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Figure 17: Altered individual protein expression in humanized strains 

Using unique spectrum counts after LC/MS of two humanised strains (HsS7.1 and HsS8.1) and a wild-type 
strain, the edgeR differential expression package computed protein expression fold changes between each 
pair of strains: (A) HsS7.1 compared to the wild-type; (B) HsS8.1 compared to the wild-type; (C) HsS8.1 
compared to HsS7.1. Coloured data points represent genes with a fold-change greater than 1 (red) or less 
than -1 (blue), with a cut-off of p < 0.05. Names in boxes represent a selection of the genes with the most 
significant fold changes and highest amplitude of change. 

Enriched gene pathways, from the Kyoto Encyclopedia of Genes and Genomes, were also 

mapped to genes with significant fold-changes and p-values. In all strain comparisons, the 

biosynthesis of secondary metabolites pathways, including amino acids, cofactors, and 2-

oxocarboxylic acids, are enriched among the altered protein expressions detected (Figure 18). 

Carbon metabolism, including glyoxylate and dicarboxylate metabolism and glycolysis, is 

enriched in both humanized strains when compared to the wild-type, as well as a number of unique 

amino acid and lipid metabolism pathways. Comparing the two humanized strains, from HsS7.1 

to HsS8.1 with significant fitness improvement, oxidative phosphorylation is the most enriched 

pathway. This indicates that replacing ERG9 with FDFT1 in strain HsS8.1 has a positive impact 
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Yeast protein Human protein Yeast localization1 Human localization2 
Replaceability 

at native locus 

ERG12 MVK Cytoplasm Cytoplasm Yes 

ERG8 PMVK Cytoplasm Cytoplasm Yes 

MVD1 MVD Cytoplasm Cytoplasm No 

IDI1 IDI1 Cytoplasm Cytoplasm, peroxisome Yes 

ERG20 FDPS Cytoplasm Cytoplasm No 

ERG9 FDFT1 ER ER Yes 

ERG1 SQLE ER ER Yes 

ERG7 LSS ER ER No 

ERG11 CYP51A1 ER ER Yes 

ERG24 LBR ER ER Yes 

ERG25 SC4MOL ER ER Yes 

ERG26 NSDHL ER ER Yes 

ERG27 HSD17B7 ER ER No 

1 Yeast localization data obtained from the CYCLoPs database on thecellvision.org, or from the Saccharomyces Genome Database (SGD) if not available 

2 Human localization data in human cells obtained from uniport.org 

3 HMGCR replaces HMG1 at the native locus, but the paralog HMG2 is still functional, and has not yet been successfully replaced in conjunction with HMG1 

 

GFP-fluorescence for all six human proteins indicates that while replaceability has yet to be 

determined, yeast do tolerate expression of each of these human genes (i.e., they are not toxic to 

yeast, or degraded quickly by the cell, and should be functional) (Figure 19). The ortholog pairs 

HsACAT1/ScERG10, HsHMGCS1/ScERG13, HsMVD/ScMVD1, and HsLSS/ScERG7 all show 

clear differential localization in yeast (Figure 19). For instance, ScERG10 is expressed throughout 

the cytoplasm, whereas the HsACAT1 is aggregated in smaller structures – these could be 

mitochondria, or lipid particles. While the precise subcellular locations are not clear at this time, 

the ortholog pairs HsHMGCS1/ScERG13, HsMVD/ScMVD1, and HsLSS/ScERG7 are all 

differentially localized in the cell to some degree, supporting the hypothesis that differential 

localization may be a bottleneck when humanizing at the native locus, particularly when protein 
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Figure 19: Differential localization of human and yeast orthologous proteins in S. cerevisiae 

Wild-type yeast were transformed with plasmids expressing GFP-tagged human genes (Hs) and grown to 
stationary phase. For comparison, yeast from the GFP-tagged collection were grown to the same OD600 9. 
Yeast was washed with PBS and imaged at 630x total magnification. Images represent bright-field, GFP-
activation, and overlap. Scale bar = 30μm. Square brackets indicate ortholog pairs for comparison. BF = 
bright field, GFP = GFP fluorescence. 
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Chapter 5 – Conclusions and Future Directions 

5.1 Future directions 

At the moment of the writing of this thesis, I have humanized nine sterol biosynthesis 

pathway genes in two different combinations in a single yeast strain, one with a functionally 

complementing CYP51A1 and the other with a functionally complementing MVK in addition to 

eight other genes. Efforts to humanize more combinations towards building a fully humanized 

sterol biosynthesis pathway in yeast are underway. Towards humanizing the remaining six genes 

that have yet to be replaced at the native locus, we will employ the ectopic chromosomal repair 

template strategy described above, as well as additional rounds of sequential humanization. 

Alternatively, we will proceed with plasmid-based complementation for the remaining six genes 

by expressing all six as a module in yeast.  

While the mass spectrometry confirmed protein expression of almost all of the sterol 

biosynthesis genes, coverage was relatively low, and could be improved by better cell lysate 

processing methods and longer run times in the future. For specific genes of interest, biochemical 

assays such as Western blots and antibody tagging could be used to further characterize expression 

among humanized strains. We performed mass spectrometry analysis on humanized HsS7.1 and 

HsS8.1 strains only, between which there was a significant fitness recovery. Mass spectrometry of 

additional strains as they are generated will help to systematically discover altered protein 

expression, potentially unlocking novel genetic interactions, among pathway members and other 

genes in the cell. Not only will these inform further how yeast behave when sterol biosynthesis is 

mis-regulated/humanized, but also unveil possible bottlenecks to humanization of entire pathways 

in yeast, identifying distinctly regulated sterol genes in humans and yeast. While mass 

spectrometry was chosen specifically to confirm expression of functional proteins in these strains, 
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in the future RNA-sequencing will be investigated to further elucidate global gene expression 

changes in humanized strains. 

One of the major challenges of humanizing the entire sterol biosynthesis pathway is that 

most of the genes in it are essential, and replacing these genes with conserved human versions 

which have evolved in a species-specific manner can exact a high fitness toll. For example, one of 

the major reasons for the non-replaceability of HsFDPS could be that its specific catalytic function 

is essential not only to sterol biosynthesis, but also to the isoprenoid biosynthesis pathway. If the 

function of this human gene is too different from that of its yeast ortholog, multiple essential 

metabolic pathways are impacted, which may be too high a cost for the yeast to bear. The 

individually non-replaceable genes downstream of isoprenoid biosynthesis – HsFDFT1/ScERG9, 

HsLSS/ScERG7, HsHSD17B7/ScERG27 – may also be exacting too high a fitness cost when 

expressed from native promoters rather that by strong heterologous promoters. However, the later 

section of the pathway (from ScERG9 onwards) can be made non-essential by supplementing 

ergosterol to the medium, and growing yeast in anaerobic conditions. We hypothesize that this 

strategy may partially relieve the fitness cost, and allow these genes to be humanized at the native 

locus. These strains could then be further tested on media lacking ergosterol for functional 

replaceability. This strategy also eliminates two fitness challenges towards humanization using 

CRISPR, i.e. – maintaining sterol biosynthesis, and repairing DSBs at essential loci.  

As for the upstream non-replaceable genes – HsACAT1/ScERG10, HsHMGCS1/ScERG13, 

HsFDPS/ScERG20 – supplementing intermediate metabolites could also relieve the fitness cost of 

altered sterol biosynthesis regulation. However, they will remain essential for isoprenoid 

biosynthesis. In humans, HsACAT1 catalyzes the first step of cholesterol biosynthesis, and is 

highly regulated by cellular concentrations of cholesterol. Recently, a yeast strain that converts 
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zymosterol to cholesterol, was engineered using zebrafish orthologous genes84. Attempting to 

humanize HsACAT1/ScERG10 in a cholesterol-producing strain could inform whether this key 

regulatory interaction is impeding replaceability at the native locus. 

Taken together, the experiments performed here to engineer and characterize novel 

humanized strains in the sterol biosynthesis pathway in yeast start to reveal a picture that highlights 

essential regulatory elements of the pathway (Figure 20). While most of the genes in this pathway 

are replaceable by plasmid overexpression of the human ortholog, replacements at the native locus 

represent an additional challenge. The regulation of ScERG10 expression by ergosterol, much like 

HsACAT1 is regulated by cholesterol levels in human cells, suggests that regulation of this step is 

critical for cell survival. While HMG1, a highly regulated step in sterol biosynthesis, is efficiently 

replaced by HsHMGCR, the duplicated yeast HMG2 copy must be playing a role in maintaining 

strain fitness. Further investigation as to whether a dually replaced strain, where a copy of HMGCR 

is also inserted at the HMG2 locus, could reveal the extent to which regulation of this step is 

essential. The consistent growth-delays observed in strains with a humanized MVK suggest a 

severe fitness cost associated with the altered function or regulation of this gene. ERG7 and ERG27 

are known to interact, and the difficulty of replacing either one of them under native locus control 

may suggest this interaction is essential and a bottleneck in humanization assays141. And finally, 

the inability of ERG20 to be replaced under any known conditions suggests this to be a regulatory 

keystone of sterol biosynthesis, as well as heme and ubiquinone synthesis, and prenylated 

proteins78–80. While it remains to be seen whether this gene becomes replaceable as we 

progressively humanize the sterol biosynthesis pathway in yeast, additional study may reveal novel 

regulatory roles of this gene in humans. 
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Figure 20: Humanization of the sterol biosynthesis pathway reveals bottlenecks towards whole-
pathway engineering 

Cholesterol biosynthesis in humans a multi-step pathway comprising 20 enzymes – of the upstream 
pathway, all 16 genes have yeast orthologs, of which we know 10 are replaceable at the native locus to date, 
and all but FDPS are replaceable using plasmid-based complementation. Sequential humanization of the 
sterol biosynthesis pathway in yeast has revealed a number of enzymes as significant regulatory nodes 
(highlighted in blue), which are difficult to humanize, possibly due to mislocalization or expression, or 
present severe fitness defects in multiple strains. 
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5.2 Conclusion 

In this study, we undertook the challenge of humanizing the entire sterol biosynthesis 

pathway in Saccharomyces cerevisiae, building upon past efforts by collaborators at the University 

of Texas at Austin. Due to the many human genetic disease associations, a need for platforms to 

discover novel drug targets, and a high functional conservation of this module between yeast and 

humans, the rationale for engineering the entire sterol biosynthesis pathway is evident. In this 

study, I individually and sequentially humanized multiple genes in the sterol biosynthesis pathway 

in yeast using CRISPR-Cas9, demonstrating the utility of this approach for engineering pathways 

in yeast. These efforts resulted in the generation of four novel individually-humanized strains, and 

two novel strains with nine humanized genes each, as well as intermediate strains with different 

combinations of pathway members. The humanization of HsFDFT1 only after several other human 

genes were integrated demonstrates requirement of local interactions for functional replaceability 

of certain genes.  

I investigated the comparative fitness of these strains using growth curves to observe where 

potential bottlenecks in the pathway may be occurring, such as in the severe growth lag seen when 

HsMVK/ScERG12 is replaced, both individually and in a multi-gene strain. I used mass 

spectrometry to confirm expression of the yeast and human proteins in these strains, and provided 

initial evidence that humanizing an entire pathway has proteome-wide consequences in the cell, 

which may reveal novel genetic interactions between sterol biosynthesis and other pathways. I 

elucidated differential expression of human and yeast ortholog pairs under constitutive expression, 

highlighting altered localization of proteins as another potential bottleneck in pathway engineering 

efforts that needs further validation. Finally, I developed a new strategy for addressing genes which 

are difficult to engineer or replace in yeast. 
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This study is just one among many showing that yeast remains an exceptionally powerful 

organism for study of human genetics, basic biology, and evolution in a simplified context. The 

strains engineered and characterized in this study will be useful as platforms to study gene-gene 

or gene-phenotype associations in human genetic diseases, and discover novel drugs to treat 

genetic diseases in these pathways. While humanization of the entire pathway has not yet been 

achieved, major steps towards a fully humanized essential sterol biosynthesis pathway in yeast 

have been made. Furthermore, even these intermediate steps highlight the wealth of information 

that efforts to humanize whole pathways can provide to synthetic biologists working towards 

engineering complex pathways in yeast. 
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Supplementary Information 

Table S1: Primers to confirm presence and absence of human and yeast genes by PCR and 
sequencing 

Gene Type Name Sequence 

ScERG1/ 
HsSQLE 

Fp Fp_ScERG1_HsSQLE CCTATTGTTGTTTGCTTTTCCTTTTCC 

Rp, Hs Rp_Conf_HsSQLE GGTTCCTTTTCTGCGCCTCC 

Rp, Sc Rp_Conf_ScERG1 CCCAGTCACGTTCTACGATAAG 

Rp, seq. Rp_Seq_ScERG1_HsSQLE GCTTAATGTTTGACGGTTCCTATCC 

ScERG7/ 
HsLSS 

Fp Fp_ScERG7_HsLSS GCATGATTAGCAGAGACATATGGC 

Rp, Hs Rp_Conf_HsLSS CCTTAAAGTAATTCTTGGTGTCCAGC 

Rp, Sc Rp_Conf_ScERG7 CCGATTGTCATGAACATGGGTCC 

Rp, seq. Rp_Seq_ScERG7_HsLSS GCGTGTAATCACCATAACCAATAGTTAG 

ScERG8/ 
HsPMVK 

Fp Fp_ScERG8_HsPMVK GCGATGCGTTTTTCTATACGAGATC 

Rp, Hs Rp_Conf_HsPMVK GCCATGCTCCTGAGCATACTG 

Rp, Sc Rp_Conf_ScERG8 GCACTGAAGGCTCTCAACTCTG 

Rp, seq. Rp_Seq_ScERG8_HsPMVK GCGCTGTCACTTCAAACTTCACAT 

ScERG8/ 
HsFDFT1 

Fp Fp_ScERG9_HsFDFT1 GCCCATCTTCAACAACAATACCG 

Rp, Hs Rp_Conf_HsFDFT1 GCTGCGAAACTGCGACTGGT 

Rp, Sc Rp_Conf_ScERG9 GCTTCAAAGCTGCCTTCATCTCG 

Rp, seq. Rp_Seq_ScERG9_HsFDFT1 GGCAAGAAACAGCGTTTACTGG 

ScERG10/ 
HsACAT1 

Fp Fp_ScERG10_HsACAT1 CGTTCGTGGCCAGGTTGATAG 

Rp, Hs Rp_Conf_HsACAT1 GCTTAGTGGCTGGCAGCAAG 

Rp, Sc Rp_Conf_ScERG10 CCACTGCTGTCTTGGAGGATAG 

Rp, seq. Rp_Seq_ScERG10_HsACAT1 GCACACCTCAGCGTTTGAGTAC 

ScERG11/ 
HsCYP51A1 

Fp Fp_ScERG11_HsCYP51A CGTTTACGTACTCGCATGTATTCG 

Rp, Hs Rp_Conf_HsCYP51A GCATGGACAAGAGGTTGCCG 
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Gene Type Name Sequence 

Rp, Sc Rp_Conf_ScERG11 CCAACGATTGACTTGGTAGCAGAC 

Rp, seq. Rp_Seq_ScERG11_HsCYP51A GGATGAGTGTGGCGATAAGGC 

ScERG12/ 
HsMVK 

Fp Fp_ScERG12_HsMVK ACAATTTTCGGGCCTCGTTTGGC 

Rp, Hs Rp_Conf_HsMVK GGGGTTGAAGCCGGAGGAAT 

Rp, Sc Rp_Conf_ScERG12 CGGTGGCTTGTTGAGCCTTG 

Rp, seq. Rp_Seq_ScERG12_HsMVK GTCTTCGAAAGCTGAATTGATACTACG 

ScERG13/ 
HsHMGCS1 

Fp Fp_ScERG13_HsHMGCS1 GGCGACGATCAAGTCTTCGTC 

Rp, Hs Rp_Conf_HsHMGCS1 GGGCAACAATTCCCACATCTTTTG 

Rp, Sc Rp_Conf_ScERG13 GCTCAGATTGGTTGACACATTGAG 

Rp, seq. Rp_Seq_ScERG13_HsHMGCS1 GCTGGTTCCGCATTTTGTCAAC 

ScERG20/ 
HsFDPS 

Fp Fp_SCERG20_HsFDPS CGAAGTCAGCTTCTTCTCGTCG 

Rp, Hs Rp_Conf_HsFDPS CCCATCTCATCCTCAGTCAGC 

Rp, Sc Rp_Conf_SCERG20 GGACAAACCTCTATTTAGCTTACCG 

Rp, seq. Rp_Seq_SCERG20_HsFDPS CTAGTCACGTGGAACGGTAGATC 

ScERG24/ 
HsLBR 

Fp Fp_ScERG24_HsLBR CGTACTCCGTCTGAGCATCAAG 

Rp, Hs Rp_Conf_HsLBR CCCAGGCCATCGACCTCTTAC 

Rp, Sc Rp_Conf_ScERG24 CGATTGCCCAGATAGTAGCGC 

Rp, seq. Rp_Seq_ScERG24_HsLBR GGAGCGTTGCATAGATAGACCAC 

ScERG25/ 
HsSC4MOL 

Fp Fp_ScERG25_HsSC4MOL GCGTACGCCTGTGTATGCATAC 

Rp, Hs Rp_Conf_HsSC4MOL GCTGAACTAAAGATGCTGACACTTTC 

Rp, Sc Rp_Conf_ScERG25 GGTGGCCAAAACATCATTGTTCATG 

Rp, seq. Rp_Seq_ScERG25_HsSC4MOL GGATATGTATACGTGGTAATGAACGTG 

ScERG26/ 
HsNSDHL 

Fp Fp_ScERG26_HsNSDHL CGGTCCGATAGTCCCTATAGATCG 

Rp, Hs Rp_Conf_HsNSDHL GGTACAGATCCTGTCGGCTGC 

Rp, Sc Rp_Conf_ScERG26 CCAGAACCACCGATAATTAAAACTGAATC 
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Gene Type Name Sequence 

Rp, seq. Rp_Seq_ScERG26_HsNSDHL CGGTGCGTATCAGATATGCTATTTC 

ScERG27/ 
HsHSD17B7 

Fp Fp_ScERG27_HsHSD17B7 CGCACACCCGTTGTTTTATCTC 

Rp, Hs Rp_Conf_HsHSD17B7 GCAGTGATCTTATCACCCTGGG 

Rp, Sc Rp_Conf_ScERG27 CGTTCAAGACACTCACCATGTTG 

Rp, seq. Rp_Seq_ScERG27_HsHSD17B7 GGCAATGCCTTTTTTGCTTCAC 

ScHMG1/ 
HsHMGCR 

Fp Fp_ScHMG1_HsHMGCR CTTGAAAGAGCTATATTCGTCTTCGG 

Rp, Hs Rp_Conf_HsHMGCR CATGTTCATGGACATCATGCAGATG 

Rp, Sc Rp_Conf_ScHMG1 CAGTCCCTTGAATAGCGGCG 

Rp, seq. Rp_Seq_ScHMG1_HsHMGCR GGTGCTGTTGTGCTTCTTTTTCAAG 

ScIDI1/ 
HsIDI1 

Fp Fp_ScIDI1_HsIDI1 GTCGATGGGGGTTGCCTTTC 

Rp, Hs Rp_Conf_HsIDI1 GCTGTAGCAGAAGCTTATTTTCGG 

Rp, Sc Rp_Conf_ScIDI1 GCGTAACTAGATACTGCACCATG 

Rp, seq. Rp_Seq_ScIDI1_HsIDI1 GGGAAACATTCAAGAGGCCAATAAC 

ScMVD1/ 
HsMVD 

Fp Fp_ScMVD1_HsMVD CGATGCCGAAATCGCCGAAATG 

Rp, Hs Rp_Conf_HsMVD GGCAGAACCAGCTCTTCATCG 

Rp, Sc Rp_Conf_ScMVD1 CCACAAAGTGTCGCGTTCAAACTC 

Rp, seq. Rp_Seq_ScMVD1_HsMVD GCTTGGTCGTTCCGACCAATAC 
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Table S2: Primers for amplifying repair template with 80bp homology arms 

Yeast Gene 
Homology 

Human 
Gene Name Sequence 

ERG7 LSS 

Fp_ERG7_LSS_100 

GCACAAGCCTCTCCAGTAATGTACTGC
TGTGCCCAATAACCTTACCAATAATCG
TCGCCCACAAAGAAAGTACAAAACAGA
TGACGGAGGGCACGTGTCT 

Rp_ERG7_LSS_100 

TACTACATATACAAATAAATATACTAG
TTTTGCACTAGTTTCTAATTGTTGCAG
CCTCTAACAACACTTATAAATAAAACT
CAGGGGTGGCCAGCAAGGG 

ERG9 FDFT1 

Fp_ERG9_FDFT1_100 

AAGAATAAGAGCACAGAAGAAGAGAAA
AGACGAAGAGCAGAAGCGGAAAACGTA
TACACGTCACATATCACACACACACAA
TGGAGTTCGTGAAATGCCTCG 

Rp_ERG9_FDFT1_100 

TTTAAGGATAGGCCTCTACCTATTATG
TAAGTACTTAGTTATTGTTCGGAGTTG
TTTGTTTATGTTATTTGGCGCAGACTT
CAGTGTTCTCCAGTCTGAACATA 

ERG10 ACAT1 

Fp_ERG10_ACAT1_100 

CGTTTTCTAGTTCTCTGAAAAAAGGTA
GCCTAAAACAAGCGCCATATCATATAT
ATTTATACAGATTAGACGTACTCAAAA
TGGCTGTGCTGGCGGCACT 

Rp_ERG10_ACAT1_100 

AATTATGCCTGTTATACATAAAGCCAT
TTATATATTTATGTATTTTATGAAAAA
GATCATGAGAAAATCGCAGAACGTAAC
TACAGCTTCTGAATTAGCATGGCA 

ERG11 CYP51A1 

Fp_ERG11_CYP51A1_100 

AATAGTTTCCAGAAAAAATTTTTTTTC
CTTCACAATTGCAGCAGGCTTGAATAG
AAACAGAACAAACGAGTAATACAAGGA
TGGCGGCGGCGGCTGGGAT 

Rp_ERG11_CYP51A1_100 

GATGAGTGTGGCGATAAGGCCCACGTG
AATGTACAACTTCTCTCTTTTTCTGTT
TTTTTTTTTTTTCTCAGTTACAAACCT
CATTTTGATCTTCGTTTGTAACGGATA
AC 

ERG12 MVK Fp_ERG12_MVK_100 

ATGATATTACTTCCTGGTTAGCTGGTG
CGCTTCTTAGTCCTAACTTGCAAATTT
ATATCTACGTATAGAAAACTGTCAATA
TGTTGTCAGAAGTCCTACTGGTG 



87 

Rp_ERG12_MVK_100 

CTTTCTATCTTTATTACATAAAACTTC
ATACACAGTTAAGATTAAAAACAACTA
ATAAATAATGCCTATCGCAAATTAGCT
CAGAGGCCATCCAGGGCTT 

ERG13 HMGCS1 

Fp_ERG13_HMGCS1_100 

GGCTCCATTCGGCCTCATCGGGCGGAA
CTGTTTGGGTGCCTCGCCAATTTTCGT
AGCCAAATTACTATAAAAGGTGCAGCA
TGCCTGGATCACTTCCTTTGAATG 

Rp_ERG13_HMGCS1_100 

GAGAGCTAAAAAAAGCAGGCTGCCAAA
AAAATAAAGCATTTATGAAGGGGGTTC
AGCAAGATGCAATCGATGGGGGAAGAT
TAATGTTCCCCATTACTAATGACAGC 

ERG20 FDPS 

Fp_ERG20_FDPS_100 

TTTTCATTTTAACTTTAAAAACTCAAC
CAACAGGTATTGGACTGACATAGGCAC
AATAAACTCAAAAATATTACGTAGAAA
TGCCCCTGTCCCGCTGGTT 

Rp_ERG20_FDPS_100 

TATTATATTGGAAGTATATAGTTCTTA
TACATGGTCCTTATCTAGTTTGAAATC
TAATGTTTTATCGATTAGCGTTAGTTT
CACTTTCTCCGCTTGTAGATTTTG 

ERG25 SC4MOL 

Fp_ERG25_SC4MOL_100 

TTAGTTGTAACTTTTTCTCTTTAGATA
GTAGCATAGAGGACTAAGGAAAAGTAG
TACAGCCATAAAAAAAAGAGGAAAAGA
TGGCAACAAATGAAAGTGTCAGCATC 

Rp_ERG25_SC4MOL_100 

AAAGCGGTTCGAAATTTATTTCATTTT
ATACGTTTTTTTGTTGTTTTTCTTTTT
TTTTTTTTTGAAGTATGTTTCTTCTCT
TATTCAGTCTTTTTCTCAAACTTCTTC
C 

EGR26 NSDHL 

Fp_ERG26_NSDHL_100 

TAGAATAGACAACAATATAGATTGTCA
ATTTTGTCCAATTTTATTTGCAACTCT
ACCTGGAAGGGCAAACAAAAATAAATA
TGGAACCAGCAGTTAGCGAG 

Rp_ERG26_NSDHL_100 

TATATACGGTGCGTATCAGATATGCTA
TTTCAACATACTATCTTTCGATAATCG
GATCAAAAAGCTCCTAACGATTGCCAT
CACTTGACCCTCCGCAGGT 

ERG27 HSD17B7 Fp_ERG27_HSD17B7_100 

GTATTTAAAAGATAGGACGAGAAACAA
GCACATGATCTGTGTCGAAAAAAAGTA
GCAAAGAGAAAAAGTAGGAGGATAGGA
TGCGAAAGGTGGTTTTGATCACC 
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Rp_ERG27_HSD17B7_100 

ATCAGTTGATATGCGTTTTCTATACAG
ACATACATGTATATACACACATATATA
TATATACATATGTACGCAGAGATATAT
TATAGGCATGAGCCACTGAGC 

MVD1 MVD 

Fp_MVD1_MVD_100 

GATTGATATATAAAGAGCATCCATCGT
GCTGGTAATGGTGATGCAAGATTGAAA
ATTCCCAGACAGTGAGCACCAGCACAA
TGGCCTCGGAGAAGCCGCT 

Rp_MVD1_MVD_100 

ATACCGTAGGGAAACGTAAATTAGCTA
TTGTAAAAAAAGGAAAAGAAAAGAAAA
GAAAAATGTTACATATCGAATTGATCT
CAGGCAGCTGGCTTCGGCA 
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Table S3: Human gene coding sequence templates 

Gene Source Entrez Template length Accession ID 

ACAT1 IDT 38 1284 NM_000019.4 

HMGCS1 Horizon MGC 3157 1563 NM_001098272.3 

MVK Human ORFeome 4598 1191 NM_000431.4 

MVD Horizon MGC 4597 1203 NM_002461.3 

FDPS Human ORFeome 2224 1260 NM_002004.4 

FDFT1 Human ORFeome 2222 1254 NM_004462.5 

LSS Human ORFeome 4047 2199 NM_002340.6 

CYP51A1 Horizon MGC 1595 1530 NM_000786.4 

SC4MOL Human ORFeome 6307 882 NM_006745.5 

NSDHL Human ORFeome 50814 1122 NM_015922.3 

HSD17B7 Human ORFeome 51478 1026 NM_016371.4 
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Table S4: Unique SNPs from WGS of 5-gene humanised alpha proteasome strain 

Chromosome Start Δ Type Variant 
Freq. 

Variant     
P-Value 

Amino 
Acid Δ CDS Protein 

Effect 

4 987244 G -> A SNP 1 1x10-154    

7 38443 G -> A SNP 1 0 S -> L RAI1 Subst. 

7 762093 T -> C SNP 1 1.6x10-281  HsPSMA4 None 

12 554 -T Deletion 1 5 x 10-8    

12 1901 C -> T SNP 0.993 4.6x10-42 D -> N 
Y' element 
ATP-dep. 
helicase CDS 

Subst. 

12 216700 G -> A SNP 1 1.6E-14 S -> L gag-pol fusion  Subst. 

12 518361 G -> C SNP 1 2.5E-256 R -> S SWI6 Subst. 

13 820490 G -> A SNP 1 6.3E-314 V -> I FCP1 Subst. 

13 921381 (T)14 -> 
(T)13 Deletion 0.961 2E-105    

15 114980 T -> C SNP 1 0 T -> A WSC3 Subst. 

15 255822 T -> C SNP 1 1.6E-296  HsPSMA7 None 

15 255843 C -> T SNP 1 4.0E-321  HsPSMA7 None 

15 548683 T -> C SNP 1 1E-288    

15 881948 C -> T SNP 1 4E-303 H -> Y RAX1 Subst. 

15 1017930 C -> T SNP 0.988 3.4E-301  HsPSMA3 None 

15 1018167 T -> C SNP 1 1E-294 I -> M HsPSMA3 Subst. 

15 1018173 T -> C SNP 1 1E-294  HsPSMA3 None 
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Table S5: ScEDIT collection sgRNA sequences cloned into CRISPR plasmids 

Pathway Target locus sgRNA sequence Creator 

Proteasome core 

ScSCL1 
CATCACTATCTTTTCCCCCG 

Mudabir 
Abdullah 

ATAAACTCACTAGCGGTCAG 

ScPRE9 
ACAACAATTTTCTCCCCTGA 

TTGGGATTATGGCATCTGAT 

ScPRE6 
AGATGGACACATTTTCCAAG 

AGTGGAGTACGCCCTGGAGG 

ScPUP2 
ACTAGAAGTGAATATGATCG 

GCACATTTTCCCCAGAAGGG 

ScPRE5 
GTTCAGGAACAATTACGACG 

GTTCCAAGTGGAATACGCCT 

ScPRE10 
ATCGGTATAAAGTGTAACGA 

CAAGTCGTAGACCGTCACAT 

Proteasome base 
and lid 

ScRPT2 CCAAATTTAGATTGAACGGG 

Brittany 
Greco 

ScRPT3 GATGCGTATGATTTGACGGC 

ScRPT5 AGACGGAAAGTGAAACGTGA 

ScRPT6 ACAACGTTAGCCACAAGGTA 

ScRPN2 GTATTAGAAACCCACGAAAG 

Safe harbour site 

511b CAGTGTATGCCAGTCAGCCA 

Leanne 
Bourgeois 

Userx-1 CAGTGTATGCCAGTCAGCCA 

Fgf20 GTTAGAGCTGTTACAAGTTA 

Fgf24 CCTATTGGACAAGATTTACG 

Adenine synthesis ScAde2  Brittany 
Greco 

Sterol biosynthesis ScERG10 CTAGCACCAGAACAACCCAA 
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ScERG13 GGTGCCGCAAGACCAACCGG 

Aashiq 
Kachroo 

ScERG9 GGCAATGTAAAGATTCGTAA 

ScERG24 TGATGGATATCACTACAGAT 

ScERG27 ATTCTGCCTCAATTGACCAG 

ScERG1 GTAGCCGTAAACTATATCGC 

ScERG9 GATCTTACCGATCTGTTCTG 

ScERG7 GGTGAATTGATGCAACCAGG 

ScERG11 TTACGGAACAAAGAGTGCAA 

ScERG12 TTAAAGTCTACTTTACCCAT 

ScERG25 GCTCACCGTCTATTCCACTA 

ScHMG1 CTACTGATGGAACGAAATGG 

ScERG26 TATGACATAGTGAATGTTAA 

ScERG8 CATGCTGTASCCCATCCTTA 

ScIDI1 AATTCGTCATCAATACATAG 

ScMVD1 ACGCCAATTAAGAAAGGAAA Michelle 
Vandeloo 
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Table S6: Golden Gate primers for assembly of repair template in LEU2 plasmid YTK97. 

Gene Part Name Sequence 

ScERG25/ 
HsSC4MOL 

HsSC4MOL + 
5’/3’ 300bp 
homology arms 
(from HsS1.7) 

Fp_GG_SC4MOL_Erg25_BsmBI 
CACCACACGTCTCGCTGATC
TGCTGTGGTCGTATTATT 

Rp_GG_SC4MOL_Erg25_BsmBI 
CACCACACGTCTCGTGCTCG
GTTGAAAGATTTTTGTAGT 

ScERG27/ 
HsHSD17B7 

300bp 5’UTR of 
ScERG27 

Fp_GG_5UTR_ERG27_BsmBI 
CACCACACGTCTCGCTGAAA
GCTGCTCAACTGGGTCC 

Rp_GG_5UTR_ERG27_BsmBI 
CACCACACGTCTCGCCTATC
CTCCTACTTTTTCTCTTTGC 

HsHSD17B7 
coding sequence 

Fp_GG_HSD17B7_BsmBI 
CACCACACGTCTCGTAGGAT
GCGAAAGGTGGTTTTGATCA 

Rp_GG_HSD17B7_BsmBI 
CACCACACGTCTCGTTATAG
GCATGAGCCACTGAGC 

300bp 3’UTR of 
ScERG27 

Fp_GG_3UTR_ERG27_BsmBI 
CACCACACGTCTCGATAATA
TATCTCTGCGTACATATGT 

Rp_GG_3UTR_ERG27_BsmBI 
CACCACACGTCTCGTGCTTT
TCTGGAACGACTCAGGAT 
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Table S7: Amino acid sequence identity alignment between yeast and human orthologs of the sterol 
biosynthesis pathway. 

Yeast gene Human ortholog Amino acid sequence identity 

ERG10 ACAT1 48.241% 

ERG13 HMGCS1 47.046% 

HMG1 HMGCR 32.468% 

HMG2 HMGCR 31.754% 

ERG12 MVK 32.151% 

ERG8 PMVK 8.609% 

MVD1 MVD 46.250% 

IDI1 IDI1 48.319% 

ERG20 FDPS 44.034% 

ERG9 FDFT1 40.845% 

ERG1 SQLE 35.070% 

ERG7 LSS 40.515% 

ERG11 CYP51A1 36.364% 

ERG24 LBR 38.652% 

ERG25 SC4MOL 36.789% 

ERG26 NSDHL 36.827% 

ERG27 HSD17B7 22.063% 
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Figure S1: Whole genome sequencing reveals precise replacement of multiple genes in a single strain 

Using a reference genome with the human (Hs) genes replaced at the native loci of the yeast orthologs, 
WGS shows good coverage and accurate insertion of the five human proteasome genes in yeast. Sequence 
alignment, coverage analysis, and SNP discovery was done in Geneious. Numbered axis above all 
sequences represents position on the chromosome. Green and yellow arrows represent coding 
sequences/genes. Orange arrows indicated inserted human gene sequence, differing from the native yeast 
gene sequence. Green bars represent mapped reads of expected quality and length (400-500bp) (blue-tinted 
are longer than expected, yellow-tinted are shorter than expected). Purple bars represent unpaired reads. 
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Figure S2: Clustered heatmap of differentially expressed proteins in humanized yeast. 

Z-scores were computed based on unique spectrum counts from whole cell protein lysate after LC/MS 
across groups for all yeast proteins expressed in two humanised strains (HsS7.1 and HsS8.1) compared to 
the wild-type (WT). The colour scale describes relative shifts in protein expression between samples (red 
= increased, blue = decreased). Each replicate is its own column, and each sample was run in triplicate. 
Clustering was done by z-score similarity, independent of protein function or annotation. 


