletion (MM+G418; Yeast gene ABSENT) after 3 days of incubation at 30°C. However, HsPSMB7 variants 
such as T233R, S161T and K249R, while functional in yeast pup1Δ cells, show a delayed growth phenotype compared 
to the primary multiply mutant suppressors from which they derive. (E) Quantitative growth assays confirm the growth 
pattern of primary human gene suppressors, HsPSMB7-S214G (yellow), HsPSMB7-T44A-L116H (gray), HsPSMB7-
T44A-E26K-M67V,N224D (cyan), HsPSMB7-K249R-R32W (green), HsPSMB7- T233R-D96V (orange), HsPSMB7-
S161T-T260I-E263K (blue), and HsPSMB7-A70V (purple) display a growth profile similar to the yeast wild 
type PUP1 (black) when expressed on a plasmid. By contrast, humanized yeast with HsPSMB7 single-site mutants 
[T233R, S161T, or K249R (pink lines in each graph] show delayed growth compared to the primary suppressors from 
which they derive, suggesting an accessory role of these other mutations in functional replaceability. The mean of three 
independent growth curves is plotted with standard deviations. 
 
 

3.2.3 Structural modeling links mutations at subunit interfaces to functionality of HsPSMB7 

in yeast 

The HsPSMB7 variants capable of replacing the orthologous PUP1 gene in yeast are scattered 

across different regions of the protein with a cluster in the C-terminal tail (Figure 3.3A).To explore 

how these mutated residues might be facilitating complementation, we modeled the HsPSMB7 

structure within the yeast proteasome core structure (Figure 3.3B).This allowed the classification 

of the mutations based on their proximity to the neighboring yeast proteasome subunits (Figure 

3.3B). A subset of the mutations were classified as ones that likely promote key PPIs with the 

neighboring yeast proteasome subunits (such as β1, β3 and β6) (Figure 3.3B). PSMB7-S214G is 

close to both the catalytic β2 Thr44 residue (numbering for the precursor form) and the 

neighboring β6 subunit (Figure 3.3B). The weakly complementing S161T mutation in HsPSMB7 

is close to the β1 subunit interface (Figure 3.3C). 

The cluster of mutations in the C-terminal tail of HsPSMB7 affects interactions with neighboring 

yeast β3 (Figure 3.3D). The β2 C-terminal tail wraps around the outside of the β3 subunit in the 

same ring and also makes contacts with β6 in the opposing, C2 symmetry-related β ring. Mutations 
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in the HsPSMB7 C-terminal tail (T233R, K249R, T261T*, E263K* and E263- Stop*) impact its 

interactions with the β3 outer surface, whereas mutations such as A70V, D71N*, and D96V* would 

affect its binding to β3 at their more interior within-ring interface. The unexpected active-site 

mutation (T44A) is not close to any interface and is predicted to lead to a catalytically dead β2 

subunit that will have an incompletely processed propeptide due to a block in autocleavage. 

 

 

Figure 3.3 Modeling human PSMB7 variants in the yeast proteasome core suggests a role for 
specific protein-protein interactions in functional replaceability. 
 
(A) The schematic shows the suppressors in a linear map of HsPSMB7. The C-terminal tail domain is indicated in blue. 
The mutations with an asterisk (*) do not enable functional replaceability independently but are needed for better 
replaceability/growth. (B) Human PSMB7 (gray ribbon; PDB 1IRU) modeled into the yeast proteasome core structure 
(indicated as colored subunits in yellow- β1, orange- β3, pink- β7 and green- β6; PDB 1RYP). (C) Amino acid changes 
that contribute to functional replaceability are highlighted (single amino acid substitutions alone in red & accessory 
residues in blue). An active site substitution T44A in HsPSMB7 confers functional replaceability in yeast; however, it 
does not show proximity to any interacting subunit surface, whereas the remaining mutant residues are close to several 
subunit interfaces. (D) Replacement- competent HsPSMB7 variants, including T233R and K249R and a few accessory 
substitutions (T260I*, E263K* and E263-Stop), reside on the C-terminal tail of the human protein that wraps around 
the neighboring yeast β3 protein. 
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3.2.4 C-terminal tail swaps from yeast to human β2 show functional replaceability in yeast 

The β2 subunit initiates the assembly of the β-ring in the proteasome core, at least in mammalian 

cells, by recruiting the β3 subunit (Murata et al., 2009; Tanaka, 2009). As noted above, the unique 

C-terminal tail of β2 threads around the β3 subunit while also interacting with neighboring β4, β6, 

and α subunits (Ramos et al., 2004). Deletion of the yeast β2 C-terminal tail is lethal and in 

heterozygous diploids, leads to a pronounced accumulation of assembly intermediates containing 

the unprocessed β2 precursor (Ramos et al., 2004). Therefore, the C-terminal tail of yeast β2 is 

essential for CP assembly. Sequence alignment of β2 subunits across diverse species shows that the 

C-terminal tail has diverged more extensively relative to the rest of the protein (Figure 3.4A). 

Therefore, the incompatibility between the human and yeast β2 may be a consequence of the 

divergent interactions of the tail loop, leading to failure of assembly in humanized yeast 

proteasomes. Indeed, structural modeling of the human β2 subunit within the yeast proteasome core 

revealed 5 of 14 HsPSMB7 mutations [T233R, K249R, T260I*, E233K* and the previously 

identified E263- STOP* (Kachroo et al., 2015)] that promoted functional replaceability occurred 

in the C-terminal tail (Figure 3.4). 
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Figure 3. 4. Multiple sequence alignment of β2 proteins across diverse species highlighting C-
terminal tail regions. 
 
(A) The alignment of β2 protein sequences belonging to diverse organisms shows the divergence of the C-terminal tail 
of β2. C-terminal tails are critical for subunit interaction and sequential proteasome assembly. The identity score is 
represented as bars with high identity in dark green, medium in light green, and low in red. (B) A magnified view of 
the aligned C-terminal tail regions highlights the divergent tails. The swaps replacing tail sequences of human β2 with 
corresponding yeast sequences are shown in cyan. Tail-Swap1 (TS1) transplants the entire β2 tail from yeast to human 
PSMB7, whereas TS2 and TS3 carry C-terminal tail transplants of progressively smaller human tail regions. 
 

 

Therefore, we asked if swapping segments of the human PSMB7 tail with the corresponding yeast 

PUP1 tail elements would allow functional replaceability. We engineered three human-yeast hybrid 
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genes with different lengths of C-terminal tail swaps (Figure 3.5A). We chose the lengths of the 

swapped C-terminal tails based on structural modeling and on the aligned positions of suppressor 

mutations in the human C-terminal segment (T233R, K249R, T260I* and E263K*). The clones 

with different lengths of the swapped sequences were designated as Tail-Swap1 (TS1, which 

included the full yeast PUP1 tail sequence covering the C- terminal tail suppressor mutations in 

HsPSMB7), TS2 (spanning K249R and downstream mutations) and TS3 (spanning only the 

accessory mutations T260I* and E263K* and E263-Stop*) (Figure 3.5A and 3.5B).These hybrid 

human-yeast genes were cloned into the yeast expression vector, followed by transformation 

into PUP1/pup1Δ::kanMX diploid yeast and tested for the functional replaceability. The assay 

revealed that HsPSMB7-TS1 could replace the PUP1 ortholog (Figure 3.5C). whereas the TS2 and 

TS3 chimeras failed to complement. The successful rescue was confirmed by plasmid-dependency 

assays using 5-FOA, which showed that the pup1Δ cells cannot survive loss of the HsPSMB7-TS1 

plasmid. Quantitative growth assays indicated that cells carrying the human PSMB7-TS1 chimera 

grew similarly to the positive control (wild-type yeast β2) (Figure 3.5C). Thus, our data demonstrate 

that the divergence of the C-terminal tails of human and yeast β2 subunits is likely to have a strong 

impact on the assembly of the proteasome core. 
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Figure 3.5 Full-length C-terminal tail swap from yeast to wild-type human β2 enables 
functional replaceability in yeast. 
 
(A) The sequences of C-terminal tails of the wild-type human β2 (gray), wild-type yeast β2 (cyan), chimeric human 
Tail-Swap1 (TS1, with the entire yeast C-terminal tail), TS2 (intermediate C- terminal tail swap), and TS3 (only the C-
terminal-most 15 residues of the yeast tail) are shown. (B) Structure of human β2 (gray) (PDB 1IRU) modeled in the 
yeast β core with neighboring yeast β3 (orange), yeast β1 (yellow), yeast β7 (magenta), and yeast β6 (green) subunits 
(PDB 1RYP). The structure shows the C-terminal tail of human β2 wrapping around the yeast β3 subunit. The C-
terminal tail segments of yeast β2 that replaced the corresponding human β2 segments are shown in cyan. (C) Growth 
assays were performed on Magic Marker (MM) medium without G418 (yeast gene PRESENT) and MM medium with 
G418 (yeast gene ABSENT) at 30°C. The data show that plasmid-based expression of yeast PUP1successfully 
complements the deletion of the native yeast gene copy, whereas the wild-type human β2 (PSMB7) does not. The full-
length C- terminal tail swap from yeast to human β2 (TS1) showed growth rescue similar to the positive control 
ScPUP1 after 3 days of incubation at 30°C. However, shorter tail swaps did not complement the deletion of PUP1. 
(D) The growth profiles of the human β2-TS1 mutant (pink) and the positive control yeast β2 (black) are comparable. 
The mean of 3 independent growth curves is plotted with standard deviation (N=3). 
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3.2.4 Biochemical characterization of the yeast-complementing human β2 variants reveals a 

catalytically active proteasome core. 

Yeast and human β2 proteins harbor the catalytic site for a trypsin-like protease activity in the 20S 

proteasome (Arendt et al., 1997; Harshbarger et al., 2015; Rut et al. , 2016). While several 

mutations allow human PSMB7 to complement the lethal growth defect of a yeast PUP1 deletion, 

the rescue may occur at the level of proteasome assembly rather than restoration of the β2 

proteolytic activity, which is not essential for viability (Arendt et al. , 1997). The active-site mutant 

pup1-T30A subunit can assemble into the proteasome core. To biochemically characterize human 

β2 in hybrid yeast-human proteasomes, we introduced a sequence encoding a 3xFLAG tag at the 

C-terminal coding sequence of yeast RPN11 at its native genomic locus using CRISPR-Cas9 and 

homology-directed recombination (HDR) (Figure S3). RPN11, a component of the RP of the 26S 

proteasome, is not functionally compromised by the 3xFLAG tag (Sakata et al., 2011). The RPN11-

3xFLAG strains were confirmed to be stably expressing the tagged protein and showed no growth 

defects (Figure S3). The humanized β2 strains were engineered to harbor the RPN11-3xFLAG tag 

to allow affinity purification of the 26S proteasome (RP-CP). 

We tested proteasome activity and assembly in the yeast strains expressing the wild-type yeast 

Pup1, catalytically inactive yeast pup1-T30A, human PSMB7-T44A, human PSMB7- S214G, and 

human PSMB7-TS1 variants of the β2 protein (Figure 3.6). As expected, trypsin-like activity was 

abolished in both affinity-purified proteasomes with active-site β2 mutations, PSMB7- T44A and 

pup1-T30A. By contrast, trypsin-like activity was observed in the humanized PSMB7- S214G and 

PSMB7-TS1 proteasomes, as in the positive control, wild-type Pup1 particles (Figure 3.6A). 

Analysis of the purified humanized proteasome particles by SDS-PAGE followed by anti- PSMB7 

immunoblotting revealed that the unprocessed PSMB7-T44A precursor assembled into hybrid 26S 
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proteasomes, and the particles had no detectable trypsin-like activity; by contrast, the PSMB7 

propeptide had been cleaved in the PSMB7-S214G and PSMB7-TS1 proteasomes (Figure 3.6A, 

PSMB7 blot). Chymotrypsin-like activity, which derives from the yeast β5 subunit, was seen in all 

the purified proteasomes (Figure 3.6A). Interestingly, the evaluation of PSMB7 processing activity 

in whole cell lysates without prior purification showed most of the human β2 protein still in its 

precursor form in cells expressing PSMB7-S214G and PSMB7-TS1 (Figure 3.6B). This might be 

due either to a reduced rate of auto processing in the hybrid proteasomes or to the majority of human 

β2 protein being unincorporated or present in immature assembly intermediates. To test this last 

idea, we evaluated the assembly state of proteasomes in yeast whole cell lysates by nondenaturing-

PAGE immunoblot analysis (Figure 3.6C). The human PSMB7 variants were able to assemble into 

mature yeast proteasomes, but this was accompanied by 20S CP assembly defects and likely 

concomitant RP base assembly defects. Specifically, an anti-Pre6 (yeast ɑ4) blot showed little or 

no free CP but accumulation of sub-CP species in cells with the humanized PSMB7 variants (T44A, 

S214G, and possibly TS1), suggesting limiting amounts of mature CP relative to RP. Anti-Rpt5 

blotting revealed an excess of the Rpt4-Rpt5 assembly intermediate (lower band, Figure 3.6C).  

and other particles smaller than full 26S proteasomes. An excess of free RP lid complexes 

accumulated due to the deficit in fully assembled base intermediates (Figure 3.6C middle). Similar 

proteasome assembly defects, including of the RP, were previously observed in CP assembly 

chaperone mutants (Kusmierczyk et al., 2008). Assembly defects were less prominent in the 

PSMB7-TS1 humanized proteasomes; because the C-terminal tail threads along the interface 

between the two β rings, the processing defect observed in this mutant might reflect slower auto 

processing since this only occurs after two half-proteasomes have associated properly (Chen et al.,, 

1996). These results suggest that human PSMB7 variants (S214G and TS1) can replace yeast Pup1 
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catalytic activity and assemble into functional humanized yeast 26S proteasomes. Furthermore, the 

data confirm that Thr44 of the human PSMB7/β2 is essential for its auto processing and proteasomal 

trypsin-like activity. 

 

 

 
Figure 3.6 Complementing human β2 (PSMB7) variants in yeast reveal defects in proteasome 
assembly or PSMB7 auto processing. 
 
(A) Yeast pup1Δ strains bearing plasmids expressing wild-type ScPUP1, ScPUP1-T30A, HsPSMB7-T44A, HsPSMB7-
S214G, or HsPSMB7-TS1 and harboring chromosomally tagged RPN11-3xFLAG were used to affinity purify 26S 
proteasomes via the 3xFLAG tag. The purified proteasomes were fractioned by native gel electrophoresis, and trypsin-
like and chymotrypsin- like (from the β5 subunit) activities were tested using overlays with the fluorogenic Boc-LRR-
AMC and Suc-LLVY-AMC substrates, respectively (top two panels). RP2-CP and RP-CP are doubly and singly capped 
26S proteasomes, respectively. The purified proteasomes were also separated by SDS-PAGE and analyzed by anti-
PSMB7 immunoblotting. Anti-PSMB7 antibody might weakly cross-react with ScPup1; the band in lane 2 might 
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therefore represent an unprocessed or partially processed Pup1, but this has not been verified. The anti-FLAG blot 
shows similar loading of samples. (B) Whole-cell lysates obtained from the same yeast strains as in panel (A) were 
directly fractionated by SDS-PAGE and analyzed by anti-PSMB7 immunoblotting. An anti-Pgk1 immunoblot was used 
as a loading control. (C) Native-PAGE immunoblot analyses of the cell lysates from panel (B) using antibodies to the 
indicated CP (Pre6/α4), lid (Rpn5), and base (Rpt5) subunits. 
 

 

3.2.5 Wild-type human β2 can incorporate into yeast proteasomes if human β3 is also present. 

Ideally, humanized yeast for functional characterization of human genes would utilize the wild- 

type human alleles in yeast. Our suppressor screen and the C-terminal tail swap data suggest that 

human β2 requires compatible interactions with neighboring subunits, particularly β3, to assemble 

properly into the yeast CP. Thus, a strategy that restores these human-human subunit interactions 

might enable the integration of the wild-type PSMB7 into yeast proteasomes. To test this 

hypothesis, we asked if the wild type human β2 can functionally replace its yeast counterpart in a 

strain that also expresses the human β3 subunit. 

We first tested a CRISPR-Cas9 methodology for deleting the yeast β2 and β3 genes. Plasmids 

expressing Cas9-sgRNAScβ2 or Cas9-sgRNAScβ3 were lethal, as expected (Figure S3.4A). Co-

transformation of human gene repair templates harboring homology at the 5’ and 3’ termini of the 

corresponding yeast loci would be predicted to yield viable cells if the human genes could 

functionally replace the yeast orthologs. We first tested whether wild-type HsPSMB7 could 

replace ScPUP1 at the native locus but failed to obtain any viable colonies, as expected (Figure 

3.7A). However, use of HsPSMB7 variants, such as those with a T44A or S214G mutation, as repair 

templates allowed functional replacement of the yeast PUP1 gene (Figure 3.7B). Previously, we 

had demonstrated that the yeast β3 (PUP3) gene is functionally replaceable by its human ortholog 

(HsPSMB3) when expressed on a plasmid (Kachroo et al., 2015). Using the CRISPR-Cas9-based 

strategy of HDR (Akhmetov et al., 2018), we successfully replaced the genomic yeast β3 gene with 
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human β3 (HsPSMB3) (Figure 3.7C). Thus, the yeast β2 subunit can recruit human β3 to the yeast 

proteasome core, but human β2 is unable to do this with yeast β3. 

Starting with the humanized β3 yeast strain, CRISPR-Cas9-based genome editing now enabled 

replacement of yeast β2 with the wild-type human β2 (HsPSMB7) gene. The doubly- 

humanized Hsβ2-Hsβ3 yeast strain was viable, as verified by locus-specific PCR and Sanger 

sequencing (Figure 3.7D). Thus, by providing its neighboring human subunit, i.e., human β3, the 

normally non-complementing human β2 could now function in the yeast proteasome. Quantitative 

growth assays revealed modest fitness defects of the engineered strains. The humanized Hsβ2- 

S214G strain showed a cold-sensitive growth defect at 23°C, whereas the humanized Hsβ2-T44A 

strain grew slower at 23°C & 37°C compared to the wild-type strain. While the 

humanized Hsβ3 strain grew comparably to wild-type yeast, the Hsβ2-Hsβ3 strain manifested a 

cold-sensitive phenotype at 23°C and grew slower at 30°C in liquid culture (Figure S3.4B) 
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Figure 3.7 Restoration of neighboring interactions enables functional replaceability of wild- 
type human β2 in yeast. 
 
(A) Co-transformation of the pCas9-sgRNAScPUP1 and human wild-type PSMB7 repair template as a PCR fragment fails 
to obtain viable humanized strains. (B) However, the co-transformation of pCas9-sgRNAScPUP1and human PSMB7-
T44A or PSMB7-S214G variants as a repair template yield viable yeast with genomically integrated human gene 
variants. (C) Transformation of the pCas9-sgRNAScPUP3 and human wild-type PSMB3 (β3) repair template as a PCR 
fragment yields viable humanized β3 strains. (D) Using humanized β3 strains as a background, the co- transformation 
of pCas9-sgRNAScPUP1 and human wild-type PSMB7 as a repair template yield viable yeast with genomically integrated 
wild-type human β2-β3 genes in yeast. A single yeast β- proteasome core ring of 7-subunits is shown (PDB-1RYP) 
using ChimeraX software. The functionallly replaceable human subunits are indicated as yellow and the non-
replaceable sunits are shown in blue. 
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3.3 Conclusion 

Using an automated high-throughput pipeline and a large pool of mutant human PSMB7genes, we 

identified human β2 variants that enable functional replacement of the yeast β2 (Pup1) ortholog. 

The variants reveal amino acids and protein domains that are critical for assembling human β2 into 

the yeast proteasome core. All amino acid substitutions, except T44A, in human PSMB7 that allow 

replacement of yeast Pup1 are at or near interfaces with neighboring subunits, suggesting the 

contribution of multiple PPIs to the assembly of the core particle (CP). Several variants appear to 

promote the interaction with the yeast β3 subunit. Modeling of the human β2 in a fully assembled 

CP indicate that the mutations affect residues within an internal loop (A70V, D71N*) or C-terminal 

tail (K249R, E263K* and E236-Stop*) of β2 that are critical for interaction with the yeast β3 

(Figure 3). The C-terminal domain of yeast β2 is known to help guide the ordered assembly of 

the β-ring (Ramos et al., 2004). However, the C-terminal tail- domains have diverged across 

species, suggesting the evolution of unique species-specific contacts. We show that replacing the 

C-terminal tail of human β2 with the tail from yeast β2 enables functional replaceability in yeast 

(Figure3.5). Alternatively, by providing a human-like PPI interface for β2 by co-expression of the 

human β3 subunit in yeast, the wild-type β2/PSMB7 can functionally replace its yeast ortholog 

(Figure3.7). The data reveal that restoring local PPIs either via mutations or by providing a 

humanized neighbor enables an otherwise replacement-incompetent human gene to complement 

the orthologous yeast gene function (Huber et al., 2016). 

We assessed the functional replacement of yeast β2 by human PSMB7 variants via growth assays 

and biochemical characterization. While the human β2 variants rescue the lethal growth defect of 

the knockout of the yeast ortholog, the humanized proteasome shows assembly defects based on 

the accumulation of distinct assembly intermediates and altered β2 precursor processing. These 
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defects are more pronounced in the T44A variant compared to the S214G and TS1 alleles. The 

trypsin-like catalytic activity of the HsPSMB7-S214G and HsPSMB7-TS1 variants is also 

comparable to that of wild-type yeast PUP1 proteasomes, whereas the HsPSMB7- T44A variant is 

catalytically inactive and accumulates in precursor form within proteasomes (Figure3.6) 

Surprisingly, the catalytically dead PSMB7-T44A permits functional replaceability in yeast. This 

observation was unexpected. The structure of the 13S assembly intermediate shows an uncleaved 

propeptide of yeast β2 interacting with yeast β3 and apparently aiding in assembly (Schnell et al., 

2021). We show that the human PSMB7-T44A retains its propeptide, which might assist in the 

assembly of human β2 into yeast core particle. Since wild-type β2 will also have the propeptide 

until autocleavage at the very end of CP assembly after two half-mers have come together (Chen & 

Hochstrasser, 1996), the retained propeptide in the PSMB7-T44A mutant might stabilize β2-β3 

within the preholo proteasome or help align the two half-mers. The human β2 propeptide is known 

to play a vital role in the cooperative assembly of the human β-ring, unlike the shorter propeptide 

of the yeast ortholog (De et al., 2003; Tanaka, 2009; Budenholzer et al., 2017; Hirano et al., 2008). 

Together, our data suggest that the human β2 propeptide, despite its sequence divergence, has 

retained the ability to interact with the yeast β3 subunit (Figure3.4). 

Our biochemical analysis has shown that several of the replacement-competent human β2 variants 

are proteolytically active. Further characterization of the incompatibilities associated with non-

replaceable human β subunits should reveal a path to full humanization of the yeast proteasome 

core while identifying divergent ortholog functions. Yeast with a humanized catalytically active 

proteasome core provide a synthetic setup to characterize proteasome functionality in vivo. The 

strategy should enable the generation of distinct types of human proteasome cores (i.e., constitutive- 

and immuno-proteasomes) (Huber et al., 2012; Nathan et al., 2013), allowing the characterization 



 
 

98 

of their functions in a simplified cellular context. Proteasomes play a vital role in maintaining 

protein homeostasis and are implicated in human diseases ranging from cancer to age-related 

neurodegenerative disorders (Almond et al., 2002; Manasanch et al., 2017; Vilchez et al., 2014). 

Although an attractive drug target, only a handful of FDA- approved drugs that inhibit the 

proteasome core are available (Chen et al., 2011), (Park et al., 2018), and no compounds are known 

that increase human CP catalytic activity (Njomen et al., 2019). Yeast with a humanized 

functionally active proteasome core provide a unique platform for discovering novel therapeutics 

to inhibit or enhance proteasome activity (Xin et al., 2019). The humanized proteasome in yeast 

will enable direct assays deciphering human variant effects and gene-drug interactions that might 

alter proteasome function. Such tools should be useful for stratifying patients for different therapies 

- a step towards ’personalized medicine’. 

 

3.4 Materials and methods 

 

3.4.1 Constructing a PSMB7 mutant gene library in a yeast expression vector 

The PSMB7 mutant gene library was previously generated (Kachroo et al., 2015) by error-prone 

PCR (GeneMorph II Random Mutagenesis Kit from Agilent) to introduce mutations and add attL1 

and attL2 sites at the 5’ and 3’ ends of the gene (Reece-Hoyes et al., 2018). The library was cloned 

using the LR cloning strategy into the expression vector pAG416GPD-ccdB (URA3; CEN6) where 

the PSMB7 alleles are under the control of the constitutive GPD (TDH3) promoter (Gateway® LR 

Clonase® II enzyme mix kit from Invitrogen). The conditions for the error-prone PCR were 

selected to introduce 1-4 mutations per Kbp. 
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3.4.2 Transformation and selection of replaceable human gene suppressors (HsPSMB7) in 

yeast 

Competent cells for the heterozygous knockout (HetKO) yeast (PUP1/pup1Δ::kanMX) with a 

Magic marker selection were made using the Frozen-EZ Yeast Transformation II Kit (Zymo 

Research). For maximum representation of mutant human gene clones transformed in the strain, 

the transformation was performed in larger scale (4X) than conventional methods and the 

transformation mix was plated on Q-trays (Corning, 245 mm Square BioAssay Dish) containing 

synthetic medium [SD-Ura with G418 (200 μg/ml)]. The trays were incubated at 30°C for 2-3 days. 

Next, >1000 single yeast colonies were picked using the QPix 460 colony picker. The single 

colonies were spotted on pre-sporulation GNA medium (5% glucose, 3% Difco nutrient broth, and 

1% Difco yeast extract) with G418 selection (200 μg/ml) in a 96-spot format and incubated at 30°C 

for 1-2 days. 

To select for viable haploid yeast knockout strains, each colony from pre-sporulation GNA medium 

was inoculated in 700 μL of liquid sporulation medium (0.1% potassium acetate (Sigma P1190), 

0.005% zinc acetate (Sigma Z0625) in 96-well deep well plates. The mutant clones were incubated 

at room temperature (22-24°C) for 3-5 days while vigorously shaking at 230 rpm or by using a 

rotator. After confirming sporulation by brightfield microscopy, the spore mixes were plated on 

synthetic Magic Marker (MM) medium [-His -Arg -Leu -Ura +Can (60 μg/mL) with (yeast gene 

absent) or without G418 (yeast gene present) (200 μg/ml)] in a 96-well format and incubated at 

30°C for 3-5 days. To further the growth of haploid yeast harboring replacement-competent 

HsPSMB7 mutants that grew similarly on MM-G418 and MM+G418, their corresponding spore 

mixes were diluted (1:20 dilution), plated on MM-G418 and MM+G418 petri plates, and incubated 

at 30°C for 3-5 days to obtain single colonies. 
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3.4.3 Human gene plasmid dependency assays 

To test the human gene dependency of viable haploid knockout yeast (pup1Δ::kanMX), the haploid 

spores that grew on MM+G418 medium were replica plated on synthetic medium containing 5-

FOA (1g/1L) from Thermo Fisher and uracil (50 mg/L) from Sigma Aldrich and incubated at 30°C 

for 1-2 days. Cells that did not grow on the 5-FOA medium were judged to be dependent on the 

plasmid-borne human gene variants for viability. 

 

3.4.4 Plasmid preparation from yeast and E. coli 

Plasmids harboring the mutant human PSMB7 genes that passed the 5-FOA human gene 

dependency test were extracted from the original diploid HetKO strains. The cells were inoculated 

in YPD+G418 medium and incubated overnight at 30°C. The plasmids were extracted from yeast 

the following day using the QIAprep® Spin Miniprep kit. The plasmid yield from yeast was low. 

Therefore, the plasmids were transformed into E. coli and extracted from the resulting colonies 

using the QIAprep® Spin Miniprep kit. 

 

3.4.5 Construction of HsPSMB7 single-site mutants via site-directed mutagenesis 

PSMB7 single mutants were created with the use of the Q5® Site-Directed Mutagenesis kit from 

New England BioLabs. The primers for this experiment were designed using the software Geneious. 

We first created the wild-type human PSMB7 entry clone in pDONR221 using the BP Gateway 

strategy followed by Sanger sequencing. Using the Q5 Site-Directed Mutagenesis kit, primers were 

used to introduce specific single-nucleotide changes in the wild-type PSMB7gene cloned in the 

pDONR221 entry clone. The forward primer introduced a mutation and in combination with a 
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compatible reverse primer the entire plasmid with a human gene was amplified. The linear plasmids 

were then treated with three enzymes from the kit: Kinase, Ligase, and DpnI to obtain circular 

human single mutant clones. The PSMB7 single mutant clones were verified by restriction enzyme 

digestion (EcoRV and HindIII from New England BioLabs) followed by Sanger sequencing. The 

confirmed clones were moved into the yeast expression vector pAG416GPD-ccdB (URA3; CEN6) 

using the Gateway® LR Clonase® II enzyme mix kit. 

 

3.4.6 Quantitative yeast growth assays 

Yeast cells were inoculated in liquid SD-URA+G418 and grown overnight at 30°C. The yeast 

culture was inoculated in SD-URA+G418 at the initial OD (600 nm) of 0.01. The growth assay was 

performed with Biotek Synergy H1 plate reader for 48-72 hrs. while continuously shaking at 282 

cpm and measuring the OD600 at 20-minute intervals. The OD600 measurements were then plotted 

to obtain growth curves for comparison using Graph Prism software. 

 

3.4.7 Construction of human-yeast tail swap HsPSMB7 clones in a yeast expression vector 

Pymol-based structural evaluation, multiple-sequence alignments and human gene suppressor 

mutations were used to identify the C-terminal tails of the human and yeast β2 proteins. A common 

forward primer and three different reverse primers, each harboring a part of the Pup1 C- terminal 

tail loop region (3’ region) and a part of the PSMB7 gene (5’ region), were designed and used to 

create three different human-yeast hybrid genes by PCR (AccuPrime Pfx DNA polymerase from 

Invitrogen). The primers also add the attB1 and attB2 sites at the 5’ and 3’ ends of the PCR for 

cloning in pDONR221 entry clones using the BP cloning strategy. The unique reverse primers used 

for the construction of the tail-swap human PSMB7 mutants are listed in Table S1 (Supplementary 
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file 1). The clones were confirmed by restriction digestion using EcoRV and HindIII and sequence 

verified. The verified hybrid human gene-yeast tail swap variants were cloned into the yeast 

expression vector pAG416GPD-ccdB (URA3; CEN6) by LR cloning (Gateway® LR Clonase® II 

enzyme mix kit from Invitrogen). 

 

3.4.8 CRISPR-Cas9-based strategy to introduce a 3xFLAG tag at the endogenous RPN11 gene 

To design synthetic guide (sg) RNAs targeting the yeast proteasome RPN11 gene, we used a built-

in gRNA design tool in Geneious software (Kearse et al..,2012). We selected two guides with high 

ON-target and low OFF-target scores (Figure S5). The sgRNAs were synthesized as 

complementary oligos (IDT). After annealing the oligos, the 5’ and 3’ overhangs match the type 

IIS enzyme sites in a yeast expression vector pCAS9-GFPdo with sgRNA expression system 

(CEN6, G418) (Lee et al., 2015; Akhmetov et al., 2018). See Table S1 (Supplementary file 1) for 

guide sequences and primers. Each sgRNA was cloned in the pCAS9-GFPdo expression vector 

using the golden gate strategy. The plasmid allows the expression of an sgRNA, Cas9 nuclease, and 

an auxotrophic (URA3) or antibiotic selection (Geneticin-Sigma) marker. 

The Golden Gate reaction for cloning sgRNAs was performed in a 10 μl volume, with 

approximately 20 fmol of annealed primer, 1 ul each of the BsaI FD (fast digestion, Thermo) 

enzyme, 1 μl of T7 DNA ligase (NEB), and 1 μl of ATP (NEB), 1ul of FD buffer (Thermo) and 

water to make up the volume. The Golden Gate reaction was performed in a PCR machine 

according to a previously published protocol (Akhmetov et al., 2018). The reaction mix was 

transformed into competent E. coli cells and plated on LB agar with kanamycin (50 µg/ml). Since 

the sgRNA primers replace the GFP expression cassette, the correct clones were selected by 

screening for non-fluorescent colonies and verified by Sanger sequencing. The repair template for 
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RPN11-3xFLAG was synthesized as a gblock (IDT) with golden gate enzyme sites and cloned in 

pYTK001 and sequence-verified. The repair template was designed to harbor silent DNA sequence 

changes that allow efficient cloning in a vector using a Golden Gate reaction strategy (eliminates 

an internal enzyme site) while also carrying mutations in the sgRNA binding sites such that the 

engineered strains become resistant to DSBs (Double-Strand Break) by CRISPR/Cas9 . 

Clones were initially screened using colony PCR and Phire plant direct master mix (Thermo). The 

forward primer for PCR screening was designed such that it binds outside of the ORF and homology 

used for HDR insertion of the repair template, and the reverse primer was designed to bind within 

the 3xFLAG tag. Following plasmid loss, clones were further verified by Sanger sequencing the 

entire RPN11 locus using primers outside of the homology used for HDR. 

 

3.4.9 CRISPR-Cas9-based genome editing to introduce wild-type human genes or their 

variants at the corresponding native yeast loci 

The sgRNAs to target yeast PUP1 and PUP3 loci were generated using Geneious and cloned in 

pCAS9-GFPdo as described above. See Table S1 (Supplementary file 1) for guide sequences and 

primers. The human gene repair templates for wild-type HsPSMB7 (Hsβ2 subunit) 

and HsPSMB3 (Hsβ3) were synthesized as a gblock with unique type IIs enzyme sites capable of 

generating distinct 4-base overhangs (IDT). To add native yeast locus homologous sequences, we 

amplified the 5’UTR (∼500 bp) and 3’UTR (∼150 bp) sequences of yeast PUP1 and PUP3 loci. 

The primers used to amplify the UTRs also harbor type IIs enzyme sites to clone (in YTK001) the 

UTRs with the corresponding human gene repair template gblocks using Golden Gate reactions as 

described above. The clones were sequence-verified, BsaI digested and directly used as repair 

templates for HDR. For HsPSMB7 variants, primers were designed with 80bp homology to the 5’ 
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and 3’ UTRs of the yeast loci. The high fidelity Accuprime enzyme was used to amplify variants 

from pAG416GPD expression constructs. The PCR product was gel extracted and used as a repair 

template for HDR in yeast. 

 

3.4.10 Western blotting to test expression of RPN11-3xFLAG tag in yeast 

Yeast strains were grown to mid-exponential phase in YPD medium to ∼0.6 OD600. The mixture 

was centrifuged for 3 minutes at 500 rpm followed by washing with 20 µl of 100 µM Tris-HCl (pH 

8.0) containing a protease inhibitor cocktail (Millipore Sigma). The whole cell lysate was prepared 

by adding 200 µl of microbeads to the pellet and vortexed for 45 seconds followed by incubating 

on ice for 30 seconds. The procedure was repeated 5-8 times. The mixture was centrifuged at max 

speed (∼10,000 rpm, eppendorf mini spin centrifuge) for 5 minutes. Approximately 20 µl of 

Laemmli sample buffer was added to the 100 µl of centrifuged supernatant and incubated at 65°C 

for 20 minutes. Twenty µl of each sample were loaded on precast SDS-PAGE gels (Thermo) and 

transferred to activated 0.2 μm PVDF membrane (Millipore Sigma) for Western blotting. RPN11- 

3xFLAG tagged subunits were detected by monoclonal anti-FLAG antibodies (Monoclonal ANTI- 

FLAG® M2 antibody #F3165, Millipore Sigma). The lysate from a wild-type strain with 

untagged RPN11 was used as a negative control. For secondary detection, an anti-mouse antibody 

was used (IRDye 800CW Goat anti-Mouse IgG Secondary Antibody, LI-COR) and imaged by 

Odyssey (LI-COR Odyssey- 9120). 

 

3.4.11 Yeast transformation 

Yeast transformations were performed using the Frozen EZ Yeast Transformation II Kit from Zymo 

Research transformation according to the manufacturer’s protocol. 
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3.4.12 Non-denaturing PAGE and SDS-PAGE of whole cell extracts 

Yeast whole cell extracts were prepared as described previously (Li & Hochstrasser, 2022). Mid- 

exponential phase yeast cells were washed twice with ice-cold sterile water and frozen in liquid 

nitrogen. The frozen cells were ground with mortar and pestle, and the resulting cell powder was 

thawed on ice and resuspended in an equal volume of extraction buffer (50 mM Tris-HCl, pH 7.5, 

5 mM MgCl2, 10% glycerol, 5 mM ATP). Extracts were centrifuged for 10 min at 21,000 x g to 

remove cell debris. Protein concentrations were determined using a Pierce BCA protein assay kit 

(Thermo Scientific, catalog # 23225, lot # SJ256254) according to the manufacturer’s protocol. 

Equal amounts of total protein per sample (50 µg, except 10 µg for Pgk1) were loaded onto 4% 

native polyacrylamide gel electrophoresis (PAGE) gels and resolved for 3 hrs. at 100 V at 4°C for 

proteasome profile analysis. Alternatively, samples were resolved by 10% SDS-PAGE for analysis 

of HsPSMB7 expression and processing. Native PAGE-separated proteins or SDS PAGE-separated 

proteins were then transferred to PVDF membranes (EMD Millipore, catalog #IPVH00010, lot 

#R1EB02212) and subjected to Western blotting analysis as described previously (Li et al., 2016) 

with the following primary antibodies: rabbit anti-Pre6 (Jäger et al., 2001) at 1:5000 dilution, rabbit 

anti-Rpn5 (a generous gift from Daniel Finley lab at Harvard University) at 1:5000 dilution, rabbit 

anti-Rpt5 (Enzo Life Sciences, catalog # PW8245, lot # Z01946) at 1:10,000 dilution, rabbit anti-

HsPSMB7 (Novus Biologicals, catalog # NBP2-19954, lot # 40275) at 1:1000 dilution, or an anti-

Pgk1 monoclonal antibody (Abcam, catalog #ab113687, lot #GR3373682-5) at 1:10,000 dilution. 

Primary antibody binding was followed by anti-mouse-IgG (GE Healthcare, catalog #NXA931V, 

lot #17193521) or anti-rabbit-IgG (GE Healthcare, catalog #NA934V, lot #17212129) secondary 

antibody conjugated to horseradish peroxidase at the same dilution used with the primary 
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antibodies. The membranes were incubated in ECL detection reagent (Mruk & , 2011), and the ECL 

signals were detected using film (Thomas Scientific, catalog #1141J52). 

 

3.4.13 Affinity purification of proteasomes and proteasome activity assay 

Proteasomes were affinity purified from yeast cells expressing RPN11-3xFLAG as described 

previously (Li & Hochstrasser, 2022). Briefly, about 7 ml of cell powder from the same samples as 

used above for non-denaturing PAGE analysis were thawed on ice, resuspended in 10 ml buffer A 

(50 mM Tris pH 7.5, 150 mM NaCl, 10% glycerol, 5 mM MgCl2, 5 mM ATP, Roche complete 

EDTA-free protease inhibitor: catalog # 11873580001, lot # 53418500), and incubated for 15 min 

on ice. Cell debris was pelleted at 30,000 x g for 20 min at 4°C. Total protein concentrations of the 

supernatants were determined using the BCA assay. Supernatant equivalent to ∼100 mg total 

protein was incubated with 200 µl (packed) resin of anti-FLAG M2 affinity gel (Sigma, catalog # 

A2220, lot # SLCH0130) for 2 h on a rotator at 4°C. The proteasome- bound resin was washed 

twice with 12 ml buffer A for 10 min, and then incubated with 3 resin volumes of 200 µg·ml-

1 3xFLAG peptide (Sigma, catalog # F4799, lot # SLCJ4916) for 45 min to elute proteasome 

complexes. Proteasomes were concentrated with 100K MWCO centrifugal filters (Merk Millipore, 

catalog # UFC510024, lot # R1MB60377) and quantified with a BSA standard using a G:Box 

Chemi HR16 imager (Syngene). 

Proteasome activity analyses were performed as previously described (Li et al., 2015), with minor 

modifications. Ten microgram purified proteasomes were loaded onto 4% native PAGE gels and 

resolved for 3 hrs. at 100 V at 4°C. The gels were incubated with developing buffer (50 mM Tris- 

HCl, pH 7.5, 5 mM MgCl2, 10% glycerol, 1 mM ATP) containing 50 µM substrates Boc-LRR-

AMC (Enzo Life Sciences, catalog # BML-BW8515-0005, lot # 07232103) for trypsin-like activity 
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or Suc- LLVY-AMC (Sigma, catalog # S6510, lot # BCBK9233V) for chymotrypsin-like activity 

analysis with a gentle shaking at 30 rpm for 30 min at 30°C. Gels were transferred to a UV trans-

illuminator and exposed to 365 nm light in a G:Box Chemi HR16 imager (Syngene). 

 

3.4.13 Structural analysis 

Homology modeling of the human PSMB7 (Hsβ2; from PDB-1IRU) in the yeast proteasome core 

(PDB-1RYP) was performed uising Pymol [The Pymol molecular graphics system, version 2.5.2, 

Schrodinger, LLC.]. The structures to show yeast proteasome core and humanized Hsβ2 & Hsβ3 

were designed using ChimeraX (Pettersen et al., 2021). 
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3.5 Supplementary Figures 

 

 

 

 

 Figure S3.1. Functional replacement of yeast β subunits by human versions. 

(A)  A 28-subunit yeast proteasome core consists of two 7-subunit ɑ-rings covering two 7-subunit β-rings. The structure 
shows many protein-protein interactions (PPIs) among the subunits to assemble the complex. Yeast proteasome core 
subunits are differentially replaceable by human orthologs (Blue indicates non-replaceable & Yellow indicates 
replaceable subunits). All ɑ subunits are singly humanizable in yeast. However, 5 of 7 yeast β subunits cannot be 
replaced by their human equivalents. The images were generated using ChimeraX from PDB-1RYP. (B) A single 
Ser214Gly (S214G) mutation in the human β2 proteasome subunit (HsPSMB7) is sufficient to allow it to assemble into 
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the yeast proteasome. Yeast strains lacking the yeast β2 (PUP1) gene are not complemented by wild-type human 
PSMB7 (Yeast gene absent condition while few surving colonies represent segregation defects). However, the PSMB7-
S214G mutant complements the deletion of yeast β2 (Yeast gene absent, human gene present condition). The rescue is 
similar to that seen with yeast β2 (Yeast gene present condition). (C) Structural modeling shows that the mutant human 
β2 residue (S214) is close to the interaction surface of the yeast β6 subunit, suggesting that restoration of the interaction 
is critical for replaceability. Human β2 (PDB-1IRU) was modeled in the yeast core proteasome structure [Images were 
generated using Pymol and human PSMB7 or Hs β2 from PDB-1IRU modeled in the yeast proteasome core PDB- 
1RYP]. 
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Figure S 3.2. Quantitative growth assays to compare the replaceability of single-site mutants 

to their primary suppressors. 
(A) Quantitative growth profiles of humanized yeast strains harboring HsPSMB7-S214G (yellow), HsPSMB7-A70V 
(purple), or HsPSMB7-T44A (red) variants [compared to the primary suppressors HsPSMB7-T44A-L116H (gray), 
HsPSMB7-T44A-E26K-M67V-N224D (blue)] or the positive control yeast PUP1 (black). (B) Post-sporulation 
selection to grow haploids on Magic Marker medium (MM) with G418 (Yeast gene ABSENT) or without G418 (Yeast 
gene PRESENT) enables selection for functional replaceability. The expression of yeast PUP1 under the control of the 
constitutive GPD promoter functionally complements the growth defect of pup1Δ::kanMX strain (within 3-6 days of 
incubation at 30°C), whereas the empty vector shows no growth. The assays tested several single-site mutants 
in HsPSMB7 associated with primary suppressors, showing no functional replaceability phenotype in 
yeast. (C) Previously obtained single-site mutants in HsPSMB7 (Kachroo et al. , 2015) derived from primary 
suppressors bearing multiple mutations cannot replace yeast PUP1, in contrast to HsPSMB7-T44A, which shows robust 
colony formation after 3-4 days of incubation at 30°C. 
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Figure S3.3 Genomic insertion and characterization of a 3xFLAG tag at the C-terminal 

coding sequence of the yeast RPN11 RP gene. 

(A)  sgRNAs targeting the yeast RPN11 locus are shown as cyan arrows. The sgRNA target sites (i and ii) had high 
ON-target and low OFF-target scores with sgRNA target (ii) closer to the edit site (i.e. 3xFlag) than site (i). The repair 
template (RPN11-3xFLAG) carries silent mutations at the sgRNA sites. This ensures that after CRISPR-Cas9 induced 
double-strand break and repair via homologous recombination, the edited site becomes resistant to further targeting by 
the Cas9- sgRNA complex. (B)The Cas9-sgRNA1RPN11 expression is lethal in wild-type haploid or heterozygous 
knockout diploid (PUP1/pup1Δ::kanMX) yeast carrying a wild-type RPN11 locus. The co-transformation of the 
CRISPR reagent and the repair template permits the survival of many yeast colonies. The successful edits at 
the RPN11 locus were verified by (C) locus-specific PCR, and (D) Western blotting (using anti-FLAG antibody) to 
confirm the expression of RPN11- 3xFLAG protein. (E) Quantitative growth assays performed as dilutions on solid 
agar media at various temperatures (25℃, 30℃ and 37℃) show no apparent fitness defects due to the 3xFLAG tag 
sequence at the RPN11 locus in either haploid or diploid (PUP1/pup1Δ::kanMX; with both copies of RPN11 carrying 
a 3xFlag) yeast strains. 
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Figure S3.4 CRISPR-Cas9 based genomic replacement of human PSMB7 (Hsβ2) and human 

PSMB3 (Hsβ3) in yeast. 

(A) The expression of Cas9-sgRNA reagents targeting yeast PUP1 (pCas9-sgRNAScPUP1) or PUP3 (pCas9-
sgRNAScPUP3) loci show lethality compared to the Cas9 alone. (F) Growth assays performed using yeast liquid culture 
(YPD) at 30℃ and serial dilutions spotted onto solid agar media grown at various temperatures (30℃, 37℃ and 23℃) 
of genomically replaced wild-type human β2, its variants and human β3 in yeast. Shown are growth rates of humanized 
yeast with genomically replaced yeast genes [HsPSMB7-S214G (cyan), HsPSMB7-T44A (gray), HsPSMB3 or 
Hsβ3 (red), and HsPSMB3 + HsPSMB7 or Hsβ2-β3 strains] compared to the wild type yeast (black). 
 
 

 

3.6 Supplementary Table S1 

Table S3.1Primers used in this study. 

Name Primer sequence (5' to 3') use 

PSMB7-attB1-Fp GATCACAAGTTTGTACAAAAAAGCAGGCTTCATGGCG
GCTGTGTCGGTGT 

Add attB1 site to the 5' end of HsPSMB7 

PSMB7-attb2-TS1-Rp GATCACCACTTTGTACAAGAAAGCTGGGTCAAGCCGTT
ATATCGACTTGTTCTTCTTGTATGTCACAAATATTGACA
ATACTCTCCTTCAGCACAGCAGTTGTACCCCTGGGGAA
TTTGTAGCTTTTCTGCTTTTCTTCTCTAACATTTGGAGTC
AAGTATGGGCGGAGAAAATCCAGC 

Add attB2 site and Full-length C-terminal 
tail of ScPUP1 to HsPSMB7 at the 3' end 

PSMB7-attB2-TS2-Rp GATCACCACTTTGTACAAGAAAGCTGGGTCAAGCCGTT
ATATCGACTTGTTCTTCTTGTATGTCACAAATATTGACA
ATACTCTCCTTCAGCACAGCAGTTGTACCCCTCTCACAC
CTGTACCGGCCAA 

Add attB2 site and Full-length partial C-
terminal tail of ScPUP1 to HsPSMB7 at the 
3' end 

PSMB7-attB2-TS3-Rp GATCACCACTTTGTACAAGAAAGCTGGGTCAAGCCGTT
ATATCGACTTGTTCTTCTTGTATGTCACAAATATTGACG
ATTTTCTCAGTGAGGACTGCAGT 

Add attB2 site and Full-length smallest C-
terminal tail of ScPUP1 to HsPSMB7 at the 
3' end 

ScRPN11-3xFlag-Fp  AGCCTTTAAGCTAAGAAACGGTT  For genotyping  

ScRPN11-3xFlag-R  GGTCTTTGTAGTCTCCACCCC  For genotyping  

ScRPN11-seq-650-Fp  TCAAGTTTACGATGGCGCCT  For sequencing  

ScRPN11-seq-140-Rp  AGCCTTTTCCCTCCTAACGC  For sequencing  
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ScRPN11-sgRNA1  GTACTCTAAGAGAATAGAAG  gRNA target  

ScRPN11-sgRNA2  TATTGTTTCTGTGCTGACGG  gRNA target  

ScPUP3-sgRNA1  GATCCAAGTTCTATTAACGG  gRNA target  

ScPUP3-sgRNA2  ATTGCCTGTGATTTGCGTCT  gRNA target  

 

 

Table S3.2. Plasmids used in this study. 

Name  Reference  

pYTKOO1  Lee et al. , 2015  

pYTKOO1-RPN11-3xFLAG  This study  

pDKO-Cas9-sgRNA-URA  This study  

pDkO-Cas9-sgRNA-kanMX  This study  

pCas9-sgRNARPN11  This study  

pCas9-sgRNAPUP1  This study  

pCas9-sgRNAPUP3  This study  

p416GPD-ScPUP1  This study  

p416GPD-ScPSMB7  Kachroo et al. , 2015  

p416GPD-ScPSMB7-T44A  Kachroo et al. , 2015  

p416GPD-ScPSMB7-S214G  Kachroo et al. , 2015  

p416GPD-ScPSMB7-variants  This study  

pYTK-PSMB7-ScUTR  This study  

pYTK-PSMB3-ScUTR  This study  
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Table S3.3. Yeast strains used in this study. 

Strain name  Genotype  Reference  

BY4741  MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0  Saccharomyces 

 Genome Database  

BY4741-RPN11-3xFLAG  BY4741; RPN11-3′tag-3xFLAG  This study  

BY4743-Magic Marker strain-RPN11-

3xFLAG  

BY4743; MATa/aPUP1/pup1Δ::kanMX; RPN11-
3′tag-3xFLAG, CAN1/can1Δ::LEU2-MFA1pr-
HIS3  

This study  

BY4741-Hsβ2 (T44A)  BY4741; PUP1 Δ ::HsPSMB7(T44A)  This study  

BY4741-Hsβ2 (S214G)  BY4741; PUP1 Δ::HsPSMB7(S214G)  This study  

BY4741-Hsβ3  BY4741; PUP3 Δ::HsPSMB3  This study  

BY4741-Hsβ2β3  BY4741; PUP1 Δ ::HsPSMB7; PUP3Δ::HsPSMB3  This study  
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Chapter 4 

Conclusions and future directions 

In this thesis, I describe a CRISPR-Cas9 based genome editing strategy to humanize nearly the 

entire yeast alpha proteasome core. The regulation by the native yeast promoter and terminator 

conveniently provides a more accurate test of functional replaceability. The efficiency and speed 

of our CRISPR/Cas9 method allows multiplexed and rapid editing in yeast without the need to 

undergo laborious selection/counter-selection cycles.  

Owing to the haploid and diploid selection of yeast, and using CRISPR-Cas9 gene drives, we 

developed a method combining multiple genetic edits in a single yeast strain. This Marker less, 

Enrichment and Recombination of Genetically Engineered Loci (MERGE) involves a mating 

distinct genetically engineered strains followed by transformation with CRISPR plasmids and to 

screen for strains harboring multi-gene edited (humanized) loci. We explore this approach to 

generate a near complete human alpha proteasome core in yeast. 

An important hypothesis regarding the functional replacement of human genes in yeast is the 

concept of genetic modularity i.e., functional replaceable (or non-replaceable) human genes tend to 

have local physical or genetic interactions with genes that are functional replaceable as well. The 

modularity paradigm, therefore, suggests that individually non-replaceable proteins may be become 

replaceable if the neighboring human interaction partners are also provided. To test this hypothesis, 

the β-subunit ring of the proteasome core provides an ideal platform. Since, the 𝛽-subunits interact 

with each other, the neighboring humanizable 𝛼-ring, and the assembly chaperones, the following 

strategies were explored regarding the successful replaceability of the human 𝛽 subunits:   

1. If the expression of the entire human 𝛽-subunits module is functionally replaceable in yeast  

2. If the assembly of human 𝛽-subunits require a fully humanized 𝛼-ring 
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The co-expression of human constitutive- and immuno-𝛽s followed by MS analysis in the singly-

and partially humanized strains showed stable expression of human 𝛽 subunits only in partially 

humanized yeast strains suggesting likely incorporation in the proteasome core in partly humanized 

𝛼-ring. 

As an alternate strategy, we developed a novel pipeline to screen for human PSMB7 gene (Hs β2) 

suppressors that allow functional replaceability of the orthologous PUP1 gene in yeast. The strategy 

discovered point mutations in human PSMB7 that enabled functional replaceability. Several point 

mutations were found in the C-terminal tail of Hs β2. Exchanging the full-length Hsβ2 with that of 

ScPUP1 enabled complementation. Finally, we showed that co-expression of the Hsβ3 subunit in 

yeast, enables functional complementation of the wild type β2/PSMB7. Thus, by restoring local 

physical interactions (or PPIs) either via mutations or by providing a humanized neighbor enables 

functional replaceability. In future, a similar pipeline can be used to humanize the rest of non-

replaceable human β core genes. 

 

Humanizing β ring 

Humanizing the entire β ring is challenging, as we don’t know which interfaces are incompatible. 

We have already generated strains with β3 and β4 genomically replaced, one of the strategies could 

replace the rest of Hsβs in the partially humanized Hsβ3/ β4 background. Given that the β subunits 

follow a regulated but well-defined pathway of assembly onto the scaffold that the α-ring (Murata 

et al., 2009), this well-defined assembly pathway should aid us in deciding the order in which to 

build the humanized β ring. Alternatively, β subunits can be inserted in heterozygous diploids or at 

the landing pad loci followed by MERGE strategy to functionally replace all human βs in yeast..  



 
 

118 

 

Humanizing proteasome assembly chaperones  

The assembly of the proteasome requires a set of extrinsic proteasome assembly chaperones and 

intrinsic chaperones like N-terminal pro-peptides and C-terminal tails of 𝛽 subunits. Human and 

yeast catalytic 𝛽 subunits (𝛽1, 𝛽2 and 𝛽5) along with 𝛽6 and 𝛽7 are synthesized with unprocessed 

N-terminal pro-peptides which upon correct assembly of CP are cleaved. In addition, several 

accessory factors are required for optimal and correct sequential assembly of CP. While highly 

conserved, species-species specific changes may have altered assembly intermediates in human and 

yeast proteasomes. Together, these studies reveal the differences between mammalian and yeast 

proteasome core assemblies suggesting, at least, at the level of chaperone recognition, these protein-

protein interactions are orthogonal in mammals and yeast. There are several interacting chaperone 

type proteins that regulate core particle assembly (Hanssum et al.., 2014; Murata et al.., 2009). 

These can easily be added from human, either exogenously or by humanizing their yeast orthologs, 

to help facilitate core assembly, particularly of the β-ring.  

 

Humanized proteasome in yeast explores new proteasome biology.  

Humanizing the yeast proteasome provides a novel and unique platform to study the diverged 

properties of the human proteasome in a simple cellular context. The regulation of proteasome 

homeostasis in the context of disease is an emerging field and the humanized yeast will open new 

avenues to discover novel, yet uncharacterized, modes of proteasome regulation, assembly and 

nuclear transport, providing yeast reagents to manipulate/study individual human proteasome 

subunits for therapeutic purposes. Proteasome mutations are clinically linked to several human 

diseases (Cavo, M et al., 2006). Yeast with humanized proteasomes will help interpret the 
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contribution of human genetic variation on proteasome function and drug action and illuminate the 

principles of genetic disease, leading to quantitative models for errors of human proteostasis. Strains 

harboring partly or fully humanized pathways will be used for assaying combination therapies and 

will serve as biological test tubes for identifying important human variants by deep scanning 

mutagenesis (Fowler, Stephany, & Fields, 2014). Bortezomib is the first proteasome inhibitor used 

in the treatment of multiple myeloma, thus exploring more novel inhibitors in the humanized strains 

could provide promising anticancer therapies. Studying interaction of drugs with variants of 

humanized subunits either singly or in combination could be a valuable therapeutic strategy to 

impede proteasome function for personalized medicine.  
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