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ABSTRACT Yeast is a valuable eukaryotic model organism that
has evolved many processes conserved up to humans, yet
many protein functions, including certain DNA and protein
modifications, are absent. It is this absence of protein function
that is fundamental to approaches using yeast as an in vivo
test system to investigate human proteins. Functionality of the
heterologous expressed proteins is connected to a quantita-
tive, selectable phenotype, enabling the systematic analyses of
mechanisms and specificity of DNA modification, post-
translational protein modifications as well as the impact of
annotated cancer mutations and coding variation on protein
activity and interaction. Through continuous improvements of
yeast screening systems, this is increasingly carried out on a
global scale using deep mutational scanning approaches. Here
we discuss the applicability of yeast systems to investigate
absent human protein function with a specific focus on the
impact of protein variation on protein-protein interaction
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APP — amyloid precursor protein, DNMT — DNA-
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receptor; FASAY — functional analysis of separated
alleles of p53 in yeast; GAP — GTPase-activating protein;
GPCR — G protein coupled receptor; HR — homologous
recombination;, MMS — methyl methane-sulfonate;

modulation.

INTRODUCTION

Yeasts, in particular Saccharomyces cerevisiae and Schiz-
osaccharomyces pombe, are key eukaryotic model organ-
isms in molecular and cell biology research. As basic unicel-
lular eukaryotic organisms they rely on many molecular
pathways, cellular functions and biological processes, that
are at their core often conserved up to humans. With
4,000 homologous genes between yeast and human, many
insights into human biology are drawn from studying yeast
and from approaches to humanize yeast functions. As out-
lined in recent reviews [1, 2], the latter can be done to
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MNNG — N-methyl-N'-nitro-N-nitrosoguanidine; NRTK —
non-receptor tyrosine kinase; PARP — poly(ADP-ribose)
polymerase; PHE — 6(5H)-phenanthridinone; PI3K —
posphoinositide-3-kinase; PIP, — phosphatidylinositol
4,5-bisphosphate; PIP; — phosphatidylinositol (3,4,5)-
trisphosphate; PPl — protein-protein interaction; PTK —
protein tyrosine kinase; pY — phospho-tyrosine; RBD —
receptor binding domain; RGS — regulator of G protein
signaling; SAM — S-adenosyl methionine; WT — wild
type; Y2H — yeast two hybrid.

various degrees, from studying genes and processes in
yeast that mechanistically resemble molecular events in
human, complementing loss of yeast protein function by
human proteins [3] to humanizing entire pathways [4].

At the same time yeast is lacking functions that have
evolved in higher eukaryotes such as vertebrates and
mammals only. This includes all features of multicellularity
and its developmental aspects, yet also other cellular func-
tions, regulatory events, biochemical activities and cellular
processes that are not present in yeast (here referred to as
“absent”). When introducing proteins and functions from
higher organisms that are naturally absent in lower eukar-
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yotes, they may be active in the heterologous cellular con-
text, irrespectively of the fact that yeast has not evolved
the function and cannot process the molecular signals ac-
cordingly. For example, ectopically expressed full-length
epidermal growth factor receptor (EGFR), a human recep-
tor tyrosine kinase, is active in yeast without generating a
functional molecular signaling output. However, combined
expression with human GRB2 and human SOS, the most
upstream components of mammalian MAPK signaling, acti-
vates the yeast Ras/cAMP pathway in a CDC25/ YLR310C
deficient S. cerevisiae strain [5]. While these experiments
demonstrate that EGFR can be active in yeast, in most cas-
es these heterologous human protein activities appear
functionally isolated in a living organism which cannot reg-
ulate or process the activity further.

Exploiting these functional voids creates opportunities
where yeast can actually serve as an in vivo test tube (Fig-
ure 1, 2 and 3). In these approaches, human protein func-
tions are grafted on yeast, enabling to study aspects of
human molecular functions which are very difficult to as-
sess in the homologous system. While in humans these
functions are inextricably linked with multiple aspects and
unaccounted regulatory responses of human cell biology,
those absent functions are isolated in the living yeast. In
yeast they can be perturbed free of confounding factors
and the effects are direct consequences of the perturba-
tion. They can be read efficiently utilizing phenotypic selec-
tion and quantitative functional genomics readouts such as
mass spectrometry, DNA sequencing or cell count-
ing/sorting [6]. In other words, the power of assaying ab-
sent functions in the yeast systems lies in isolating a human
activity in a living organism and coupling this activity to
yeast based readouts. This approach is fostered by easy
genetics, high transformation rates, the possibility to grow
a large amount of cell material, parallelization of growth in
arrays and a high signal to noise as e.g. growth of a visual
colony requires yeast to double 18 times.

Indeed, ectopic, heterologous expression of absent
functions in yeast very often end in a quantitative growth
defect. In the field of neurodegeneration, where overex-
pression of aggregating disease proteins (e.g. Huntingtin
exon 1, alpha-synuclein, TDP-43, Ataxin 2, or amyloid pre-
cursor protein (APP)) can cause toxicity, genetic screening
was performed to identify yeast genes that suppress the
phenotype leading to mechanistic insights, that in excep-
tional cases could be translated to humans (reviewed in
[7-11]). However, mechanistic insight into the toxicity of
human protein expression in yeast remains the exception.
In most cases molecular mechanisms which lead to the
phenotype are elusive.

Irrespective of mechanisms, phenotypic selection ena-
bles the detailed analyses of a large number of conditions
through enrichment. In particular, testing the function of
all possible amino acid variants of a protein in deep muta-
genesis screening/scanning approaches is straight forward
if non-functional variants can be separated from functional
variants through yeast growth selection. Deep mutational
scanning approaches follow a “massively parallel para-
digm” where all possible single genetic variants of a pro-
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tein are cloned and subjected to a functional assay and the
effects of individual variants are assessed through a se-
quencing readout [12, 13]. For example, deep mutagenesis
scanning of human TDP-43, investigating the relationship
between aggregation and toxicity in yeast, revealed that
aggregation prone variants are less toxic while toxic amino
acid variants promote the formation of liquid-like conden-
sates [14]. A similar deep mutational scanning approach of
APP in yeast identified a small set of key residues critically
preventing formation of APP aggregates in yeast [15]. With
its simple growth phenotypes and growth-based yeast-two
hybrid (Y2H), protein complementation or transcriptional
reporter assays, yeast has been resuscitated as a powerful
tool to study human genetic variation providing most com-
prehensive functional fitness profiles across all single ami-
no acid mutations of a protein.

Here we discuss selected studies addressing two as-
pects of systems biology which utilize the concept of ab-
sent functions in yeast: i) the comprehensive analysis of
DNA methylation and post translational protein modifica-
tions (PTMs) and ii) the functional assessment of human
genetic variation. The latter involves the prioritization of
protein variants of frequently mutated cancer genes and
application of deep mutational scanning to comprehen-
sively study the effects of coding variation on human pro-
tein interactions using yeast systems.

PROTEIN AND NUCLEIC ACID MODIFICATIONS ABSENT
IN YEAST

Targeted cytosine DNA methylation in yeast

In vertebrates, DNA methylation impacts processes such as
development, pathogenesis and aging through modulation
of gene expression [16]. The modification, which can be
detected easily through bisulphite sequencing, occurs at
cytosine bases, primarily in the dinucleotide sequence CpG
leading to 5-methylcytosine. Increased levels of DNA
methylation are, for the most part, associated with de-
creased gene function. In the context of disease, aberra-
tions in DNA methylation are frequently reported in cancer
and used as diagnostic marks. In renal cancer for example,
20% of the tumors show hypermethylation of the tumor
suppressor gene VHL [17]. Similarly, the CDKN2A locus is
highly frequently silenced through DNA methylation in a
variety of cancers [18]. The epigenetic mark is introduced
by DNA-methyltransferases (DNMTs). Detailed investiga-
tion across various species with a LC-MS/MS approach that
achieved subfemto-molar sensitivity confirmed the ab-
sence of DNA methylation in S. cerevisiae, S. pombe and
Pichia pastoris [19]. Therefore, baker’s yeast can be lever-
aged to study genomic 5-methylcytosine modification in a
background free cellular environment (Figure 1A).

To this end, human DNMTs were expressed in S. cere-
visiae to introduce 5-methylcytosine on the yeast genome
[20]. The experiments focused on the interplay between
histone modifications and DNA methylation, the latter was
measured by HPLC-MS and bisulfite sequencing. Co-
expression of DNMT3A and DNMT3L under the control of a
GAL1 promoter resulted in methylation of genomic DNA.
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However, DNA methylation was abolished by truncation of
the N-terminal four amino acids of yeast histone 3 that
harbor the H3K4me3 histone methylation mark. Knock-out
of SET1/YHR119W, SWD1/YAROO3W and SWD3/YBR175W
protein methyltransferases and members of the COMPASS
complex, responsible for H3K4 mono-, di-, and trimethyla-
tion in yeast, resulted in increased DNA methylation levels.
This was underlined by the observation that genomic loci
with increased H3K4 methylation clearly had reduced DNA
methylation levels in DNMT3 expressing yeast. On the oth-
er hand, deletion of the DNMT3L PHD domain or introduc-
tion of point mutations disrupting the interaction with his-
tone H3, resulted in loss of DNA methylation [20]. This
nicely demonstrated that de novo DNA methylation de-
pends on the ability of DNMT3 to bind K4-unmethylated
histone H3. Morselli et al. recapitulated the effect of H3K4
methylation with human DNMT3B in yeast [21]. Additional-
ly, DNA methylation profiling with whole genome bisulfite
sequencing revealed that CpG dinucleotides were favored
targets and linker DNA was preferred over nucleosomal
DNA. The methylation distribution indicated that within
genes methylation was lower at transcription start sites,
where H3K4me3 was higher, and increased towards the
transcription termination sites, that were enriched for
H3K36me. To test if H3K36me3 also influences DNA meth-
ylation, H3K36me3 Chip-seq profiles of wild type (WT) and
DNMT3B expressing yeast strains were compared. Strong
correlation of DNA methylation and H3K36me3 was de-
tected. The use of a knock-out strain of SET2/YJL168C, re-
sponsible for H3K36 methylation in yeast, resulted in re-
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duced DNA methylation levels over gene bodies peaking
outside of the gene, indicating that H3K36me3 actively
recruits DNMT3B on transcription termination sites. In
yeast these studies established that H3K4me3 is strongly
anti-correlated while H3K36me3 correlates with accelerat-
ed de novo DNA methylation [20,21].

A very detailed investigation of human DNMTs was per-
formed in P. pastoris, a yeast species also lacking endoge-
nous DNA methylation. Human DNMT1, DNMT3A and
DNMT3B were investigated as single knock-ins and in com-
bination with DNMT3L by whole-genome bisulfite sequenc-
ing and RNA-seq [22]. Both DNMT3A and DNMT3B pro-
duced DNA methylation levels substantially higher than
control, additional knock-in of DNMT3L increased the lev-
els one- to three-fold. All combinations again showed the
distribution over the gene body and preferred CpG bases.
The comprehensive dataset and a time-course experiment
in the double knock-in strain expressing DNMT3B-DNMT3L
enabled the detection of differentially regulated genes.
Downregulated genes were connected to the highest DNA
methylation, in agreement with experiments in human
cells. As a response to DNMT expression in yeast, RNA-seq
initially revealed a large set of differentially expressed
genes that monotonically decreased over time (days).
Computational analysis attributed the initial peak to stress
response. In particular, the availability of S-adenosyl me-
thionine (SAM), an important methyl donor for DNMTs,
was negatively regulated, either by reducing the activity of
the methionine cycle (decreased expression of
SAMA4/YPL273W, MET6/YER091C, and SAM2/YDR502C) or
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FIGURE 1: Applications to investigate DNA methylation and post translational protein modifications otherwise absent in yeast. (A) Yeast
is used as a model organism to investigate cytosine DNA methylation induced de novo via human DNMTs. A special focus lies on the inter-
play with histone modifications. (B) Tyrosine kinases are lacking in yeasts and their activity can be toxic. This allows the investigation of
protein variants (in deep mutagenesis screens) that govern kinase activity and function and enables inhibitor testing. Non-toxic low-level
expression of human tyrosine kinases in yeast allows large scale screening of phosphorylation dependent protein interaction and the char-
acterization of kinase substrate specificity. (C) PARPs attach ADP-ribose to their target proteins. No such modification is reported in yeast.
Expression of PARPs in yeast results in a growth phenotype and allows screening for substrates and small molecule inhibitory drugs. (A-C)
Icons with dark blue background: observable; Icons with light blue background: readout; MS: mass spectrometry; PPI: protein-protein-

interaction.

OPEN ACCESS | www.microbialcell.com 166

Microbial Cell | AUGUST 2021 | Vol. 8 No. 8



C.S. Moesslacher et al. (2021)

by increased expression of SAM-consuming functions such
as enzymes in spermine synthesis or histone methyltrans-
ferases. Other transcriptional changes were accounted to
generic responses to heterologous expression of human
proteins, e.g. upregulation of genes connected to ribosome
and protein translation and downregulation of genes con-
nected to mitosis. Overall, methylation state was more
predictive for expression decreases compared to expres-
sion increases and loci just downstream of the gene TSS
were most informative for expression changes.

DNA methylation data were used to train deep neural
networks to identify sequence preferences of the DNMTs.
DNMT3A and DNMT3B could clearly be separated by local
as well as global sequence preferences. Especially methyla-
tion by DNMT3A was predictable by local nucleotide se-
quence features next to CpG nucleotides which were more
likely to be methylated together when they were within 30
bp distance. More interestingly, distant CpG nucleotides
tended to be frequently methylated together as co-
methylation units if nucleosomal DNA wrapping brought
distal CpG sites to proximity in 3D space [22].

Yeast as a model for DNA methylation offers valuable
insight into de novo DNA methylation processes, yet has
some limitations. Global methylation rates are much lower
compared to mammalian cells. The simple model lacks
modification readers that generate sequential effects and
known repression marks e.g. on H3K9 or H3K27 or silencing
factors reserved to higher organisms (for review on histone
modification in yeast see [23]). However, expression of
DNMTs in yeast reproduces many aspects observed in
mammalian cells, like distribution of DNA methylation in
the gene body, influence of histone modifications on
methylation levels and diversities among DNMT family
members. The simplicity of the in vivo test tube model
organism overcomes some of the difficulties in the investi-
gation of epigenetics in mammalian cells.

Assaying tyrosine phosphorylation in yeast
Phospho-tyrosine (pY) signaling is regarded as a hallmark of
multi-cellularity and in contrast to serine-threonine phos-
phorylation, has not evolved in yeast. Orthologs of bona-
fide protein tyrosine kinase (PTK) sequences - 58 cell
membrane-spanning receptor tyrosine kinases and 32 non-
receptor tyrosine kinases (NRTKs) in human - were not
found in fungi [24]. As a consequence, there is only a small
set of tyrosine phosphorylation sites described in yeast
[25] attributed to a few dual-specificity kinases. For exam-
ple, a tyrosine phosphorylation regulates cell cycle-
dependent nuclear localization of Cdc48p, the yeast homo-
log of VCP [26]. Also, yeast Hsp90 is a target of cell-cycle
associated tyrosine phosphorylation by Swel kinase, mod-
ulating the ability of Hsp90 to chaperone client proteins
[27]. However, yeast does not have “true” tyrosine kinases
[28, 29] and tyrosine phosphorylation can be regarded as
absent activity in yeast. Therefore, yeast can serve as an
essentially background-free, eukaryotic expression system
in which to study tyrosine kinase activity and signaling
(Figure 1B).
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Elevated tyrosine kinase activity in yeast is toxic.
Growth inhibition upon overexpression of v-SRC in yeast
indicated heterologous PTK activity in the lower eukaryote
which later was explained by aberrant phosphorylation of
yeast proteins [30-33]. Since yeast growth repression de-
pends on the kinase phosphorylation activity it was used to
study function-activity relationships in yeast. The discovery
that CSK induces SRC autorepression by C-terminal tyrosine
530 phosphorylation of SRC stems from using a heterolo-
gous yeast system, where SRC expression induced toxicity
could be rescued by co-expressing human CSK [34]. Several
pY-sites on FYN kinase were characterized in yeast as auto-
phosphorylation sites [35]. Activity and autoregulatory
mechanisms of various tyrosine kinases such as SRC, ABL,
FES, and HCK were investigated in yeast, exploiting the
absence of inhibitory factors [36—40].

The toxic effect of tyrosine kinase activity in yeast can
be leveraged to study kinase activity perturbations, and as
such was exploited for screening of inhibitors of kinase or
phosphatases which restore yeast growth [41-43]. Similar
to the co-expression of repressive CSK kinase in the pres-
ence of SRC [34], co-expression of the catalytical domain of
PTP1B tyrosine phosphatase can rescue v-SRC tyrosine
kinase growth phenotype. This system was utilized as a
cell-based assay, where PTP1B dependent growth served
as a biological read out for the effect of PTP1B inhibitors
such as vanadate, BzN-EJJ-amide, Suramin, Phenylarsine
oxide and other non-peptide PTP1 inhibitors [41].

Recently, Ahler et al. used a deep mutational scanning
approach to dissect intramolecular regulation of SRC NRTK
[44]. SRC kinase activity-dependent decrease in yeast
growth allowed to select protein variants from a pool of
single amino acid substitution in the catalytic domain of
SRC covering about 70 % of all possible single mutants.
Competitive growth selection identified 46 residues where
over 90 % of the substitutions resulted in loss of function.
However, 27 residues in the catalytic domain had at least
five gain-of-function mutations, i.e. were depleted in the
pool. For example, every substitution of D368 was activat-
ing, as this residue contributes to the autoinhibitory inter-
action with the SH2 domain. Also known SH3 domain in-
tramolecular inhibitory interactions involving SRC residues
289-293 were mapped well. Further analyzes of the deep
mutagenesis results clustering around residue E381T in
different mammalian cell lines revealed an unknown func-
tion of the N-terminal SH4 domain. It interacts with the aF
pocket of the C-lobe in the catalytic domain and thereby
enhances the known autoinhibition effect of the SH2/SH3
domains [44].

Toxicity of tyrosine phosphorylation was reported as a
consequence of the expression of many different human
tyrosine kinases, which indeed showed very different, i.e.
specific, phosphorylation patterns in yeast, when the yeast
proteome was probed with pan anti-tyrosine antibody [45].
Together with the fact that growth defects correlate with
the overall level of tyrosine kinase activity, this suggested a
more general mechanism that led to toxicity. One proposal
was that the lethality of v-SRC should be attributed to the
hyper-Y-phosphorylation of multiple yeast proteins leading
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to mitotic dysfunction but the exact target(s) responsible
for mitotic dysfunction were not identified [41]. Recently it
was reported that overexpression of yeast Smklp
(YPRO54W), a MAP kinase required for production of the
outer spore wall layers, alleviates toxicity induced through
GAL10 promotor controlled expression of the human SRC
protein [46]. Whether Smklp overexpression in general
rescues pY related toxicity was not tested, both the mech-
anism of toxicity as well as mechanism of growth rescue
through Smk1p expression remain elusive.

However, while high tyrosine kinase activity clearly is
growth inhibitory, yeast tolerates tyrosine phosphorylation
to quite some extent (as measured by tyrosine phosphory-
lation of the yeast proteins), opening other routes for as-
saying this absent modification in a yeast in vivo model
system. A systematic use of low level NRTK co-expression
in yeast enabled screening of pY dependent human protein
interactions [47]. Screening 188 human open reading
frames (ORFs) in the presence of nine tyrosine kinases
(each as a representative of a different NRTK family)
against a human proteome scale matrix identified ~ 300
novel pY-dependent protein-protein interactions (PPls)
that showed high specificity with respect to kinases and
interacting proteins. Although this approach did not direct-
ly reveal which tyrosine site is responsible for the interac-
tion, it unambiguously established the phosphorylation
dependent nature of the interaction. The data support the
notion that many of the pY-interactions are not mediated
by linear recognition motifs encouraging the investigation
of novel modes for pY modification recognition. The utility
of yeast as Y-phosphorylation free system was highlighted
by the fact that the PPIs were shown to be selectively cata-
lyzed through distinct sets of NRTKs. In contrast, phos-
phorylation requirements were masked in fast growing
mammalian cell lines due to high intrinsic tyrosine kinase
activity [47].

In a complementary approach, low level human NRTK
expression in yeast was used to study human tyrosine ki-
nase phosphorylation specificity [45]. To this end, active
full-length human PTKs were expressed and the yeast pro-
teome was analyzed through mass spectrometry based pY-
proteomics. In this approach the proteome of the growing
yeast cell served as in vivo model substrate for an individu-
al human kinase, which was acting in an intact, crowded,
cellular environment. Every tyrosine phospho-site could be
unambiguously attributed to one human kinase. Assaying
16 of the 32 human NRTKs revealed ~ 3700 kinase-
substrate relationships. De novo linear kinase motifs de-
rived from yeast-phospho-sites for all 16 kinases showed
predictive performance equal or better than known motifs
[48-50]. However, the key finding came from analyzing the
phospho-data in the context of yeast PPl networks [45]. It
demonstrated that human tyrosine kinases preferentially
target interaction network structures in yeast, a living or-
ganism that did not evolve bona fide tyrosine signaling. The
average number of interacting pairs of phosphorylated
yeast proteins in the yeast protein interaction network was
much higher than expected. Similarly, the average shortest
path between pairs of phosphorylated yeast proteins for a
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given kinase was significantly smaller than in correspond-
ing randomized networks. This very strong signal of net-
work connectivity demonstrated that substrates of an indi-
vidual kinase cluster in the protein interaction network.
Hardly any significance was observed in functional gene
ontology (GO) enrichment analysis. Hence, the observed
network signature is unrelated to any phosphorylation
driven function. The data were the first direct experimental
evidence supporting the hypothesis that tyrosine kinase-
substrate specificity determinants are at least in part gov-
erned by PPIs in cellular networks.

Kinase perturbation studies in yeast [51, 52] and
mammalian systems [53-57] demonstrate that kinases
form complex signaling networks including redundancy and
feedback loops [58, 59]. While altered pathway signatures
and kinase regulation profiles can be inferred from phos-
pho-proteomics data of perturbed systems [60], the as-
sighnment of direct kinase substrate relationships remains
for the major part elusive. Cell biological, biochemical and
bioinformatic approaches have only identified kinases for
less than 5% of the phospho-proteome [61], which includes
about 50,000 pY sites in human. As each kinase on average
has more than 500 substrates, the numbers also challenge
the classical key-lock principle of kinase (enzyme)-
substrate recognition [62, 63]. The demonstration that
tyrosine kinase-substrate specificity is governed by protein
interaction networks [45] provides a first clue to the ques-
tion of how the relatively small number of < 100 tyrosine
kinases can address a major part of the proteome modify-
ing 50,000 non-redundant sites. A network driven phos-
phorylation specificity model would allow the kinase to
modify essentially all available tyrosine sites on a large
number of substrates. Fostered through protein interaction,
protein tyrosine residues that spatially and temporally
reach the active site of the kinases will be phosphorylated
— without specific recognition requirements. This hypothe-
sis is in agreement with a crystal structure of the EGFR
kinase domain bound to an optimized substrate peptide in
the active center that showed no defined electron density
for the substrate side chain residues. Begley et al. conclud-
ed that, other than the +1 residue, the primary sequence
surrounding the phosphorylation site may have little influ-
ence on EGFR kinase specificity [64]. The network driven
tyrosine phosphorylation model is also in agreement with
the lack of any linear sequence motif signature for more
than 80% of recorded human phospho-sites and the obser-
vation that cellular changes are typically accompanied by
broad quantitative alterations of the phospho-proteome
[65-68].

Introducing poly(ADP-ribosyl)ation to yeast

Poly(ADP-ribosyl)ation is a post-translational protein modi-
fication (on D, E, and/or K side chains) which controls cellu-
lar processes such as DNA repair, transcriptional regulation,
cell division, protein degradation, apoptosis and necrosis. It
has a key role in response to cell stress and DNA damage
[69]. Poly(ADP-ribose) polymerases (PARPs) transfer ADP-
ribose from NAD+ to target proteins forming long linear or,
less frequently, branched chains [70, 71]. Among all func-
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tional features of PARP1, the most famous is probably the
synthetic lethal genetic interaction with BRCAL. In the clin-
ics PARP1 inhibitors are successfully used to treat BRCA1
mutated cancers [72, 73]. However, many aspects of the
broad variety of PARP cellular functions are not yet fully
understood. PARPs are present in many higher organisms
and bacteria, yet are absent in yeasts [74].

Expression of full-length human PARP1 in S. cerevisiae
results in a low number of yeast colonies, with yeast cells
of elongated shape and increased size (Figure 1C). The DNA
binding motif in the N-terminus is important for the growth
suppressive effect. A truncated version of PARP1, lacking
this domain, or Arabidopsis thaliana PARP isoforms with-
out DNA binding motive sustained yeast growth [75,76].
Cell cycle analysis demonstrated a G2/M block [77]. Yeast
cells that expressed PARP1 responded to the DNA damag-
ing agent N-methyl-N'-nitro-N-nitrosoguanidine (MNNG)
with increasing PARylation levels in a dose-dependent
manner. However, PARP1 expression reduced cell viability
when additional factors like radio-labelling or MNNG
treatment were combined. Surprisingly, levels of NAD+
were not altered when PARylation was detected. This dis-
crepancy might be explained by the large pool of NAD+
present in yeast [78]. Addition of NAD+-binding inhibitors
like 3-methoxybenzamide and other PARP1 inhibitors like
6(5H)-phenanthridinone (PHE) to the growth medium abol-
ished the growth suppressive phenotype, which suggests
the enzymatic activity of PARP1 being required for the ef-
fect [75, 79]. A drug screen exploited the ability of PARP1
inhibitors to suppress the growth defect of yeast strains
overexpressing PARP1 or PARP2. From the 16,000 small
organic compounds contained in the drug library, ten new
compounds restoring growth were identified [79].

Direct identification of PARP1 interacting yeast proteins
with a yeast proteome microarray assay revealed 33 PARy-
lated yeast proteins. Further validation with an autoradiog-
raphy assay, measuring incorporation of radiolabeled
NAD+, showed PARylation on PARP1 itself as well as three
yeast proteins (Nob1, Hasl and Lhpl). In vitro PARylation
experiments with the human homologues confirmed the
finding from yeast and suggested a role for PARP1 in ribo-
some biogenesis [77].

In addition to yeast growth inhibition, LaFerla et al. [80]
found that expression of PARP1 reduces inter-
chromosomal recombination after UV induced DNA-
damage. The PARP1 inhibitor PHE reversed the effects. To
find direct interacting yeast proteins responsible for the
observations, a library of yeast knock-out strains was
screened for rapid growth in the presence of PARP1. Nine-
ty-nine deletion strains were collected, and subsets were
validated individually in growth assays. Since reduced
chromosomal recombination after UV treatment and
growth inhibition upon PARP1 expression occur together,
the identified yeast proteins were investigated on their
ability to change PARP1-GFP localization after UV treat-
ment. HHO1/YPL127C and POM152/YMR129W knock-out
strains increased the nuclear localization of PARP1. The
results raised the hypothesis that the homologous genes
might also alter PARP1 localization in human [80]. Only
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recently, the dataset obtained from this yeast screen was
re-analyzed computationally. Since twelve target genes
were associated with neoplasms, data from eight cancer
types and over 2,000 patients were scrutinized for co-
occurrence or mutual exclusivity of gene amplification,
deletion or mutation with PARP1. In prostate cancer nine
of the twelve target genes showed an expression correla-
tion especially striking with INCENP. Another expression
correlation was found with PARP1 inhibitor treatable tri-
ple-negative breast cancers and higher PSAT1 and RIT1
expression compared to non-treatable hormone receptor
breast cancers. The finding was tested by small interfering
RNA (siRNA) induced silencing PSAT1, RIT1 or INCENP in
MCF7 breast cancer cells and treatment with the PARP-
inhibitor Olaparib. Knock-down of PSAT1 and INCENP ren-
dered the cells more sensitive to the PARP1 inhibitor point-
ing towards a novel drug target combination to increase
PARP1-inhibitor efficiency [81].

To summarize, expression of PARP1 in S. cerevisiae re-
sults in reduced growth and PARylation levels can be moni-
tored easily. PARylation depends on the protein’s enzymat-
ic activity and is responsive to DNA damage. In contrast to
mammalian cells the amount of NAD+ as substrate for
PARylation appears not limiting in yeast, which might influ-
ence the outcome and interpretation of PARP1 activities.
However, yeast has successfully been utilized as in vivo
model of Poly(ADP-ribosyl)ation in small molecule drug
testing, interaction and substrate profiling. The system
could also be used to investigate mutants of PARP, exploit-
ing PARylation activity through defined yeast growth phe-
notypes.

HUMAN VARIATION OF CANCER PROTEIN FUNCTIONS
ABSENT IN YEAST
GPCR signaling in yeast — Regulators of G protein signaling
(RGS)
GPCR (G protein coupled receptor) pathways play im-
portant roles in the processes of homeostasis and especial-
ly in cell signaling. These functions are often dysregulated
in disease and recent studies show that currently around
35% of FDA-approved drugs target GPCRs (reviewed by
[82]). There are several hundreds of GPCRs in human,
whereas S. cerevisiae holds two important GPCR pathways
only, the glucose sensing pathway (GPR1/YDL0O35C) and
the pheromone responsive pathway (STE2/YFLO26W;
STE3/YKL178C). The latter is the homologue of the human
MAPK pathway and necessary for the yeast mating re-
sponse. With its simplicity, yeast allowed the first descrip-
tion of an a-factor pheromone dependent Gl-cell cycle
arrest linked to mutations in Sstl (YILO15W) or Sst2
(YLR452C) [83, 84]. The following connection to the nega-
tive regulation of G-protein signaling [85] and the detailed
mechanism of the Sst2-dependent activation of Gpal-
GTPase activity [86] was also discovered in yeast.
Experimental setups to investigate human GPCRs and
human Ga subunits (GNAs) by exchanging yeast to human
homologues exist in large variety (review on GPCR signaling
in yeast by [87]). Knock-out of the yeast GPCRs uncouples it
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from hormone response. Expression of a chimeric Ga-
subunit and fusion of the downstream transcriptional
FUSI-promoter to a HIS3- or a LacZ-reporter renders the
system capable to identify human regulators of G-protein
signaling (RGS proteins) by expressing human cDNAs in
yeast (Figure 2A). In this system, Ga-dependent activation
of the pathway was achieved with AGS1 expression and
the protein family of activators or G-protein signaling were
first described [88]. AGS1 acts as a guanine nucleotide ex-
change factor and interacts directly with Gai2. RGS5, a
GTPase-activating protein for the Gai proteins, was identi-
fied as a negative regulator in this yeast experiment [88].
Later, AGS1 was also found to interact directly with the
GB1 subunitin a Y2H screen [89].

In one recent example of using a yeast system to ex-
ploit human RGS proteins, 49 sequenced disease variants
of 17 RGS proteins were expressed in yeast and the effect
on their GTPase activity was investigated [90]. The yeast
strain carried a knock-out of the endogenous GPCR
STE3/YKL178C, contained a chimeric Ga-subunit, had the
downstream FUS1 promoter fused to a LacZ-reporter for a
readout and lacked FAR1/YJL157C to prevent cell cycle
arrest. AGS1 was co-expressed for constitutive activation
of the pathway. The GTPase-activating protein (GAP) activi-
ty of WT and mutant RGS was compared to the expression
of activating AGS1 alone using a B-galactosidase assay.
Results show that mutations located on the surface of the
proteins were more likely to have a severe functional GAP
activity defect. Nine mutants were further validated in a
BRET assay in mammalian cells recapitulating the observed
effects from yeast [90].

This recent experiment addressing disease-related
amino acid variation of RGS proteins is just one of many
applications for the investigation of human GPCR signaling
in yeast. The presence of only two GPCR pathways in
S. cerevisiae compared to hundreds in human simplifies
investigation. Considering that GPCRs are the major class
of drug targets, and that the downstream pathway mem-
bers are often mutated in human disease, investigation of
disease variants in yeast could rapidly identify causal muta-
tions and lead to novel approaches for intervention.

PI3K/PTEN function in yeast

Class 1 phosphoinositide3-kinase (PI3K) is composed of
two subunits, the p110 subunit, required for the catalytic
activity and one of the p85/p55 regulatory subunits. In
mammalian cells, the kinase activity is required for phos-
phoinositide signaling. Upon stimulation at the plasma
membrane, the human class | PI3K converts phosphatidyl-
inositol 4,5-bisphosphate (PIP,) into the second messenger
phosphatidylinositol (3,4,5)-trisphosphate (PIP3). The syn-
thesized PIP; leads to the activation of AKT kinase, which
phosphorylates proteins involved in cell growth and cell
survival. This signaling pathway can be turned off by the
phosphatase PTEN, which catalyzes the conversion of PIP;
to PIP, [91]. Perturbed regulation of this pathway due to
sustained AKT signaling or loss of PTEN function can pro-
mote cancer development and progression and diabetes
[92, 93]. In certain cancers such as breast cancer, virtually
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all nonsense substitutions and over 90% of missense sub-
stitutions in PTEN are driver mutations [94].

S. cerevisiae lacks a class | PI3K homolog which allowed
the study of the human PI3K-PTEN-AKT signaling pathway
in the absence of endogenous PI3K activity (Figure 2B) [95,
96]. Expression of the human catalytic PI3K p110 subunit,
fused to sequences targeting the kinase to the yeast mem-
brane (e.g. a CAAX-box) or as a cytosolic version in combi-
nation with a regulatory p85 subunit fused to a CAAX-box,
strongly decreases yeast growth [92, 97]. This growth phe-
notype is related to the depletion of the membrane PIP,
pool, causing altered morphogenesis and vesicle trafficking
[92]. Co-expression of PI3K and human AKT, leads to AKT
activation and ultimately to a direct activation of the
TORC2 pathway, skipping endogenous signaling pathways
[98].

Baker’s yeast can be used as model organism to assess
the potency of PI3K inhibitors, highly relevant for cancer
treatment. In these assays, the catalytic PI3K p110 subunit
was expressed in yeast and following inhibitor treatment
growth rates were used to determine the ability of the
drug to inhibit PI3K [99, 100]. Evaluation of the screening
hits in other cell-based assays, including mammalian cells,
confirmed the results obtained in the yeast assay, high-
lighting the importance of these assays as primary drug
screening platforms [99].

Tepl/YNL128W is an inactive yeast homolog of PTEN,
with no demonstrated inositol lipid phosphatase activity
and thus unable to counteract the human PI3K catalytical
p110 subunit. In contrast, co-expression of active human
PTEN, including two less characterized N-terminal splice
variants (PTEN-L and PTEN-M), robustly rescues the ob-
served growth phenotype, comparable to the treatment of
yeast cells with PI3K inhibitors [92, 101]. PTEN mutations
are associated with cancer development and PTEN
hamartoma tumor syndrome, but also patients with autism
spectrum disorder carry PTEN mutations that can be char-
acterized exploiting the yeast phenotype [102]. Recently,
141 PTEN cancer nonsense mutations were classified as
WT like, reduced or inactive variants using G418 as
readthrough-inducing compound in human cells and in the
yeast heterologous system [103].

Mighell et al. [104] studied PTEN mutants and their ef-
fect on the phosphatase activity. A deep mutagenesis li-
brary harboring 95% of all possible PTEN mutants was gen-
erated and introduced in a yeast strain co-expressing PI3K
fused to a prenylation box motif. Evaluating growth as a
readout of relative phosphatase activity, a fitness score
was calculated for each variant. 2,273 (31%) of the tested
mutants were classified as likely damaging whereas 4,872
(67%) amino acid variants were classified as WT-like. Com-
parison of deep mutagenesis results with the crystal struc-
ture of PTEN showed that mutations located in the phos-
phatase domain close to the catalytic pocket were delete-
rious, especially Arg130 did not tolerate any amino acid
substitution, while mutations in unstructured regions were
quite flexible with respect to single amino acid mutations
[104]. Reviewing and combining results of deep mutagene-
sis approaches which used distinct readouts - in yeast and
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FIGURE 2: Yeast systems to investigate human mutation in cancer proteins. (A) GPCR signaling plays an outstanding role in humans, yet only
two GPCR related pathways are present in yeast. These pathways can be engineered to investigate human regulators of GPCR signaling and
mutations in these proteins in yeast. (B) Several aspects of the human PI3K-PTEN-AKT signaling pathway are studied in yeast in the absence of
endogenous PI3K activity. Membrane targeting of PI3K in yeast causes a growth phenotype and thus enables the testing of inhibitors. Muta-
tions in PI3K or PTEN frequently found in developing cancers are functionally assessed in yeast. (C) Yeast is missing a p53/TP53 homologue.
Expression of the human tumor suppressor p53 results in growth defects in yeast. A plethora of assays to investigate the protein function are
established in yeast. This allows observing the influence of human variation and the effects of p53 cancer mutations in this system. (D) Though
absent in yeast, expression of the BRCA1 tumor suppressor impacts HR activity of yeast resulting in various phenotypes. This is the basis for the
investigation of BRCA1 mutations. Deep mutational scanning of BRCA1 has been applied to comprehensively investigate the effects of amino
acid substitutions on protein E3 ligase activity and PPI. (A-D) Icons with dark blue background: observable; Icons with light blue background:

readout; MS: mass spectrometry; PPI: protein-protein-interaction.
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mammalian systems - revealed a small set of key variants
that specifically abrogate distinct molecular functions of
PTEN and provided a functional classification of pathogenic
variants [105].

The p53 tumor suppressor protein in yeast

The tumor suppressor p53 is one of the most frequent mu-
tated proteins in cancer, and also one of the most inten-
sively studied proteins. S. cerevisiae lacks a p53 homolog
and expression of the human protein results in a decreased
growth rate [43, 106-109]. Nigro et al. showed that the
expression of p53 in yeast increased the doubling time up
to 250% compared to empty vector control or the expres-
sion of an inactive mutant version of p53 [108]. The ability
to express active p53 in a background free model organism
made yeast-based assays a common tool to study the rele-
vance of a p53 mutation on its ability to act as a tumor
suppressor (Figure 2C).

In 1990 Fields and Jang [110] showed that p53 can acti-
vate transcription in yeast. Using a yeast strain with an
integrated GAL4-LacZ reporter gene, they demonstrated
that the ADHI-promoter driven expression of a Gal4-p53
hybrid protein could activate transcription leading to
3-galactosidase activity. Furthermore, they demonstrated
that high level expression of human p53 is detrimental to
the yeast growth and phenocopies the effects in mammali-
an cells [110].

Schérer and Iggo [111] demonstrated that mammalian
p53 on its own can act as a transcription activator in
S. cerevisiae. They implemented an assay that allows the
expression of LacZ under control of a CYC1-hybrid promo-
tor, containing a p53 binding site. While WT p53 was capa-
ble of binding to the promotor and thereby leading to the
transcription of LacZ, they could demonstrate that three
known mutations associated with the Li-Fraumeni syn-
drome (tumorigenesis) failed to bind to the promoter and
therefore were inactive [111]. This experiment formed the
basis for FASAY, Functional Analysis of Separated Alleles of
p53 in Yeast, which is used since then to detect non-
functional p53 mutants derived from patient samples [112].

For FASAY, mRNA of the patient sample is extracted,
amplified via RT-PCR and transcribed into cDNA, which is
then introduced in a yeast strain and cloned into a plasmid
via gap repair. First generation FASAY [113, 114] used the
ability of p53 to activate transcription via a HIS3-based
reporter system with growth as a phenotypic readout.
Functional p53 mutants maintained yeast growth, while
non-functional p53 mutants failed to activate HIS3 tran-
scription and hence did not grow in the absence of histi-
dine [114]. Flaman et al. [115] introduced the colorimetric
FASAY, which uses a red colony phenotype to detect mis-
sense p53 mutants. The p53 promoter binding site is fused
to ADE2, and adenine deficiency accumulatively leads to
red colored yeast in this genetic setup. Hence, functional
p53 mutants result in white colonies while colonies with
non-functional p53 mutant proteins turn red. Furthermore,
this assay allows to gradually distinguish partially active
p53 mutants (pink colonies) from completely active and
inactive mutants [112, 115]. Jia et al. demonstrated that
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the FASAY can be used to determine the p53 status of 142
tumor cell lines. More than 70% showed mostly homozy-
gous mutations in the TP53 gene, and thus are a common
feature in immortalized cancer cell lines [116].

FASAY underwent ongoing improvement enabling the
measurement of p53 mutant activities on other promotors.
Flaman et al. [117] developed an assay version, which al-
lowed to detect mutants that specifically affect transcrip-
tional activity of p53 on the p21/CDKN1A and BAX genes.
Activation of p21 leads to a G1 arrest while BAX transacti-
vation leads to apoptosis. Due to a mismatch in the DNA
promoter sequence, the p53 interaction with the BAX
promoter has a lower affinity compared to the
p21/CDKN1A responsive elements, and thus mutations are
more likely to impair BAX promoter binding. Screening for
the red/white yeast phenotype using an ADE2 reporter
revealed that tumor-derived p53 mutants were able to
transactivate p21/CDKN1A, yet failed with BAX [117].

To assess the dominant negative potential of a p53 mu-
tant through tetramerization, FASAY was adjusted to allow
the expression of two different p53 alleles (e.g. mutant and
WT) in a yeast cell. The overall activity of the two variants,
expressed from two identical vectors that only differ in the
selection marker sequence, is measured as ability to acti-
vate an ADE2 reporter under the control of a p53-
responsive promoter. Again, white-colored colonies repre-
sent a recessive mutant and dominant p53 variants show
red or pink colonies, accounting for the effect of a mutant
on the p53 tetramer in heterozygous cells [118, 119].
Monti et al. [120,121] used the adjusted FASAY to assess
the potential of p53 mutants to have a dominant negative
function. Out of 71 tested p53 mutants, 20 acted as domi-
nant negative over WT in their ability to bind the RGC re-
sponsive element [120]. Their results generally indicated,
that the amino acid position of the mutation governs the
dominant negative effect, irrespective of the identity of the
amino acid exchange. Their study also revealed a hierarchy
of transdominance on promoters containing three differ-
ent p53 responsive elements (such as the p21/CDKNI1A,
BAX or PIG3 p53 binding sites), consistent with the idea
that a weaker interaction between p53 and the responsive
DNA element is more prone to be affected by p53 muta-
tions. Billant et al. [112] used the FASAY to further investi-
gate the dominant-negative effect of some p53 mutants. In
total seven hotspot p53 mutants and 24 isoforms of p53
and its related genes p63/ TP63 and p73/TP73 were tested.
Their study showed that only p53 mutants that were tran-
scriptionally inactive but still capable to form tetramers
could exert a dominant-negative effect over WT p53, most
likely by tetramer poisoning. Furthermore, this dominant-
negative interference was not limited to p53 and also in-
volved p63 and p73 isoforms. These results highlight the
broad applicability of the FASAY as its use to determine
potential crosstalk between the isoforms of p53 and its
related proteins p63 and p73 [122]. The above description
of the FASAY is just a small snapshot from a large variety of
available assay versions, highlighting the importance and
diversity of yeast-based assays in the field of p53 research.
Indeed, the use of the FASAY has been extensively re-
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viewed [112, 123, 124]. In addition to FASAY, there are
other yeast-based methods that determine the effect of a
specific mutation on p53 function, e.g. Andreotti et al. im-
plemented a dual luciferase system to screen for p53 activ-
ity in yeast [125].

The first comprehensive mutational analysis on p53
missense variation in yeast included all 2314 p53 single
point mutations that can be obtained from one base mis-
match throughout the full-length protein [126]. Kato et al.
used a PCR-mediated mega primer method to introduce
mutations in combination with gap repair to insert the
mutant p53 versions in the plasmids directly in yeast. EGFP
expression was under the control of p21/CDKN1A-p53
binding element, and the resulting green fluorescence was
used to identify p53 mutants that could bind the
p21/CDKN1A promotor. By mating the array of p53 mutant
expressing strains with a strain that carried a red fluores-
cent protein (DsRed) under control of the MDM2 promotor
p53 binding element, the same mutant could be tested
simultaneously for its effect on two DNA binding sites. In
their set of mutants, they observed that mutations in the
DNA-binding site of p53 decreased the fluorescence signal.
55.2% of the p53 single amino acid variants retained activi-
ty for both promoters and 17.3% were totally inactive.
However, 27.5% of the mutants lead to a differential re-
duction of reporter activities, supporting the hypothesis
that sequence-specific activation might be critical for the
tumor suppressive function of p53 [126]. This study is a
very early prime example of the power of deep mutational
scanning approaches to study human protein variation in
yeast.

BRCA1 activity in yeast

Breast cancer type 1 susceptibility protein, encoded by the
BRCA1 gene, is an 1863 aa long protein acting as a tumor
suppressor which is involved in many different cellular
processes like DNA repair mechanisms, DNA damage re-
sponse and transcriptional regulation [127, 128]. Muta-
tions in this gene strongly predispose to ovarian and breast
cancer and germline mutations lead to a high prevalence of
inherited breast and ovarian cancer within families [127]. S.
cerevisiae is lacking a BRCA1 homolog and expression of
human BRCA1 leads to decreased growth, as evidenced by
a small colony phenotype [129]. Several assays using S.
cerevisiae, based on different cellular mechanisms were
developed to assay BRCA1 missense variants (Figure 2D).
These assays include the small colony phenotype assay
(SCP) [130, 131], a localization assay [132], a protein inter-
action assay [133], a homologous recombination (HR) assay
[134] as well as a transcription assay [135]. The benefits
and limitations of these yeast assays have already been
extensively reviewed [124] including a recent review focus-
ing more broadly on human DNA repair genes [136].

Many DNA repair mechanisms are conserved from
yeast to human, which makes S. cerevisiae a suitable model
organism to study BRCA1 variants and their effects on HR
[136—139]. Despite the lack of BRCA1 in yeast, the HR assay,
implemented by Caligo et al., measures the ability of
BRCA1 variants to affect spontaneous HR in yeast. A yeast
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strain carrying two truncated HIS3 alleles is used. While
one allele has a truncated 3’ end, the other has a truncated
5’ end and 400 bp are shared. Expression of known cancer
related missense mutant BRCA1 (e.g. A1789T or M1775R)
leads to an increased HR and thereby the frequency of
recombination of the two truncated HIS3 alleles is in-
creased compared to WT. This results in an increased
number of viable cells on agar lacking histidine [134].
Maresca et al. used the HR assay to investigate the inter-
play between human MSH2, a protein that recognizes DNA
mismatches, and BRCA1 in yeast. Their data suggest that a
functional relation between these two proteins may also
exist in yeast and that this interplay is required for HR
[128]. Using the yeast HR assay, Lodovichi et al. looked into
the effects of recombination after methyl methane-
sulfonate (MMS)-induced DNA strand breaks. Yeast ex-
pressing WT BRCA1l or known classified BRCA1 mutants
was treated with the alkylating agent MMS and the effect
on recombination was measured by cell survival. Cells ex-
pressing BRCA1 cancer variants were more sensitive to
MMS and less prone to recombination as compared to cells
expressing WT BRCAL. Thus, cancer associated BRCA1 mis-
sense variants C61G and M1775R showed a decreased
recombination after MMS-treatment providing further
evidence that human BRCA1 can interfere with yeast DNA
repair [140]. The interplay between BRCA1 and other en-
zymes, besides MSH2, in yeast HR was investigated by
Maresca et al, who generated strains lacking
MRE11/YMR224C, RAD50/YNL250W, RAD51/YERO95W or
MSH6/YDR097C, all crucial for yeast HR, and performed
the HR assay with WT BRCA1 and mutants. While BRCA1
mutants were capable of increasing intra-chromosomal
recombination in the HR-strain, they failed to do so when
one of the above-mentioned enzymes was lacking. This
suggests that human BRCA1-mediated genome instability
can only be introduced when the endogenous yeast DNA
repair machinery is intact [137]. All these studies clearly
demonstrate that, although BRCA1 is absent in S. cerevisiae,
it represents a useful model organism to study BRCA1 and
its effects on HR [136].

Another important cellular function of BRCA1 is its in-
teraction with BARD1 via the RING domain and the result-
ing E3 ubiquitin ligase activity. Testing BRCA1 mutants in a
Y2H as well as a yeast split-hybrid PPl assay, the N- and C-
terminal helices flanking the RING domain of BRCA1 were
found to be involved in the interaction with BARD1 [141].
The study was extended to test BRCA1 mutants on their
ability to interact with BARD1 and UbcH5a/UBE2D1, the E3
and E2 ubiquitin conjugating enzymes, respectively. A li-
brary generated by random mutagenic PCR containing N-
terminal BRCA1 RING mutants was tested in a yeast split
hybrid assay, identifying residues that were required for
the interactions with E2 or BARD1. Thirty-five BRCA1 muta-
tions also described in patients were retested for the abil-
ity of the BRCA1-BARD1 complex to interact with
UbcH5a/UBE2D1 and thereby to form ubiquitin chains. In
accordance with the yeast split hybrid results, only muta-
tions located in the Zn?*-ligating residues disrupted the
activity of the ubiquitin ligase [133]. The interaction ap-
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proach to study BRCA1l mutations was taken further to
massive parallel mutational scanning screens. Starita et al.
[142] assessed the effects of approximately 2,000 missense
mutations of BRCA1 on the interaction with BARD1 and on
its homology-directed DNA repair activity. To this end, the
effects of the variants on heterodimerization with BARD1
RING domain and the E3 ubiquitin ligase activity were test-
ed in two independent yeast and mammalian functional
assays, respectively. A multiplexed Y2H assay was used to
test the ability of the generated mutants to interact with
the BARD1 RING domain, obtaining BARD1-binding scores
for the individual mutations. Overall, these scores agreed
with the knowledge about the RING-RING interaction, alt-
hough primarily residues coordinating the zinc fingers
scored highest. Combining both data sets, a prediction tool
was developed classifying patient mutations as pathogenic
or benign. This study nicely demonstrates the power of
yeast-based assays in the context of massive parallel
screening and deep mutagenesis approaches.

UP FOR SYSTEMATICALLY TESTING IN YEAST: CODING
VARIATION SUBSTANTIALLY MODULATES PROTEIN-
PROTEIN INTERACTION
Impact of amino acid mutation on human protein
interaction
Each individual human genome carries tens of thousands
of non-synonymous coding variants including 50-200 ex-
cess rare deleterious changes [143,144]. Many more cod-
ing variants are observed in cancer genomes [94]. Whether
or not a variant and combinations thereof have any biolog-
ical or even physiological effect(s) remains undetermined
for the majority. Yeast can be used in functional comple-
mentation assays to assess the impact of variants from
human disease genes [145]. In addition, evidence that the
phenotypic effects of amino acid variation substantially
relate through changes of protein interaction patterns is
growing. Alterations of amino acid identity at PPl surfaces
can have deleterious consequences and underlie altered
genotype to phenotype relationships in particular in hu-
man genetic diseases [146,147]. The extent to which natu-
ral human population variation or disease associated varia-
tion, as determined from cancer genome sequencing,
modulates protein interaction patterns is still elusive [148—
152]. Powerful protein interaction detection methods such
as dihydrofolate reductase protein complementation or
the two-hybrid system in yeast enable the individual test-
ing of hundreds of coding variants [150, 153, 154]. Moreo-
ver, these techniques were further adapted to deep muta-
genesis approaches that enable to chart mutational effects
on protein-protein interactions comprehensively [147].
First systematic studies to test the effects of single
amino acid substitutions on protein interaction behavior
were performed using the Y2H system (Figure 2D and 3A).
An initial study of 29 allelic disease variants which were
associated with five distinct genetic disorders [146] re-
vealed that in 16 instances the interaction profile of the
protein was changed while maintaining its function in the
assay. The concept that disease associated amino acid sub-
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stitutions alter protein interactions rather than a protein
function as such was nicely illustrated in the case of the
Wiskott-Aldrich syndrome protein (WASP) harboring rare
disease mutations in its protein interaction surfaces. While
mutations in the PBD domain [I294T] disrupt interactions
with CDC42, mutations in the WH1 domain [R41G] disrupt
interactions with TRIP10 and ABI3. The former mutation is
causing X-linked neutropenia while the latter mutations
are linked to Wiskott-Aldrich syndrome and X-linked
thrombocytopenia [149, 155]. A second example, different
mutations in TP63 observed in at least two clinically dis-
tinct types of developmental ectodermal dysplasia, can be
rationalized through interaction perturbation. The causal
mutations are in two separate domains, one in the p53
DNA-binding domain and the other in the SAM2 domain
mediating a PPl with TP73 [146, 149]. These studies pro-
vide conceptionally strong examples on how coding varia-
tion translates through interaction changes into pheno-
types. Many more interaction modulating disease protein
variants were predicted through computational modeling
approaches of protein interaction interfaces [148, 149, 151,
152, 156], yet the extent to which interaction perturbation
caused by coding variation governs human disease is less
clear [157].

To address this question, Wei et al. [153] assayed 204
mutations in 51 human proteins in yeast and classified
mutations in three groups: i) interface residues; ii) inter-
face-domain mutations and iii) away-from-the-interface
mutations. After excluding allelic variants that showed
altered protein stability 72% (13/18), 51% (42/83) and 17%
(9/52) of the mutations disrupted interactions in the three
groups, respectively. In the context of a large Y2H ap-
proach to measure interaction perturbations in human
genetic disorders, fine dissection of interaction patterns
involving 197 mutations in 89 proteins with two or more
interaction partners revealed that 31% of the mutations (in
39 proteins) led to selective loss of protein interaction
partners [154]. These studies demonstrate that a high frac-
tion of disease-associated amino acid substitutions impact
protein interactions. The systematic study of amino acid
mutations that perturb protein interactions is not restrict-
ed to the analysis of annotated disease variation. Indeed,
Fragoza et al. [150] evenly sampled population, somatic,
and disease-associated variants with amenable PPIs. Im-
portantly, the ~ 2,000 population variants (taken form the
EXAC repository) were representative of different allele
frequency ranges from rare to common. When testing mu-
tant proteins against multiple interaction partners in Y2H,
they found that about 16% of population variations were
selectively disruptive for protein interaction while disrup-
tive population variants seldom resulted in unstable pro-
tein expression. The fraction of disruptive variants de-
creased inversely with increasing allele frequency. While
on average more than 20% of the rare mutations (<0.1%
frequency) did disrupt interactions, common variants
(>10% freq.) still showed a perturbation effect in close to
10% of the tested examples. These data sustain the esti-
mate that >1,000 missense variants per individual genome
may have an interaction perturbation effect. Whether
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FIGURE 3: Yeast systems involved in large scale protein-protein interaction studies in the context of human coding variation and disease.
(A) Yeast is used to investigate the influence of human coding variation systematically at large scale. As protein-protein interaction is a uni-
form functional feature of all proteins, it is especially useful to uncover the influence of variants on protein-protein interaction and conse-
quently its potential impact in disease. (B) As a quickly adaptive tool, yeast is currently also used in COVID-19 research. Deep mutagenesis
on the SARS-CoV-2 spike protein receptor binding domain (RBD) was performed to characterize mutant variants in human ACE2 receptor
and antibody binding. (A-B) Icons with dark blue background: observable; Icons with light blue background: readout; MS: mass spectrome-

try; PPI: protein-protein-interaction.

these perturbations result in cellular phenotypes remains
an open question.

These studies suggest that interaction disruptive coding
variation is surprisingly widespread and that individual
variation does affect protein interaction patterns. This can
be particularly relevant when assessing cancer mutations
for their potential impact on disease pathogenesis. There-
fore, a pivotal next generation goal in interactome map-
ping is to assay all possible variants for their effect on pro-
tein interactions [147, 158, 159]. Deep mutagenesis ap-
proaches [12] in combination with stringent protein inter-
action assays in yeast, provide comprehensive mutational
profiles about selected interaction pairs. The key idea is to
use deep mutagenesis pools that at best contain all single
amino acid variants of a protein and test for selective pro-
tein interaction perturbation. Enrichment of interacting or
non-interacting protein pairs is for example achieved
through yeast growth selection or fluorescence sorting
(Figure 2D and 3A-B). Enrichment scores for each and eve-
ry variant can be determined that indicate whether substi-
tutions have an effect on protein binding or not [160], ef-
fectively creating an interaction-centric variant catalog for
a protein.
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With these catalogs in hand various analytical routes
have been taken. One of the first studies combined muta-
tional scanning data obtained in yeast with natural varia-
tion to study evolutionary paths of deleterious substitu-
tions in the Pab1[RRM2]-elFAG interaction [161]. Another,
bacterial-2H based study compared hRAS mutational Raf
interaction perturbation pattern with evolutionary se-
quence variation in the vertebrate lineage [162]. As de-
scribed above, using deep mutagenic pools of BRCA1, Stari-
ta et al. assayed BARD1 binding capacities in a Y2H analysis
in parallel to E3 ligase-dependent autoubiquitination activi-
ties. These data fed into models to predict the capacities of
full-length BRCA1 variants in homology-directed DNA re-
pair [142]. While individual protein interaction pairs have
been mapped through deep mutagenesis approaches, a
study focusing on several interactions in a large human
protein complex demonstrated that deep mutagenesis can
be performed at a larger scale. A sensitive reverse Y2H-
based ‘off switch’ for positive selection of interaction-
disruptive variants through yeast growth from deep muta-
genesis libraries was developed with the perspective to go
beyond the single pair protein domain analyses. More than
1,000 interaction-disrupting amino acid mutations across
eight subunits and nine interactions of the 0.5 MDa cilial
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BBSome complex were defined [163]. The network did
support the elucidation of high-resolution structure of the
complex [164], while the variant perturbation information
can inform the functional assessment of BBSome disease
mutations mapped in Bardet-Biedl syndrome [163]. How-
ever, deep mutagenesis approaches also show the capacity
to move beyond assigned single amino acid mutations to
the assessment of epistatic combinations of mutations. In
yeast, more than 120,000 pairs of point mutations in the
leucine zipper FOS and JUN interaction were subjected to
selection through protein complementation and deep se-
quencing. The results demonstrated how physical interac-
tions quantitatively relate to genetic interactions i.e. how
two single mutations that affect the PPl combine [165].
The relative fraction of double mutant pairs that weaken
(negative interaction) or strengthen (positive interaction)
the FOS-JUN leucine zipper interaction is around 5% with a
prevalence for cis genetic interactions and strongly deter-
mined by proximity in the PPl interface.

While the large-scale PPl mapping task as such [166,
167] is distributed between mass spectrometry based ap-
proaches in human cell lines [168] and Y2H techniques
[169], the next frontier — studying the effects of coding
variation on molecular interactions — is currently more or
less exclusively approached with yeast PPI assays.

SARS-Cov-2 spike protein variants modulate ACE2 recep-
tor and antibody interaction

Recently, yeast genetics in combination with deep muta-
tional scanning was the basis of outstanding research ap-
proaches related to the SARS-CoV-2 virus pandemic (Figure
3B). Starr et al. used yeast surface display for characteriz-
ing the SARS-CoV-2 spike protein interaction with the hu-
man receptor ACE2 [170] and human antibodies [171]. The
receptor binding domain (RBD, aa 331-531) of spike pro-
tein, which mediates binding to ACE2 receptor, can be ex-
pressed on the yeast cell surface. The Bloom group inte-
grated such a yeast protein-display system with deep mu-
tational scanning to determine how each and every amino
acid mutation in the SARS-CoV-2 spike-RBD impacts ex-
pression and its binding affinity for human ACE2 using flu-
orescently labeled RBD and ACE2 respectively. Intriguingly,
this protein interaction deep mutational scanning ap-
proach provided a detailed molecular picture of variants
that influence the RBD-ACE2 interaction and revealed the
N501F and N501Y amino acid substitutions among the top

four variants that strongly increase RBD-ACE?2 affinity [170].

The latter spike protein variant, known as B.1.1.7 SARS-
CoV-2 strain, indeed spread worldwide. The deeply muta-
genized spike-RBD pool displayed on yeast was also em-
ployed to map antibody interactions, both to characterize
commercially therapeutic antibodies such as the REGN-
COV2 and Ly-CoV016 antibodies, as well as antibody bind-
ing from human sera. The mutational scanning readout of
the antibody interactions comprehensively characterizes
antibody escape mutations in the spike RBD domain (such
as E406W or F486l) which may be important in under-
standing how mutations observed during viral surveillance
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impact the efficacy of antibody treatments or the immune
response to vaccines.

CONCLUSION

Through continuous improvement of yeast systems and
substantial advances in genome scale screening approach-
es, yeast serves as a prime tool in molecular biology and
human genetics. The rapid adaption to urgent research
questions like in the current SARS-CoV-2 pandemic high-
lights its flexibility and broad, almost universal applicability
in various fields of research. Here we emphasized deep
mutational scanning approaches in yeast to comprehen-
sively characterize coding variation in particular amino acid
substitutions of unknown significance in cancer proteins.
These protein activities can be conveniently selected be-
cause the activity is absent in yeast nevertheless causing a
phenotype. On the other hand, using deep mutational
scanning in protein interaction research provides a uniform,
more general approach to study the impact of genetic vari-
ation on cellular protein function. However, mutations can
impact several features of proteins. Therefore, an integrat-
ed combination of different yeast assays has the potential
to fully characterize coding variation. Various features of
proteins have been exploited in deep mutational scanning
approaches  quantitively  assaying  protein  fold-
ing/abundance [172, 173], interaction [142, 163], aggrega-
tion [14], enzymatic activity [44], degradation/stability
[174], transcriptional activity [126] and phase transition
[14]. The combination of broadly applicable yeast assays
will lead to quantitative characterization of all single mu-
tant variants of human proteins, bridging the gap between
genomic variation and protein function. Moreover, quanti-
fying the activity of single- and double-mutant variants of a
protein has revealed epistatic relationships. Interestingly,
epistatic relationships between mutations, i.e. combina-
tions of mutations that show a quantitative yeast readout
different to the model prediction of the combined single
mutant variants, were demonstrated to provide enough
information to determine the three-dimensional backbone
structure of the protein de novo [175, 176]. Deep muta-
tional scanning approaches coupled to combinations of
yeast phenotypic selection clearly show new directions for
a comprehensive and quantitative biology of human pro-
tein function.

ACKNOWLEDGMENTS

This work was supported by the Austrian Science Fund FWF
(P30162, P34316); the doc.fund Molecular Metabolism (DOC
50) funded by the Austrian Science Fund (FWF), the Land Stei-
ermark and the City of Graz; the University of Graz (Field of
Excellence BioHealth).

CONFLICT OF INTEREST
The authors declare no conflict of interest.

Microbial Cell | AUGUST 2021 | Vol. 8 No. 8



C.S. Moesslacher et al. (2021)

COPYRIGHT

© 2021 Moesslacher et al. This is an open-access article
released under the terms of the Creative Commons Attrib-
ution (CC BY) license, which allows the unrestricted use,
distribution, and reproduction in any medium, provided
the original author and source are acknowledged.

REFERENCES

1. Laurent JM, Young JH, Kachroo AH, Marcotte EM (2016). Efforts to
make and apply humanized yeast. Brief Funct Genomics 15(2): 155—
163. doi: 10.1093/bfgp/elv041

2. Dunham MJ, Fowler DM (2013). Contemporary, yeast-based ap-
proaches to understanding human genetic variation. Curr Opin Genet
Dev 23(6): 658-664. doi: 10.1016/j.gde.2013.10.001

3. Skrzypek MS, Nash RS, Wong ED, MacPherson KA, Hellerstedt ST,
Engel SR, Karra K, Weng S, Sheppard TK, Binkley G, Simison M,
Miyasato SR, Cherry JM (2018). Saccharomyces genome database
informs human biology. Nucleic Acids Res 46(D1): D736-D742. doi:
10.1093/nar/gkx1112

4. Laukens B, Visscher C de, Callewaert N (2015). Engineering yeast for
producing human glycoproteins: where are we now? Future Microbiol
10(1): 21-34. doi: 10.2217/FMB.14.104

5. Busti S, Sacco E, Martegani E, Vanoni M (2008). Functional coupling
of the mammalian EGF receptor to the Ras/cAMP pathway in the
yeast Saccharomyces cerevisiae. Curr Genet 53(3): 153-162. doi:
10.1007/s00294-007-0173-7

6. Weile J, Sun S, Cote AG, Knapp J, Verby M, Mellor JC, Wu Y, Pons C,
Wong C, van Lieshout N, Yang F, Tasan M, Tan G, Yang S, Fowler DM,
Nussbaum R, Bloom JD, Vidal M, Hill DE, Aloy P, Roth FP (2017). A
framework for exhaustively mapping functional missense variants.
Mol Syst Biol 13(12): 957. doi: 10.15252/msb.20177908

7. Khurana V, Lindquist S (2010). Modelling neurodegeneration in
Saccharomyces cerevisiae: why cook with baker’s yeast? Nat Rev
Neurosci 11(6): 436—449. doi: 10.1038/nrn2809

8. Tenreiro S, Outeiro TF (2010). Simple is good: yeast models of neu-
rodegeneration. FEMS Yeast Res 10(8): 970-979. doi: 10.1111/j.1567-
1364.2010.00649.x

9. Sherman MY, Muchowski PJ (2003). Making Yeast Tremble: Yeast
Models as Tools to Study Neurodegenerative Disorders. NMM 4(1-2):
133-146. doi: 10.1385/nmm:4:1-2:133

10. Bonini NM, Gitler AD (2011). Model organisms reveal insight into
human neurodegenerative disease: ataxin-2 intermediate-length
polyglutamine expansions are a risk factor for ALS. J Mol Neurosci
45(3): 676-683. doi: 10.1007/s12031-011-9548-9

11. Menezes R, Tenreiro S, Macedo D, Santos CN, Outeiro TF (2015).
From the baker to the bedside: yeast models of Parkinson’s disease.
Microb Cell 2(8): 262—-279. doi: 10.15698/mic2015.08.219

12. Fowler DM, Fields S (2014). Deep mutational scanning: a new style
of protein science. Nat Methods 11(8): 801-807. doi:
10.1038/nmeth.3027

13. Shendure J, Fields S (2016). Massively Parallel Genetics. Genetics
203(2): 617-619. doi: 10.1534/genetics.115.180562

14. Bolognesi B, Faure AJ, Seuma M, Schmiedel JM, Tartaglia GG,
Lehner B (2019). The mutational landscape of a prion-like domain. Nat
Commun 10(1): 4162. doi: 10.1038/s41467-019-12101-z

15. Seuma M, Faure AJ, Badia M, Lehner B, Bolognesi B (2021). The
genetic landscape for amyloid beta fibril nucleation accurately dis-

OPEN ACCESS | www.microbialcell.com 177

Human PTMs and genetic variation in yeast

Please cite this article as: Christina S. Moesslacher, Johanna M.
Kohlmayr and Ulrich Stelzl (2021). Exploring absent protein func-
tion in yeast: assaying post translational modification and human
genetic variation. Microbial Cell 8(8): 164-183. doi:
10.15698/mic2021.08.756

criminates familial Alzheimer’s disease mutations. Elife 10: e63364.
doi: 10.7554/elife.63364

16. Smith ZD, Meissner A (2013). DNA methylation: roles in mammali-
an development. Nat Rev Genet 14(3): 204-220. doi:
10.1038/nrg3354

17. Baylin SB, Jones PA (2011). A decade of exploring the cancer
epigenome - biological and translational implications. Nat Rev Cancer
11(10): 726-734. doi: 10.1038/nrc3130

18. Zhao R, Choi BY, Lee M-H, Bode AM, Dong Z (2016). Implications of
Genetic and Epigenetic Alterations of CDKN2A (p16(INK4a)) in Cancer.
EBioMedicine 8: 30-39. doi: 10.1016/j.ebiom.2016.04.017

19. Capuano F, Milleder M, Kok R, Blom HJ, Ralser M (2014). Cytosine
DNA methylation is found in Drosophila melanogaster but absent in
Saccharomyces cerevisiae, Schizosaccharomyces pombe, and other
yeast species. Anal Chem 86(8): 3697—3702. doi: 10.1021/ac500447w

20. Hu J-L, Zhou BO, Zhang R-R, Zhang K-L, Zhou J-Q, Xu G-L (2009).
The N-terminus of histone H3 is required for de novo DNA methyla-
tion in chromatin. Proc Natl Acad Sci U S A 106(52): 22187-22192.
doi: 10.1073/pnas.0905767106

21. Morselli M, Pastor WA, Montanini B, Nee K, Ferrari R, Fu K, Bonora
G, Rubbi L, Clark AT, Ottonello S, Jacobsen SE, Pellegrini M (2015). In
vivo targeting of de novo DNA methylation by histone modifications in
yeast and mouse. Elife 4: €06205. doi: 10.7554/eLife.06205

22. Finnegan Al, Kim S, Jin H, Gapinske M, Woods WS, Perez-Pinera P,
Song JS (2020). Epigenetic engineering of yeast reveals dynamic mo-
lecular adaptation to methylation stress and genetic modulators of
specific DNMT3 family members. Nucleic Acids Res 48(8): 4081-4099.
doi: 10.1093/nar/gkaal6l

23. Millar CB, Grunstein M (2006). Genome-wide patterns of histone
modifications in yeast. Nat Rev Mol Cell Biol 7(9): 657-666. doi:
10.1038/nrm1986

24. Manning G, Whyte DB, Martinez R, Hunter T, Sudarsanam S
(2002). The protein kinase complement of the human genome. Sci-
ence 298(5600): 1912-1934. doi: 10.1126/science.1075762

25. Gnad F, de Godoy, Lyris M F, Cox J, Neuhauser N, Ren S, Olsen JV,
Mann M (2009). High-accuracy identification and bioinformatic analy-
sis of in vivo protein phosphorylation sites in yeast. Proteomics 9(20):
4642-4652. doi: 10.1002/pmic.200900144

26. Madeo F, Schlauer J, Zischka H, Mecke D, Frohlich KU (1998). Tyro-
sine phosphorylation regulates cell cycle-dependent nuclear localiza-
tion of Cdc48p. Mol Biol Cell 9(1): 131-141. doi: 10.1091/mbc.9.1.131

27. Mollapour M, Tsutsumi S, Donnelly AC, Beebe K, Tokita MJ, Lee M-
J, Lee S, Morra G, Bourboulia D, Scroggins BT, Colombo G, Blagg BS,
Panaretou B, Stetler-Stevenson WG, Trepel JB, Piper PW, Prodromou
C, Pearl LH, Neckers L (2010). SwelWeel-dependent tyrosine phos-
phorylation of Hsp90 regulates distinct facets of chaperone function.
Mol Cell 37(3): 333-343. doi: 10.1016/j.molcel.2010.01.005

28. Schieven G, Thorner J, Martin GS (1986). Protein-tyrosine kinase
activity in Saccharomyces cerevisiae. Science 231(4736): 390-393. doi:
10.1126/science.2417318

Microbial Cell | AUGUST 2021 | Vol. 8 No. 8



C.S. Moesslacher et al. (2021)

29. Hunter T, Plowman GD (1997). The protein kinases of budding
yeast: six score and more. Trends Biochem Sci 22(1): 18-22. doi:
10.1016/s0968-0004(96)10068-2

30. Florio M, Wilson LK, Trager JB, Thorner J, Martin GS (1994). Aber-
rant protein phosphorylation at tyrosine is responsible for the growth-
inhibitory action of pp60v-src expressed in the yeast Saccharomyces
cerevisiae. Mol Biol Cell 5(3): 283-296. doi: 10.1091/mbc.5.3.283

31. Brugge JS, Jarosik G, Andersen J, Queral-Lustig A, Fedor-Chaiken
M, Broach JR (1987). Expression of Rous sarcoma virus transforming
protein pp60v-src in Saccharomyces cerevisiae cells. Mol Cell Biol
7(6): 2180-2187. doi: 10.1128/mcb.7.6.2180-2187.1987

32. Kornbluth S, Jove R, Hanafusa H (1987). Characterization of avian
and viral p60src proteins expressed in yeast. Proc Natl Acad Sci U S A
84(13): 4455-4459. doi: 10.1073/pnas.84.13.4455

33. Cooper JA, MacAuley A (1988). Potential positive and negative
autoregulation of p60c-src by intermolecular autophosphorylation.
Proc Natl Acad Sci U S A 85(12): 4232-4236. doi:
10.1073/pnas.85.12.4232

34. Nada S, Okada M, MacAuley A, Cooper JA, Nakagawa H (1991).
Cloning of a complementary DNA for a protein-tyrosine kinase that
specifically phosphorylates a negative regulatory site of p60c-src.
Nature 351(6321): 69-72. doi: 10.1038/351069a0

35. Weir ME, Mann JE, Corwin T, Fulton ZW, Hao JM, Maniscalco JF,
Kenney MC, Roman Roque KM, Chapdelaine EF, Stelzl U, Deming PB,
Ballif BA, Hinkle KL (2016). Novel autophosphorylation sites of Src
family kinases regulate kinase activity and SH2 domain-binding capaci-
ty. FEBS Lett 590(8): 1042-1052. doi: 10.1002/1873-3468.12144

36. Murphy SM, Bergman M, Morgan DO (1993). Suppression of c-Src
activity by C-terminal Src kinase involves the c-Src SH2 and SH3 do-
mains: analysis with Saccharomyces cerevisiae. Mol Cell Biol 13(9):
5290-5300. doi: 10.1128/mcb.13.9.5290-5300.1993

37. Superti-Furga G, Fumagalli S, Koegl M, Courtneidge SA, Draetta G
(1993). Csk inhibition of c-Src activity requires both the SH2 and SH3
domains of Src. EMBO J 12(7): 2625-2634. doi: 10.1002/j.1460-
2075.1993.tb05923.x

38. Takashima Y, Delfino FJ, Engen JR, Superti-Furga G, Smithgall TE
(2003). Regulation of c-Fes tyrosine kinase activity by coiled-coil and
SH2 domains: analysis with Saccharomyces cerevisiae. Biochemistry
42(12): 3567-3574. doi: 10.1021/bi0272499

39. Lerner EC, Trible RP, Schiavone AP, Hochrein JM, Engen JR, Smith-
gall TE (2005). Activation of the Src family kinase Hck without SH3-
linker release. J Biol Chem 280(49): 40832-40837. doi:
10.1074/jbc.M508782200

40. Pluk H, Dorey K, Superti-Furga G (2002). Autoinhibition of c-Abl.
Cell 108(2): 247-259. doi: 10.1016/s0092-8674(02)00623-2

41. Montalibet J, Kennedy BP (2004). Using yeast to screen for inhibi-
tors of protein tyrosine phosphatase 1B. Biochem Pharmacol 68(9):
1807-1814. doi: 10.1016/j.bcp.2004.06.024

42. Koyama M, Saito S, Nakagawa R, Katsuyama |, Hatanaka M,
Yamamoto T, Arakawa T, Tokunag M (2006). Expression of human
tyrosine kinase, Lck, in yeast Saccharomyces cerevisiae: growth sup-
pression and strategy for inhibitor screening. Protein Pept Lett 13(9):
915-920. doi: 10.2174/092986606778256216

43, Harris LK, Frumm SM, Bishop AC (2013). A general assay for moni-
toring the activities of protein tyrosine phosphatases in living eukary-
otic cells. Anal Biochem 435(2): 99-105. doi:
10.1016/j.ab.2012.12.025

44. Ahler E, Register AC, Chakraborty S, Fang L, Dieter EM, Sitko KA,
Vidadala RSR, Trevillian BM, Golkowski M, Gelman H, Stephany JJ,
Rubin AF, Merritt EA, Fowler DM, Maly DJ (2019). A Combined Ap-

OPEN ACCESS | www.microbialcell.com 178

Human PTMs and genetic variation in yeast

proach Reveals a Regulatory Mechanism Coupling Src’s Kinase Activi-
ty, Localization, and Phosphotransferase-Independent Functions. Mol
Cell 74(2): 393-408.€20. doi: 10.1016/j.molcel.2019.02.003

45. Corwin T, Woodsmith J, Apelt F, Fontaine J-F, Meierhofer D,
Helmuth J, Grossmann A, Andrade-Navarro MA, Ballif BA, Stelzl U
(2017). Defining Human Tyrosine Kinase Phosphorylation Networks
Using Yeast as an In Vivo Model Substrate. Cell Syst 5(2): 128-139.e4.
doi: 10.1016/j.cels.2017.08.001

46. Kritzer JA, Freyzon Y, Lindquist S (2018). Yeast can accommodate
phosphotyrosine: v-Src toxicity in yeast arises from a single disrupted
pathway. FEMS Yeast Res 18(3): foy027. doi: 10.1093/femsyr/foy027

47. Grossmann A, Benlasfer N, Birth P, Hegele A, Wachsmuth F, Apelt
L, Stelzl U (2015). Phospho-tyrosine dependent protein-protein inter-
action network. Mol Syst Biol 11(3): 794. doi:
10.15252/msb.20145968

48. Wagih O, Reimand J, Bader GD (2015). MIMP: predicting the im-
pact of mutations on kinase-substrate phosphorylation. Nat Methods
12(6): 531-533. doi: 10.1038/nmeth.3396

49. Deng Y, Alicea-Veldzquez NL, Bannwarth L, Lehtonen SI, Boggon TJ,
Cheng H-C, Hyténen VP, Turk BE (2014). Global analysis of human
nonreceptor tyrosine kinase specificity using high-density peptide
microarrays. J Proteome Res 13(10): 4339-4346. doi:
10.1021/pr500503q

50. Horn H, Schoof EM, Kim J, Robin X, Miller ML, Diella F, Palma A,
Cesareni G, Jensen LJ, Linding R (2014). KinomeXplorer: an integrated
platform for kinome biology studies. Nat Methods 11(6): 603-604.
doi: 10.1038/nmeth.2968

51. Bodenmiller B, Wanka S, Kraft C, Urban J, Campbell D, Pedrioli PG,
Gerrits B, Picotti P, Lam H, Vitek O, Brusniak M-Y, Roschitzki B, Zhang
C, Shokat KM, Schlapbach R, Colman-Lerner A, Nolan GP, Nesvizhskii
Al, Peter M, Loewith R, Mering C von, Aebersold R (2010). Phospho-
proteomic analysis reveals interconnected system-wide responses to
perturbations of kinases and phosphatases in yeast. Sci Signal 3(153):
rs4. doi: 10.1126/scisignal.2001182

52. LiJ, Paulo JA, Nusinow DP, Huttlin EL, Gygi SP (2019). Investigation
of Proteomic and Phosphoproteomic Responses to Signaling Network
Perturbations Reveals Functional Pathway Organizations in Yeast. Cell
Rep 29(7): 2092-2104.e4. doi: 10.1016/j.celrep.2019.10.034

53. Matsuoka S, Ballif BA, Smogorzewska A, McDonald ER, Hurov KE,
Luo J, Bakalarski CE, Zhao Z, Solimini N, Lerenthal Y, Shiloh Y, Gygi SP,
Elledge SJ (2007). ATM and ATR substrate analysis reveals extensive
protein networks responsive to DNA damage. Science 316(5828):
1160-1166. doi: 10.1126/science.1140321

54. Rigbolt KT, Prokhorova TA, Akimov V, Henningsen J, Johansen PT,
Kratchmarova I, Kassem M, Mann M, Olsen JV, Blagoev B (2011). Sys-
tem-wide temporal characterization of the proteome and phospho-
proteome of human embryonic stem cell differentiation. Sci Signal
4(164): rs3. doi: 10.1126/scisignal.2001570

55. Vinayagam A, Stelzl U, Foulle R, Plassmann S, Zenkner M, Timm J,
Assmus HE, Andrade-Navarro MA, Wanker EE (2011). A directed pro-
tein interaction network for investigating intracellular signal transduc-
tion. Sci Signal 4(189): rs8. doi: 10.1126/scisignal.2001699

56. Lundby A, Andersen MN, Steffensen AB, Horn H, Kelstrup CD,
Francavilla C, Jensen LJ, Schmitt N, Thomsen MB, Olsen JV (2013). In
vivo phosphoproteomics analysis reveals the cardiac targets of B-
adrenergic receptor signaling. Sci Signal 6(278): rsl1l. doi:
10.1126/scisignal.2003506

57. Lundby A, Franciosa G, Emdal KB, Refsgaard JC, Gnosa SP, Bekker-
Jensen DB, Secher A, Maurya SR, Paul |, Mendez BL, Kelstrup CD, Fran-
cavilla C, Kveiborg M, Montoya G, Jensen LJ, Olsen JV (2019). Onco-
genic Mutations Rewire Signaling Pathways by Switching Protein Re-

Microbial Cell | AUGUST 2021 | Vol. 8 No. 8



C.S. Moesslacher et al. (2021)

cruitment to Phosphotyrosine Sites. Cell 179(2): 543-560.e26. doi:
10.1016/j.cell.2019.09.008

58. Varjosalo M, Keskitalo S, van Drogen A, Nurkkala H, Vichalkovski A,
Aebersold R, Gstaiger M (2013). The protein interaction landscape of
the human CMGC kinase group. Cell Rep 3(4): 1306-1320. doi:
10.1016/j.celrep.2013.03.027

59. Invergo BM, Petursson B, Akhtar N, Bradley D, Giudice G, Hijazi M,
Cutillas P, Petsalaki E, Beltrao P (2020). Prediction of Signed Protein
Kinase Regulatory Circuits. Cell Syst 10(5): 384-396.e9. doi:
10.1016/j.cels.2020.04.005

60. Ochoa D, Jonikas M, Lawrence RT, El Debs B, Selkrig J, Typas A,
Villén J, Santos SD, Beltrao P (2016). An atlas of human kinase regula-
tion. Mol Syst Biol 12(12): 888. doi: 10.15252/msb.20167295

61. Needham EJ, Parker BL, Burykin T, James DE, Humphrey SJ (2019).
llluminating the dark phosphoproteome. Sci Signal 12(565):
eaau8645. doi: 10.1126/scisignal.aau8645

62. Ubersax JA, Ferrell JE (2007). Mechanisms of specificity in protein
phosphorylation. Nat Rev Mol Cell Biol 8(7): 530-541. doi:
10.1038/nrm2203

63. Ochoa D, Bradley D, Beltrao P (2018). Evolution, dynamics and
dysregulation of kinase signalling. Curr Opin Struct Biol 48: 133-140.
doi: 10.1016/j.sbi.2017.12.008

64. Begley MJ, Yun C, Gewinner CA, Asara JM, Johnson JL, Coyle AJ,
Eck MJ, Apostolou |, Cantley LC (2015). EGF-receptor specificity for
phosphotyrosine-primed substrates provides signal integration with
Src. Nat Struct Mol Biol 22(12): 983-990. doi: 10.1038/nsmb.3117

65. Friedman A, Perrimon N (2007). Genetic screening for signal
transduction in the era of network biology. Cell 128(2): 225-231. doi:
10.1016/j.cell.2007.01.007

66. Landry CR, Levy ED, Michnick SW (2009). Weak functional con-
straints on phosphoproteomes. Trends Genet 25(5): 193-197. doi:
10.1016/j.tig.2009.03.003

67. Jgrgensen C, Linding R (2010). Simplistic pathways or complex
networks? Curr Opin Genet Dev 20(1): 15-22. doi:
10.1016/j.gde.2009.12.003

68. Woodsmith J, Kamburov A, Stelzl U (2013). Dual coordination of
post translational modifications in human protein networks. PLoS
Comput Biol 9(3): €1002933. doi: 10.1371/journal.pchi.1002933

69. Rack JGM, Palazzo L, Ahel | (2020). (ADP-ribosyl)hydrolases: struc-
ture, function, and biology. Genes Dev 34(5-6): 263-284. doi:
10.1101/gad.334631.119

70. Gibson BA, Kraus WL (2012). New insights into the molecular and
cellular functions of poly(ADP-ribose) and PARPs. Nat Rev Mol Cell
Biol 13(7): 411-424. doi: 10.1038/nrm3376

71. Alemasova EE, Lavrik Ol (2019). Poly(ADP-ribosyl)ation by PARP1:
reaction mechanism and regulatory proteins. Nucleic Acids Res 47(8):
3811-3827. doi: 10.1093/nar/gkz120

72. Bryant HE, Schultz N, Thomas HD, Parker KM, Flower D, Lopez E,
Kyle S, Meuth M, Curtin NJ, Helleday T (2005). Specific killing of
BRCA2-deficient tumours with inhibitors of poly(ADP-ribose) polymer-
ase. Nature 434(7035): 913-917. doi: 10.1038/nature03443

73. Farmer H, McCabe N, Lord CJ, Tutt ANJ, Johnson DA, Richardson
TB, Santarosa M, Dillon KJ, Hickson I, Knights C, Martin NMB, Jackson
SP, Smith GCM, Ashworth A (2005). Targeting the DNA repair defect in
BRCA mutant cells as a therapeutic strategy. Nature 434(7035): 917—
921. doi: 10.1038/nature03445

74. Perina D, Miko€ A, Ahel J, Cetkovié H, Zaja R, Ahel | (2014). Distri-
bution of protein poly(ADP-ribosyl)ation systems across all domains of
life. DNA Repair 23: 4-16. doi: 10.1016/j.dnarep.2014.05.003

OPEN ACCESS | www.microbialcell.com 179

Human PTMs and genetic variation in yeast

75. Kaiser P, Auer B, Schweiger M (1992). Inhibition of cell prolifera-
tion in Saccharomyces cerevisiae by expression of human NAD+ ADP-
ribosyltransferase requires the DNA binding domain (“zinc fingers”).
Mol Gen Genet 232(2): 231-239. doi: 10.1007/bf00280001

76. Rissel D, Heym PP, Peiter E (2017). A yeast growth assay to charac-
terize plant poly(ADP-ribose) polymerase (PARP) proteins and inhibi-
tors. Anal Biochem 527: 20-23. doi: 10.1016/j.ab.2017.04.002

77. Tao Z, Gao P, Liu H-W (2009). Studies of the expression of human
poly(ADP-ribose) polymerase-1 in Saccharomyces cerevisiae and iden-
tification of PARP-1 substrates by yeast proteome microarray screen-
ing. Biochemistry 48(49): 11745-11754. doi: 10.1021/bi901387k

78. Collinge MA, Althaus FR (1994). Expression of human poly(ADP-
ribose) polymerase in Saccharomyces cerevisiae. Mol Gen Genet
245(6): 686—693. doi: 10.1007/bf00297275

79. Perkins E, Sun D, Nguyen A, Tulac S, Francesco M, Tavana H, Ngu-
yen H, Tugendreich S, Barthmaier P, Couto J, Yeh E, Thode S, Jarnagin
K, Jain A, Morgans D, Melese T (2001). Novel inhibitors of poly(ADP-
ribose) polymerase/PARP1 and PARP2 identified using a cell-based
screen in yeast. Cancer Res 61(10): 4175-4183. PMID: 11358842

80. La Ferla M, Mercatanti A, Rocchi G, Lodovichi S, Cervelli T, Pignata
L, Caligo MA, Galli A (2015). Expression of human poly (ADP-ribose)
polymerase 1 in Saccharomyces cerevisiae: Effect on survival, homol-
ogous recombination and identification of genes involved in intracellu-
lar localization. Mutat Res 774: 14-24. doi:
10.1016/j.mrfmmm.2015.02.006

81. Lodovichi S, Mercatanti A, Cervelli T, Galli A (2019). Computational
analysis of data from a genome-wide screening identifies new PARP1
functional interactors as potential therapeutic targets. Oncotarget
10(28): 2722-2737. doi: 10.18632/oncotarget.26812

82. O’Brien JB, Wilkinson JC, Roman DL (2019). Regulator of G-protein
signaling (RGS) proteins as drug targets: Progress and future poten-
tials. J Biol Chem 294(49): 18571-18585. doi:
10.1074/jbc.REV119.007060

83. Chan RK, Otte CA (1982). Isolation and genetic analysis of Saccha-
romyces cerevisiae mutants supersensitive to G1 arrest by a factor
and alpha factor pheromones. Mol Cell Biol 2(1): 11-20. doi:
10.1128/mcb.2.1.11

84. Chan RK, Otte CA (1982). Physiological characterization of Saccha-
romyces cerevisiae mutants supersensitive to G1 arrest by a factor
and alpha factor pheromones. Mol Cell Biol 2(1): 21-29. doi:
10.1128/mcb.2.1.21

85. Dohlman HG, Song J, Ma D, Courchesne WE, Thorner J (1996).
Sst2, a negative regulator of pheromone signaling in the yeast Saccha-
romyces cerevisiae: expression, localization, and genetic interaction
and physical association with Gpal (the G-protein alpha subunit). Mol
Cell Biol 16(9): 5194-5209. doi: 10.1128/mch.16.9.5194

86. Apanovitch DM, Slep KC, Sigler PB, Dohlman HG (1998). Sst2 is a
GTPase-activating protein for Gpal: purification and characterization
of a cognate RGS-Galpha protein pair in yeast. Biochemistry 37(14):
4815-4822. doi: 10.1021/bi9729965

87. Ladds G, Goddard A, Davey J (2005). Functional analysis of heter-
ologous GPCR signalling pathways in yeast. Trends Biotechnol 23(7):
367-373. doi: 10.1016/j.tibtech.2005.05.007

88. Cismowski MJ, Takesono A, Ma C, Lizano JS, Xie X, Fuernkranz H,
Lanier SM, Duzic E (1999). Genetic screens in yeast to identify mam-
malian nonreceptor modulators of G-protein signaling. Nat Biotechnol
17(9): 878-883. doi: 10.1038/12867

89. Hiskens R, Vatish M, Hill C, Davey J, Ladds G (2005). Specific in vivo
binding of activator of G protein signalling 1 to the Gbetal subunit.
Biochem Biophys Res Commun 337(4): 1038-1046. doi:
10.1016/j.bbrc.2005.09.149

Microbial Cell | AUGUST 2021 | Vol. 8 No. 8



C.S. Moesslacher et al. (2021)

90. DiGiacomo V, Maziarz M, Luebbers A, Norris JM, Laksono P, Gar-
cia-Marcos M (2020). Probing the mutational landscape of regulators
of G protein signaling proteins in cancer. Sci Signal 13(617): eaax8620.
doi: 10.1126/scisignal.aax8620

91. Vanhaesebroeck B, Guillermet-Guibert J, Graupera M, Bilanges B
(2010). The emerging mechanisms of isoform-specific PI3K signalling.
Nat Rev Mol Cell Biol 11(5): 329-341. doi: 10.1038/nrm2882

92. Rodriguez-Escudero |, Roelants FM, Thorner J, Nombela C, Molina
M, Cid VJ (2005). Reconstitution of the mammalian PI3K/PTEN/Akt
pathway in yeast. Biochem J 390(Pt 2): 613-623. doi:
10.1042/bj20050574

93. Eng C (2003). PTEN: one gene, many syndromes. Hum Mutat
22(3): 183-198. doi: 10.1002/humu.10257

94. Martincorena |, Raine KM, Gerstung M, Dawson KJ, Haase K, van
Loo P, Davies H, Stratton MR, Campbell PJ (2017). Universal Patterns
of Selection in Cancer and Somatic Tissues. Cell 171(5): 1029-
1041.e21. doi: 10.1016/j.cell.2017.09.042

95. Coronas-Serna JM, Fernandez-Acero T, Molina M, Cid VJ (2018). A
humanized yeast-based toolkit for monitoring phosphatidylinositol 3-
kinase activity at both single cell and population levels. Microb Cell
5(12): 545-554. doi: 10.15698/mic2018.12.660

96. Coronas-Serna JM, Valenti M, Del Val E, Fernandez-Acero T,
Rodriguez-Escudero |, Mingo J, Luna S, Torices L, Pulido R, Molina M,
Cid VJ (2020). Modeling human disease in yeast: recreating the PI3K-
PTEN-Akt signaling pathway in Saccharomyces cerevisiae. Int
Microbiol 23(1): 75-87. doi: 10.1007/s10123-019-00082-4

97. Oliver MD, Fernandez-Acero T, Luna S, Rodriguez-Escudero |,
Molina M, Pulido R, Cid VJ (2017). Insights into the pathological mech-
anisms of p85a mutations using a yeast-based phosphatidylinositol 3-
kinase  model. Biosci Rep 37(2): BSR20160258. doi:
10.1042/bsr20160258

98. Rodriguez-Escudero I, Fernandez-Acero T, Cid VJ, Molina M (2018).
Heterologous mammalian Akt disrupts plasma membrane homeosta-
sis by taking over TORC2 signaling in Saccharomyces cerevisiae. Sci
Rep 8(1): 7732. doi: 10.1038/s41598-018-25717-w

99. Zunder ER, Knight ZA, Houseman BT, Apsel B, Shokat KM (2008).
Discovery of drug-resistant and drug-sensitizing mutations in the
oncogenic PI3K isoform p110 alpha. Cancer Cell 14(2): 180-192. doi:
10.1016/j.ccr.2008.06.014

100. Fernandez-Acero T, Rodriguez-Escudero |, Vicente F, Monteiro
MC, Tormo JR, Cantizani J, Molina M, Cid VJ (2012). A yeast-based in
vivo bioassay to screen for class | phosphatidylinositol 3-kinase specif-
ic inhibitors. J Biomol Screen 17(8): 1018-1029. doi:
10.1177/1087057112450051

101. Fernandez-Acero T, Bertalmio E, Luna S, Mingo J, Bravo-Plaza |,
Rodriguez-Escudero |, Molina M, Pulido R, Cid VJ (2019). Expression of
Human PTEN-L in a Yeast Heterologous Model Unveils Specific N-
Terminal Motifs Controlling PTEN-L Subcellular Localization and Func-
tion. Cells 8(12): 1512. doi: 10.3390/cells8121512

102. Rodriguez-Escudero |, Oliver MD, Andrés-Pons A, Molina M, Cid
VJ, Pulido R (2011). A comprehensive functional analysis of PTEN mu-
tations: implications in tumor- and autism-related syndromes. Hum
Mol Genet 20(21): 4132-4142. doi: 10.1093/hmg/ddr337

103. Luna S, Torices L, Mingo J, Amo L, Rodriguez-Escudero |, Ruiz-
Ibarlucea P, Erramuzpe A, Cortés JM, Tejada MI, Molina M, Nunes-
Xavier CE, Lépez JI, Cid VJ, Pulido R (2021). A global analysis of the
reconstitution of PTEN function by translational readthrough of PTEN
pathogenic premature termination codons. Hum Mutat 42(5): 551—
566. doi: 10.1002/humu.24186

104. Mighell TL, Evans-Dutson S, O’Roak BJ (2018). A Saturation Muta-
genesis Approach to Understanding PTEN Lipid Phosphatase Activity

OPEN ACCESS | www.microbialcell.com 180

Human PTMs and genetic variation in yeast

and Genotype-Phenotype Relationships. Am J Hum Genet 102(5):
943-955. doi: 10.1016/j.ajhg.2018.03.018

105. Hasle N, Matreyek KA, Fowler DM (2019). The Impact of Genetic
Variants on PTEN Molecular Functions and Cellular Phenotypes. Cold
Spring Harb Perspect Med 9(11). doi: 10.1101/cshperspect.a036228

106. Inga A, Resnick MA (2001). Novel human p53 mutations that are
toxic to yeast can enhance transactivation of specific promoters and
reactivate tumor p53 mutants. Oncogene 20(26): 3409-3419. doi:
10.1038/sj.0nc.1204457

107. Yacoubi-Hadj Amor I, Smaoui K, Belguith H, Djemal L, Dardouri M,
Mokdad-Gargouri R, Gargouri A (2009). Selection of cell death-
deficient p53 mutants in Saccharomyces cerevisiae. Yeast 26(8): 441—
450. doi: 10.1002/yea.1677

108. Nigro JM, Sikorski R, Reed SI, Vogelstein B (1992). Human p53
and CDC2Hs genes combine to inhibit the proliferation of Saccharo-
myces cerevisiae. Mol Cell Biol 12(3): 1357-1365. doi:
10.1128/mcb.12.3.1357

109. Bischoff JR, Casso D, Beach D (1992). Human p53 inhibits growth
in Schizosaccharomyces pombe. Mol Cell Biol 12(4): 1405-1411. doi:
10.1128/mcb.12.4.1405

110. Fields S, Jang SK (1990). Presence of a potent transcription acti-
vating sequence in the p53 protein. Science 249(4972): 1046—-1049.
doi: 10.1126/science.2144363

111. Schérer E, Iggo R (1992). Mammalian p53 can function as a tran-
scription factor in yeast. Nucleic Acids Res 20(7): 1539-1545. doi:
10.1093/nar/20.7.1539

112. Billant O, Blondel M, Voisset C (2017). p53, p63 and p73 in the
wonderland of S. cerevisiae. Oncotarget 8(34): 57855-57869. doi:
10.18632/oncotarget.18506

113. Ishioka C, Frebourg T, Yan YX, Vidal M, Friend SH, Schmidt S, Iggo
R (1993). Screening patients for heterozygous p53 mutations using a
functional assay in vyeast. Nat Genet 5(2): 124-129. doi:
10.1038/ng1093-124

114. Ishioka C, Englert C, Winge P, Yan YX, Engelstein M, Friend SH
(1995). Mutational analysis of the carboxy-terminal portion of p53
using both yeast and mammalian cell assays in vivo. Oncogene 10(8):
1485-1492. PMID: 7731702

115. Flaman JM, Frebourg T, Moreau V, Charbonnier F, Martin C,
Chappuis P, Sappino AP, Limacher IM, Bron L, Benhattar J (1995). A
simple p53 functional assay for screening cell lines, blood, and tumors.
Proc Natl Acad Sci U S A 92(9): 3963-3967. doi:
10.1073/pnas.92.9.3963

116. Jia LQ, Osada M, Ishioka C, Gamo M, Ikawa S, Suzuki T, Shimodai-
ra H, Niitani T, Kudo T, Akiyama M, Kimura N, Matsuo M, Mizusawa H,
Tanaka N, Koyama H, Namba M, Kanamaru R, Kuroki T (1997). Screen-
ing the p53 status of human cell lines using a yeast functional assay.
Mol Carcinog 19(4): 243-253. doi: 10.1002/(sici)1098-
2744(199708)19:4<243:aid-mc5>3.0.co;2-d

117. Flaman JM, Robert V, Lenglet S, Moreau V, Iggo R, Frebourg T
(1998). Identification of human p53 mutations with differential effects
on the bax and p21 promoters using functional assays in yeast. Onco-
gene 16(10): 1369-1372. doi: 10.1038/sj.0nc.1201889

118. Inga A, Cresta S, Monti P, Aprile A, Scott G, Abbondandolo A, Iggo
R, Fronza G (1997). Simple identification of dominant p53 mutants by
a yeast functional assay. Carcinogenesis 18(10): 2019-2021. doi:
10.1093/carcin/18.10.2019

119. Inga A, Monti P, Fronza G, Darden T, Resnick MA (2001). p53
mutants exhibiting enhanced transcriptional activation and altered
promoter selectivity are revealed using a sensitive, yeast-based func-
tional assay. Oncogene 20(4): 501-513. doi: 10.1038/sj.0nc.1204116

Microbial Cell | AUGUST 2021 | Vol. 8 No. 8



C.S. Moesslacher et al. (2021)

120. Monti P, Campomenosi P, Ciribilli Y, lannone R, Aprile A, Inga A,
Tada M, Menichini P, Abbondandolo A, Fronza G (2003). Characteriza-
tion of the p53 mutants ability to inhibit p73 beta transactivation
using a yeast-based functional assay. Oncogene 22(34): 5252-5260.
doi: 10.1038/sj.0nc.1206511

121. Monti P, Perfumo C, Bisio A, Ciribilli Y, Menichini P, Russo D,
Umbach DM, Resnick MA, Inga A, Fronza G (2011). Dominant-negative
features of mutant TP53 in germline carriers have limited impact on
cancer outcomes. Mol Cancer Res 9(3): 271-279. doi: 10.1158/1541-
7786.mcr-10-0496

122. Billant O, Léon A, Le Guellec S, Friocourt G, Blondel M, Voisset C
(2016). The dominant-negative interplay between p53, p63 and p73: A
family affair. Oncotarget 7(43): 69549-69564. doi:
10.18632/oncotarget.11774

123. Smardova J, Smarda J, Koptikova J (2005). Functional analysis of
p53 tumor suppressor in yeast. Differentiation 73(6): 261-277. doi:
10.1111/j.1432-0436.2005.00028.x

124. Guaragnella N, Palermo V, Galli A, Moro L, Mazzoni C, Giannatta-
sio S (2014). The expanding role of yeast in cancer research and diag-
nosis: insights into the function of the oncosuppressors p53 and
BRCA1/2. FEMS Yeast Res 14(1): 2—-16. doi: 10.1111/1567-1364.12094

125. Andreotti V, Ciribilli Y, Monti P, Bisio A, Lion M, Jordan J, Fronza
G, Menichini P, Resnick MA, Inga A (2011). p53 transactivation and the
impact of mutations, cofactors and small molecules using a simplified
yeast-based screening system. PLoS ONE 6(6): €20643. doi:
10.1371/journal.pone.0020643

126. Kato S, Han S-Y, Liu W, Otsuka K, Shibata H, Kanamaru R, Ishioka
C (2003). Understanding the function-structure and function-mutation
relationships of p53 tumor suppressor protein by high-resolution
missense mutation analysis. Proc Natl Acad Sci U S A 100(14): 8424—
8429. doi: 10.1073/pnas.1431692100

127. Narod SA, Foulkes WD (2004). BRCA1 and BRCA2: 1994 and be-
yond. Nat Rev Cancer 4(9): 665—676. doi: 10.1038/nrc1431

128. Maresca L, Spugnesi L, Lodovichi S, Cozzani C, Naccarato AG,
Tancredi M, Collavoli A, Falaschi E, Rossetti E, Aretini P, Cervelli T, Galli
A, Caligo MA (2015). MSH2 role in BRCA1l-driven tumorigenesis: A
preliminary study in yeast and in human tumors from BRCA1-VUS
carriers.  Eur J Med Genet 58(10): 531-539. doi:
10.1016/j.ejmg.2015.09.005

129. Humphrey JS, Salim A, Erdos MR, Collins FS, Brody LC, Klausner
RD (1997). Human BRCA1 inhibits growth in yeast: potential use in
diagnostic testing. Proc Natl Acad Sci U S A 94(11): 5820-5825. doi:
10.1073/pnas.94.11.5820

130. Coyne RS, McDonald HB, Edgemon K, Brody LC (2004). Functional
characterization of BRCA1 sequence variants using a yeast small colo-
ny phenotype assay. Cancer Biol Ther 3(5): 453-457. doi:
10.4161/cbt.3.5.809

131. Thouvenot P, Ben Yamin B, Fourriére L, Lescure A, Boudier T, Del
Nery E, Chauchereau A, Goldgar DE, Houdayer C, Stoppa-Lyonnet D,
Nicolas A, Millot GA (2016). Functional Assessment of Genetic Variants
with Outcomes Adapted to Clinical Decision-Making. PLoS Genet
12(6): €1006096. doi: 10.1371/journal.pgen.1006096

132. Millot GA, Berger A, Lejour V, Boulé J-B, Bobo C, Cullin C, Lopes J,
Stoppa-Lyonnet D, Nicolas A (2011). Assessment of human nter and
cter BRCA1 mutations using growth and localization assays in yeast.
Hum Mutat 32(12): 1470-1480. doi: 10.1002/humu.21608

133. Morris JR, Pangon L, Boutell C, Katagiri T, Keep NH, Solomon E
(2006). Genetic analysis of BRCA1 ubiquitin ligase activity and its rela-
tionship to breast cancer susceptibility. Hum Mol Genet 15(4): 599—
606. doi: 10.1093/hmg/ddi476

OPEN ACCESS | www.microbialcell.com 181

Human PTMs and genetic variation in yeast

134. Caligo MA, Bonatti F, Guidugli L, Aretini P, Galli A (2009). A yeast
recombination assay to characterize human BRCA1 missense variants
of unknown pathological significance. Hum Mutat 30(1): 123-133.
doi: 10.1002/humu.20817

135. Hayes F, Cayanan C, Barilla D, Monteiro AN (2000). Functional
assay for BRCA1l: mutagenesis of the COOH-terminal region reveals
critical residues for transcription activation. Cancer Res 60(9): 2411—
2418. PMID: 10811118

136. Cervelli T, Lodovichi S, Belle F, Galli A (2020). Yeast-based assays
for the functional characterization of cancer-associated variants of
human DNA repair genes. Microb Cell 7(7): 162-174. doi:
10.15698/mic2020.07.721

137. Maresca L, Lodovichi S, Lorenzoni A, Cervelli T, Monaco R, Spu-
gnesi L, Tancredi M, Falaschi E, Zavaglia K, Landucci E, Roncella M,
Congregati C, Gadducci A, Naccarato AG, Caligo MA, Galli A (2018).
Functional Interaction Between BRCA1 and DNA Repair in Yeast May
Uncover a Role of RAD50, RAD51, MRE11A, and MSH6 Somatic Vari-
ants in Cancer Development. Front Genet 9: 397. doi:
10.3389/fgene.2018.00397

138. Di Cecco L, Melissari E, Mariotti V, lofrida C, Galli A, Guidugli L,
Lombardi G, Caligo MA, lacopetti P, Pellegrini S (2009). Characterisa-
tion of gene expression profiles of yeast cells expressing BRCA1 mis-
sense variants. Eur J Cancer 45(12): 2187-2196. doi:
10.1016/j.ejca.2009.04.025

139. Groothuizen FS, Sixma TK (2016). The conserved molecular ma-
chinery in DNA mismatch repair enzyme structures. DNA Repair 38:
14-23. doi: 10.1016/j.dnarep.2015.11.012

140. Lodovichi S, Vitello M, Cervelli T, Galli A (2016). Expression of
cancer related BRCA1l missense variants decreases MMS-induced
recombination in Saccharomyces cerevisiae without altering its nucle-
ar  localization.  Cell ~ Cycle  15(20):  2723-2731. doi:
10.1080/15384101.2016.1215389

141. Morris JR, Keep NH, Solomon E (2002). Identification of residues
required for the interaction of BARD1 with BRCA1l. J Biol Chem
277(11): 9382-9386. doi: 10.1074/jbc.M109249200

142. Starita LM, Young DL, Islam M, Kitzman JO, Gullingsrud J, Hause
RJ, Fowler DM, Parvin JD, Shendure J, Fields S (2015). Massively Paral-
lel Functional Analysis of BRCA1 RING Domain Variants. Genetics
200(2): 413-422. doi: 10.1534/genetics.115.175802

143. Abecasis GR, Auton A, Brooks LD, DePristo MA, Durbin RM,
Handsaker RE, Kang HM, Marth GT, McVean GA (2012). An integrated
map of genetic variation from 1,092 human genomes. Nature
491(7422): 56-65. doi: 10.1038/nature11632

144. Karczewski KJ, Francioli LC, Tiao G, Cummings BB, Alféldi J, Wang
Q, Collins RL, Laricchia KM, Ganna A, Birnbaum DP, Gauthier LD, Brand
H, Solomonson M, Watts NA, Rhodes D, Singer-Berk M, England EM,
Seaby EG, Kosmicki JA, Walters RK, Tashman K, Farjoun Y, Banks E,
Poterba T, Wang A, Seed C, Whiffin N, Chong JX, Samocha KE, Pierce-
Hoffman E et al. (2020). The mutational constraint spectrum quanti-
fied from variation in 141,456 humans. Nature 581(7809): 434-443.
doi: 10.1038/s41586-020-2308-7

145. Sun S, Yang F, Tan G, Costanzo M, Oughtred R, Hirschman J,
Theesfeld CL, Bansal P, Sahni N, Yi S, Yu A, Tyagi T, Tie C, Hill DE, Vidal
M, Andrews BJ, Boone C, Dolinski K, Roth FP (2016). An extended set
of yeast-based functional assays accurately identifies human disease
mutations. Genome Res 26(5): 670-680. doi: 10.1101/gr.192526.115

146. Zhong Q, Simonis N, Li Q-R, Charloteaux B, Heuze F, Klitgord N,
Tam S, Yu H, Venkatesan K, Mou D, Swearingen V, Yildirim MA, Yan H,
Dricot A, Szeto D, Lin C, Hao T, Fan C, Milstein S, Dupuy D, Brasseur R,
Hill DE, Cusick ME, Vidal M (2009). Edgetic perturbation models of
human inherited disorders. Mol Syst Biol 5: 321. doi:
10.1038/msb.2009.80

Microbial Cell | AUGUST 2021 | Vol. 8 No. 8



C.S. Moesslacher et al. (2021)

147. Woodsmith J, Stelzl U (2017). Understanding Disease Variants
through the Lens of Protein Interactions. Cell Syst 5(6): 544-546. doi:
10.1016/j.cels.2017.12.009

148. Mosca R, Céol A, Aloy P (2013). Interactome3D: adding structural
details to protein networks. Nat Methods 10(1): 47-53. doi:
10.1038/nmeth.2289

149. Wang X, Wei X, Thijssen B, Das J, Lipkin SM, Yu H (2012). Three-
dimensional reconstruction of protein networks provides insight into
human genetic disease. Nat Biotechnol 30(2): 159-164. doi:
10.1038/nbt.2106

150. Fragoza R, Das J, Wierbowski SD, Liang J, Tran TN, Liang S, Beltran
JF, Rivera-Erick CA, Ye K, Wang T-Y, Yao L, Mort M, Stenson PD,
Cooper DN, Wei X, Keinan A, Schimenti JC, Clark AG, Yu H (2019).
Extensive disruption of protein interactions by genetic variants across
the allele frequency spectrum in human populations. Nat Commun
10(1): 4141. doi: 10.1038/s41467-019-11959-3

151. Mosca R, Tenorio-Laranga J, Olivella R, Alcalde V, Céol A, Soler-
Lépez M, Aloy P (2015). dSysMap: exploring the edgetic role of disease
mutations. Nat Methods 12(3): 167-168. doi: 10.1038/nmeth.3289

152. Wagih O, Galardini M, Busby BP, Memon D, Typas A, Beltrao P
(2018). A resource of variant effect predictions of single nucleotide
variants in model organisms. Mol Syst Biol 14(12): e8430. doi:
10.15252/msb.20188430

153. Wei X, Das J, Fragoza R, Liang J, Bastos de Oliveira FM, Lee HR,
Wang X, Mort M, Stenson PD, Cooper DN, Lipkin SM, Smolka MB, Yu H
(2014). A massively parallel pipeline to clone DNA variants and exam-
ine molecular phenotypes of human disease mutations. PLoS Genet
10(12): e1004819. doi: 10.1371/journal.pgen.1004819

154. Sahni N, Yi S, Taipale M, Fuxman Bass JI, Coulombe-Huntington J,
Yang F, Peng J, Weile J, Karras Gl, Wang Y, Kovacs IA, Kamburov A,
Krykbaeva I, Lam MH, Tucker G, Khurana V, Sharma A, Liu Y-Y, Yachie
N, Zhong Q, Shen Y, Palagi A, San-Miguel A, Fan C, Balcha D, Dricot A,
Jordan DM, Walsh JM, Shah AA, Yang X et al. (2015). Widespread
macromolecular interaction perturbations in human genetic disorders.
Cell 161(3): 647-660. doi: 10.1016/j.cell.2015.04.013

155. Khurana E, Fu Y, Colonna V, Mu XJ, Kang HM, Lappalainen T,
Sboner A, Lochovsky L, Chen J, Harmanci A, Das J, Abyzov A, Bal-
asubramanian S, Beal K, Chakravarty D, Challis D, Chen Y, Clarke D,
Clarke L, Cunningham F, Evani US, Flicek P, Fragoza R, Garrison E,
Gibbs R, Glimus ZH, Herrero J, Kitabayashi N, Kong Y, Lage K et al.
(2013). Integrative annotation of variants from 1092 humans: applica-
tion to cancer genomics. Science 342(6154): 1235587. doi:
10.1126/science.1235587

156. Meyer MJ, Beltran JF, Liang S, Fragoza R, Rumack A, Liang J, Wei
X, Yu H (2018). Interactome INSIDER: a structural interactome browser
for genomic studies. Nat Methods 15(2): 107-114. doi:
10.1038/nmeth.4540

157. Taipale M (2019). Disruption of protein function by pathogenic
mutations: common and uncommon mechanisms 1. Biochem Cell Biol
97(1): 46-57. doi: 10.1139/bcb-2018-0007

158. Diss G (2020). Towards attaining a quantitative and mechanistic
model of a cell. Nat Rev Mol Cell Biol 21(6): 301-302. doi:
10.1038/s41580-020-0229-9

159. Yadav A, Vidal M, Luck K (2020). Precision medicine - networks to
the rescue. Curr Opin Biotechnol 63: 177-189. doi:
10.1016/j.copbio.2020.02.005

160. Gelman H, Dines JN, Berg J, Berger AH, Brnich S, Hisama FM,
James RG, Rubin AF, Shendure J, Shirts B, Fowler DM, Starita LM
(2019). Recommendations for the collection and use of multiplexed
functional data for clinical variant interpretation. Genome Med 11(1):
85. doi: 10.1186/513073-019-0698-7

OPEN ACCESS | www.microbialcell.com 182

Human PTMs and genetic variation in yeast

161. Melamed D, Young DL, Miller CR, Fields S (2015). Combining
natural sequence variation with high throughput mutational data to
reveal protein interaction sites. PLoS Genet 11(2): 1004918. doi:
10.1371/journal.pgen.1004918

162. Bandaru P, Shah NH, Bhattacharyya M, Barton JP, Kondo Y, Cof-
sky JC, Gee CL, Chakraborty AK, Kortemme T, Ranganathan R, Kuriyan
J (2017). Deconstruction of the Ras switching cycle through saturation
mutagenesis. Elife 6: €27810. doi: 10.7554/elLife.27810

163.Woodsmith J, Apelt L, Casado-Medrano V, Ozkan Z, Timmermann
B, Stelzl U (2017). Protein interaction perturbation profiling at amino-
acid resolution. Nat Methods 14(12): 1213-1221. doi:
10.1038/nmeth.4464

164.Chou H-T, Apelt L, Farrell DP, White SR, Woodsmith J, Svetlov V,
Goldstein JS, Nager AR, Li Z, Muller J, Dollfus H, Nudler E, Stelzl U,
DiMaio F, Nachury MV, Walz T (2019). The Molecular Architecture of
Native BBSome Obtained by an Integrated Structural Approach. Struc-
ture 27(9): 1384-1394.e4. doi: 10.1016/j.str.2019.06.006

165.Diss G, Lehner B (2018). The genetic landscape of a physical inter-
action. Elife 7: e32472. doi: 10.7554/elife.32472

166. Woodsmith J, Stelzl U (2014). Studying post-translational modifi-
cations with protein interaction networks. Curr Opin Struct Biol 24:
34-44. doi: 10.1016/j.sbi.2013.11.009

167. Luck K, Sheynkman GM, Zhang |, Vidal M (2017). Proteome-Scale
Human Interactomics. Trends Biochem Sci 42(5): 342-354. doi:
10.1016/j.tibs.2017.02.006

168. Huttlin EL, Bruckner RJ, Paulo JA, Cannon JR, Ting L, Baltier K,
Colby G, Gebreab F, Gygi MP, Parzen H, Szpyt J, Tam S, Zarraga G,
Pontano-Vaites L, Swarup S, White AE, Schweppe DK, Rad R, Erickson
BK, Obar RA, Guruharsha KG, Li K, Artavanis-Tsakonas S, Gygi SP, Har-
per JW (2017). Architecture of the human interactome defines protein
communities and disease networks. Nature 545(7655): 505-509. doi:
10.1038/nature22366

169. Luck K, Kim D-K, Lambourne L, Spirohn K, Begg BE, Bian W,
Brignall R, Cafarelli T, Campos-Laborie FJ, Charloteaux B, Choi D, Coté
AG, Daley M, Deimling S, Desbuleux A, Dricot A, Gebbia M, Hardy MF,
Kishore N, Knapp JJ, Kovacs IA, Lemmens |, Mee MW, Mellor JC, Pollis
C, Pons C, Richardson AD, Schlabach S, Teeking B, Yadav A et al.
(2020). A reference map of the human binary protein interactome.
Nature 580(7803): 402—-408. doi: 10.1038/s41586-020-2188-x

170. Starr TN, Greaney AJ, Hilton SK, Ellis D, Crawford KHD, Dingens
AS, Navarro MJ, Bowen JE, Tortorici MA, Walls AC, King NP, Veesler D,
Bloom JD (2020). Deep Mutational Scanning of SARS-CoV-2 Receptor
Binding Domain Reveals Constraints on Folding and ACE2 Binding. Cell
182(5): 1295-1310.e20. doi: 10.1016/j.cell.2020.08.012

171. Starr TN, Greaney AJ, Addetia A, Hannon WW, Choudhary MC,
Dingens AS, Li JZ, Bloom JD (2021). Prospective mapping of viral muta-
tions that escape antibodies used to treat COVID-19. Science
371(6531):850-854. doi: 10.1126/science.abf9302

172. Levy ED, Kowarzyk J, Michnick SW (2014). High-resolution map-
ping of protein concentration reveals principles of proteome architec-
ture and adaptation. Cell Rep 7(4): 1333-1340. doi:
10.1016/j.celrep.2014.04.009

173. Matreyek KA, Starita LM, Stephany JJ, Martin B, Chiasson MA,
Gray VE, Kircher M, Khechaduri A, Dines JN, Hause RJ, Bhatia S, Evans
WE, Relling MV, Yang W, Shendure J, Fowler DM (2018). Multiplex
assessment of protein variant abundance by massively parallel se-
quencing. Nat Genet 50(6): 874-882. doi: 10.1038/s41588-018-0122-z

174. Kim |, Miller CR, Young DL, Fields S (2013). High-throughput anal-
ysis of in vivo protein stability. Mol Cell Proteomics 12(11): 3370
3378. doi: 10.1074/mcp.0113.031708

Microbial Cell | AUGUST 2021 | Vol. 8 No. 8



C.S. Moesslacher et al. (2021) Human PTMs and genetic variation in yeast

175. Rollins NJ, Brock KP, Poelwijk FJ, Stiffler MA, Gauthier NP, Sander 176. Schmiedel JM, Lehner B (2019). Determining protein structures
C, Marks DS (2019). Inferring protein 3D structure from deep mutation using deep mutagenesis. Nat Genet 51(7): 1177-1186. doi:
scans. Nat Genet 51(7): 1170-1176. doi: 10.1038/s41588-019-0432-9 10.1038/s41588-019-0431-x

OPEN ACCESS | www.microbialcell.com 183 Microbial Cell | AUGUST 2021 | Vol. 8 No. 8



