Holland and Blazeck Journal of Biological Engineering (2022) 16:37

https://doi.org/10.1186/513036-022-00315-7

Official publication of the Institute of Biological Engineering

REVIEW

High throughput mutagenesis

Journal of
Biological Engineering

Open Access

®

Check for
updates

and screening for yeast engineering

Kendreze Holland'? and John Blazeck?®"

Abstract

The eukaryotic yeast Saccharomyces cerevisiae is a model host utilized for whole cell biocatalytic conversions, pro-
tein evolution, and scientific inquiries into the pathogenesis of human disease. Over the past decade, the scale and
pace of such studies has drastically increased alongside the advent of novel tools for both genome-wide studies and
targeted genetic mutagenesis. In this review, we will detail past and present (e.g., CRISPR/Cas) genome-scale screen-
ing platforms, typically employed in the context of growth-based selections for improved whole cell phenotype or
for mechanistic interrogations. We will further highlight recent advances that enable the rapid and often continu-
ous evolution of biomolecules with improved function. Additionally, we will detail the corresponding advances in
high throughput selection and screening strategies that are essential for assessing or isolating cellular and protein
improvements. Finally, we will describe how future developments can continue to advance yeast high throughput

engineering.
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Background and introduction
The ability to engineer, screen, and construct mutant
libraries at high throughput is a requisite for maximizing
the use of microorganisms for biocatalytic conversions
and evolutionary studies. To this end, several techniques
have been developed that allow for scalable genetic con-
trol, e.g., gene knockouts and transcriptional control
strategies, as well as directed evolution of specific genetic
sequences. Moreover, advances towards genome-wide
studies have allowed for high throughput characteriza-
tion of yeast genetics, with applications in cell and gene
therapies, diagnostics, and biofuels [1-3].

The single-celled eukaryote, Saccharomyces cerevisiae,
is a platform organism, in part due the development of
engineering strategies that allow probing of its entire
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genome in a high throughput manner. For instance, the
yeast genome knockout database has allowed for rapid
screening of gene-dependent fitness effects, as well as
development of derivative technologies for creation of
genetic interaction maps (using pairwise deletion librar-
ies) and chemogenomic platforms that identify chemi-
cal compounds specific for yeast target genes (by using
haploinsufficiency and homozygous profiling) [4—6]. In
addition, more recent strategies such as CRISPR/Cas9
genome editing and CRISPR/dCas9 transcriptional
control have significantly reduced the time and labor
required to analyze a protein of interest in any genetic
background. These tools have been implemented in a
variety of applications, including increasing biochemi-
cal production (e.g., ethanol [7-12], n-butanol [10], or
fatty acids [10—12]) and improving protein secretion (e.g.,
a-amylase [13]).

In this review, we will highlight conventional and
emergent genome-scale and targeted engineering efforts
developed for S. cerevisiae. Yeast-based high throughput
techniques have revealed valuable information pertaining
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to genotype to phenotype relationships, as well as ena-
bled yeast to become a platform for engineering biomol-
ecules with improved function. Additionally, we’ll discuss
the high throughput selection and screening schemes
that are often essential for assessing a large, diverse pop-
ulation of engineered strains or selecting improved bio-
molecules, including techniques that allow continuous
evolution of protein sequences. Finally, we will describe
how future developments will continue to advance yeast
high throughput engineering.

Genome-wide perturbation strategies

for dissecting gene function and improving
phenotype

Decades ago, ease of targeted gene deletions in S. cerevi-
siae beget an era of high throughput genome-wide studies
to identify gene essentiality [14], protein-small molecule
interactions [15], and fitness benefits in response to
changing environmental conditions [16]. These studies
were soon complemented by overexpression libraries to
dissect the impact of constitutive or inducible transcrip-
tional upregulation of each gene in the yeast genome [17,
18]. More recently, the implementation of CRISPR/Cas
techniques in yeast have expanded these genome-wide
studies to allow screening of gene deletion, overexpres-
sion, or inhibition via a single platform [19]. Catalogu-
ing previously generated information, the Saccharomyces
Genome Database (SGD) provides a comprehensive list
of yeast genes and associated phenotypes, functions, and
interactions [20], and other databases detailing the yeast
proteome, protein phosphorylation sites, and molecular
interactions also provide accessible information [21-25].

Yeast gene deletion collections for genome-wide fitness
characterizations

S. cerevisiae has an extremely efficient ability to perform
homologous recombination (HR) mediated insertion of
DNA into its genome, allowing for facile construction of
strains with specific gene deletions [26]. The yeast dele-
tion collection comprises a library of S. cerevisiae strains
in which the large majority of open reading frames in the
yeast genome have been knocked out (one deletion per
strain) [27, 28]. This resource was driven by the com-
plete sequencing of the yeast genome, and it expanded
upon prior deletion projects in which less controllable
mutation strategies were utilized, such as incorpora-
tion of mini-transposons or Tyl [29-31]. Using fitness
based screens of a deletion collection, the essentiality of
genes has been determined in rich and minimal media,
as well as the requirement of genes for optimal growth in
a variety of other common growth conditions (e.g., high
salt, galactose carbon source) [27, 28]. The yeast deletion
collection has also been shown to be a valuable tool for
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functional genomics characterizations, for instance for
genes involved in nucleotide excision repair and DNA
repair after UV damage, cell cycle checkpoints, and
homologous recombination [32].

To enable genome-wide functional characterization
of genetic interactions, i.e., the impact of one gene on
another and vice versa, a remarkable collection of 23 mil-
lion yeast strains with two gene deletions per strain has
been created, which allowed characterization of ~550,000
negative (reduced fitness compared to single deletions)
and ~350,000 positive (increased fitness compared to
single deletions) genetic interactions [33]. This effort was
further expanded through construction of ~200000 yeast
strain with triple gene deletions and partial characteriza-
tion of ‘trigenic’ interactions [34]. Overall, yeast deletion
collections have provided invaluable information about
the yeast genome by easing high throughput evalua-
tions. For general yeast genomic engineering strategies,
deletion collections can be utilized as a tool to ease the
knockout of a given gene in a new yeast strain, through
HR-mediated introduction of an amplified deletion cas-
sette (Fig. 1a).

Overexpression gene libraries for complementary
genome-wide characterizations

Gene overexpression libraries provide valuable tool for
cellular engineering and screening altered yeast pheno-
types, including resistance to inhibitory environmental
conditions, that is complementary to deletion collections
(Fig. 1b). In an early example, 24 overexpression (OE)-
sensitive clones, engineered by inserting a complemen-
tary DNA (cDNA) library (1.5*10° clones) in a multicopy
vector under the control of the inducible GAL1 pro-
moter, resulted in rapid growth arrest of yeast cells in the
G1 or S stage, allowing identification of cell proliferation
regulators [35]. These OE-sensitive hits included MCM1,
a transcription factor for mating type-specific genes,
twelve other genes with known function, and eleven
uncharacterized Src Homology Domain Containing
E (SHE) genes, which are now known to inhibit dynein
function (SHE1) or interact with She3p (SHE2), impact-
ing cellular growth and development [35-37]. A separate
overexpression library screen showed the reverse pheno-
type for ferritin, a protein important for iron regulation
and production of free oxygen radicals, which increases
yeast replicative lifespan. The same work demonstrated
that overexpression of genes involved in ubiquination
(UBC3, UBC4, UBC5, and UBC7) increased yeast sur-
vival when exposed to methylmercury [38]. Similarly,
genes that improve yeast resistance to cadmium (e.g.,
CAD1, CUP1) were identified using an overexpression
library [39]. An overexpression screen using a collection
of 7,777 plasmids covering 97.2% yeast genome identified
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Fig. 1 Genome-wide screening strategies and collections. a Gene deletion libraries can be constructed using homologous recombination

by placing genomic or cDNA libraries under control of strong (e.g., the inducible GAL1) promoters (GAL1) on a large collection of plasmids and
introducing them into yeast cells. ¢ Insertion of a library of sgRNAs into yeast cells that have been engineered to expressed Cas9, dCas9-MXI1, or

mediation insertion of tagged antibiotic resistance genes (e.g., KanMX4) in place of yeast genes. b Overexpression genomic libraries can be created

be screened with an appropriate high throughput set up

dCas9-VPR can enable gene deletion, expression inhibition, or transcriptional activation, respectively. The impact of these genetic perturbations can

genes (YLR247c, RAD26, PSH1) and gene fragments (N
terminus of POB3) that induced Bur™ (unable to grow on
media containing sucrose) and Spt™ (unable to grow on
media lacking lysine) phenotypes [40].

Interestingly, a genome wide overexpression screen
with yeast and a genomic DNA library (average insert
size, 5kb) allowed identification of small-molecule effec-
tor and inhibitors of cellular processes (e.g., CGP60474
(an inhibitor of CDK1)), demonstrating that yeast func-
tional genomics via OE-libraries can be used to rapidly
identify cellular targets of small molecules [41]. Moreo-
ver, a genome-wide library of strains carrying ‘SWAp-
Tags, in which each protein has a NOP1promoter-GFP
module at its N’ terminus, has enabled easier exploration
of protein abundance, localization, topology, and inter-
actions with other proteins [42]. And recently, the YETI
(Yeast Estradiol strains with Titratable induction) collec-
tion was developed, which consists of a suite of >5,600
yeast strains that allow transcriptional upregulation of
genes of interest in response to 3-estradiol [17].

OE-libraries do not have to be limited to characteriz-
ing the impact of native S. cerevisiae gene overexpression.
An inverse metabolic engineering methodology screened
for the ability of Pichia stipites (Scheffersomyces stipites)
genomic DNA fragments to improve S. cerevisiae growth

in xylose-based media, identifying the XYL1, XYL2,
XYL3, and PsTALI1 genes [43]. In general, OE-libraries
enable large-scale systematic analysis of mutant phe-
notypes that can be expanded to dissect gene function
in a genome-wide manner. Of note, while gene deletion
collections may not allow characterization of essential
genes, OE-libraries might allow investigation into their
function using an inverse approach. As we discuss below,
promising platforms have recently been developed for
genome-wide overexpression and knockdown/deletion
using CRISPR-Cas-aided engineering, allowing direct
coupling of these two strategies [44—46].

CRISPR/(d)Cas-mediated genome-wide screens

for rapid and multiplex assays

The recent developments of CRISPR/(d)Cas technolo-
gies have enabled rapid generation of genetic deletions
and facilitated high throughput transcriptional perturba-
tions screens across the domains of life, including in S.
cerevisiae [47-49]. The CRISPR (cluster regularly inter-
spaced short palindromic repeats)/Cas9 system employs
an RNA-targeted Cas9 protein with exquisite targeting
capabilities that are retained even when its native endo-
nuclease activity is abrogated (i.e., deactivated Cas9 or
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dCas9) (Fig. 1c). Other targeted endonucleases (e.g.,
Cas12) can also function effectively in yeast [50].

CRISPR/Cas-mediated gene knockout studies

To demonstrated functionality of the bacterial CRISPR/
Cas9 system in yeast, DiCarlo et al. co-expressed a sin-
gle-guide RNA (sgRNA) and Cas9 to mutate CAN1, an
arginine permease, where its mutation makes cells resist-
ant to the toxic arginine analogue, canavanine [51]. They
further showed that Cas9-directed DNA double stranded
breaks greatly improved HR-mediated insertion of donor
DNA [51]. Such single-target Cas9-mediated genetic
knockouts are now used routinely in yeast, for instance
to improve bioethanol production processes [8, 52].
CRISPR/Cas9 has also been used to generate genome-
wide knockout libraries in S. cerevisiae. For instance,
the homology directed-repair-assisted genome-scale
engineering (CHAnGE) method, developed for targeted
mutation, was validated by generating a large deletion
collection that was screened for furfural tolerance [53].
CRISPR-Cas techniques can also be expanded to simulta-
neously targeting multiple genes in one experiment. For
instance, a sgRNA-tRNA array allowed editing of up to 8
genes at a time with 87% efficiency in yeast [11].

(d)Cas9-mediated transcriptional control

and multifunctional genome-wide assays

Transcriptional inhibition can be mediated by deacti-
vated Cas9 in yeast (CRISPRi), with greater repression
when targeting the 200 bp region immediately upstream
of the transition start site, as well as when targeting
nucleosome-depleted and open chromatin regions [54].
Inhibition potency can also be improved through fusion
with repressor domains, such as MXI1 [55]. In a genome-
wide study, Momen-Roknabadi and colleagues developed
an anhydrotetracycline inducible CRISPRi screen, sur-
veying S. cerevisiae genes with >51,000 sgRNAs to dissect
haploinsuffiency and genes involved in adenine and argi-
nine biosynthesis [56].

Similar to CRISRi, CRISPRa utilizes (d)Cas9 targeting
of promoter regions, but fused to VPR (VP64-p65-Rta) or
other transcriptional activators to increase gene expres-
sion [57]. Dong et al. developed a clever three-way gene
control schema, utilizing a dCas9 protein for CRISPRi
and demonstrating that with only one protein (Cas9-
VPR), it was possible to either activate or mutate gene
targets, depending on gRNA length [45]. Such efforts for
trifunctional genetic control in yeast cells were furthered
by utilizing three orthogonal (d)Cas9 proteins or protein
fusions for activation, deletion, or inhibition (dubbed
CRISPR-AID), which could be used at the genome-wide
level by using them in conjunction with oligonucleotide
arrays [19, 46]. Trifunctional control using these systems
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has been used to augment a-santalene biosynthesis,
improve Beta-Carotene production, enhance yeast sur-
face display, and to identify uncharacterized genetic
determinants of complex phenotypes (i.e., furfural tol-
erance) [19, 45, 46]. CRISPR-Cas-aided genome-wide
overexpression and knockdown was also used to increase
isobutanol titers and enhance cell growth in glycerol [44].

Targeted diversification strategies for protein

or pathway evolution

Evolution of proteins or biological pathways can be
achieved by multiple rounds of diversification in vitro
(benchtop) or continuous evolution (in vivo) of specific
gene targets with selection screens built for desired phe-
notypes. In the next sections, we will discuss the meth-
ods involved in generating targeted biological diversity
for testing using yeast or directly within yeast at high
throughput.

In vitro techniques for generating biological diversity

for yeast optimization

Large mutant libraries of specific DNA sequences with
varying properties can be generated by traditional meth-
ods such as random substitution mutagenesis (e.g.,
error prone PCR (EP-PCR)) or DNA shuffling, and then
screened in yeast [58—60]. For instance, EP-PCR of the
SPT8 gene (suppressor of ty insertion 8) and screening
allowed isolation of mutants that afforded 8.9% higher
ethanol tolerance and 10.8% higher ethanol produc-
tion for yeast strains than the wild-type gene, and DNA
shuffling of endoglucanase I genes from three Tricho-
derma sp. (T. reesei, T. pseudokoningii and T. longibra-
chiatum) and screening allowed isolation of variants with
improved activity [61, 62]. These traditional mutagenesis
techniques are also often coupled to yeast surface display
to select for high affinity binders and other enhanced
protein properties [63, 64].

Targeted in vivo CRISPR-mediated diversification
Directed evolution experiments that involve CRISPR/
Cas-based mutagenesis can diversify targeted DNA
sequences, often taking advantage of native yeast molec-
ular machinery (primarily HR-insertion of mutant DNA)
to engineer metabolic pathways and improved stress tol-
erance. For example, the Multiplex CRISPR (CRISPRm)
system used EP-PCR to create a library of mutant cello-
dextrin transporters, which was transformed with over-
lapping promoter and terminator DNA for assembly and
genomic integration. A mutant cdt-1 afforded 2.6-fold
improved cellobiose utilization compared to the wildtype
transporter [65].

In yeast, biological diversity can also be generated
directly in vivo. For instance, CHAnGE, in which gene
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edits are tracked by guide RNAs linked to homologous
repair cassettes, has allowed for genome-wide engi-
neering of S. cerevisiae at high throughput [53, 66]. A
CHAnNGE plasmid library (between 1.2 x 107 and 4 x
107 members) transformed into yeast allowed screening
of disruption mutants for improved resistance to fur-
fural. Selected mutants with improved phenotypes dis-
played an enrichment in SIZ1, SAP30, UBC4, and LCB3
targeting guides. In an attempt to reduce toxicity issues
during alcohol production, Liang et al. targeted 25 regu-
latory genes for mutation using the multiplex navigation
of global regulatory networks (MINR) method, isolating
a variant of the WARI transcription factor that enabled
higher tolerance to both isopropanol (50-60 g/L) and
isobutanol (14-16 g/L) [53, 66—68]. In addition, Cas9-
mediated protein evolution (CasPER), which can be
used for selection marker-free integration of large (>120
bp) DNA fragment into the yeast genome, was used
to improve mevalonate pathway flux and downstream
carotenoid production by 11-fold [69].

Targeted in vivo continuous evolution

In yeast, in vivo evolution strategies have been designed
that can enable continuous targeted diversification of
DNA sequences for evolution of a desired protein or cel-
lular phenotype, while circumventing labor and time-
intensive DNA extraction, mutation, and transformation
steps [70]. For example, utilizing heterologous DNA
polymerase (TP-DNAP)-plasmid pairs, i.e., the linear
pGKL1/2 plasmids from Kluveromyces lactis, allowed
creation of OrthoRep, an extrachromosomal orthogonal
error-prone replication system, in which genes of inter-
est can be encoded on a K. lactis plasmid and mutated
continuously during its replication (Fig. 2a). Increas-
ing the mutation rate afforded by a DNAP (a Y427A
variant), current DNAPs are known to have per-base
substitution mutations ~100,000-fold greater than the
genome [71, 72]. Orthorep was recently leveraged to
develop an ‘autonomous hypermutation yeast surface
display’ (AHEAD) system to continuously evolve syn-
thetic recombinant nanobodies, for instance, to bind the
receptor-binding domain of the SARS-CoV-2 spike pro-
tein with high affinity, and to engineer the Thermotoga
maritima tryptophan synthase p-subunit for enhanced
activity or promiscuity [73, 74].

Moreover, Crook and colleagues developed the ‘in vivo
continuous evolution’ (ICE) platform for targeted and
continuous evolution of genes and pathways in yeast [75].
The ICE system employs the retrotransposon Tyl and an
error-prone reverse transcriptase allowing reintegration
of mutated complementary DNA in the yeast genome
for continuous evolution (Fig. 2b). As proof of concept,
ICE was applied to single proteins and multi-protein
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pathways. For instant, evolution of the Spt15 global tran-
scriptional regular (and its promoter region) allowed for
selection of a cassette that enabled improved 1-butanol
tolerance, and evolution of a multi-gene xylose utilization
pathway afforded a 21% increase in exponential growth
[75].

Finally, the eukaryotic multiplex automated genome
engineering (eMAGE) system allows for incorpora-
tion synthetic single-stranded oligodeoxynucleotides
(ssODNs) for targeted and continuous genomic editing
(Fig. 2c) [76]. eMAGE was shown to allow for precise
gene editing and to afford complex (10°) diversity across
multiple loci. For instance, using a pool of ssODN:ss to tar-
get various genetic elements in a heterologous -carotene
pathway produced noticeable phenotypic alterations,
including enhanced B-carotene accumulation.

High throughput selection schema for enhanced
biological functions

Methods for generating biological diversity must be cou-
pled to similarly high throughput screening strategizes.
Thus, several high throughput selection or screening
methods that allow for the testing of large quantities (i.e.,
millions) of mutant variants have been developed to allow
selection for enhanced phenotypes [77]. Growth-based
selections, biosensors, drop-based microfluidics, and
surface display are commonly utilized high throughput
techniques for selecting improved yeast cell phenotypes
and isolation of optimized biomolecules. Subjecting a
large population to high throughput screening and selec-
tion can also generate significant new information in a
single experiment.

Growth based selections

Growth-based selection does not require expensive
equipment or meticulous quantification methods to find
links between a genotype and phenotype. Instead, more
rapid yeast growth is indicative of an improved protein,
pathway, or combination thereof, such that by simply
allowing an adequate number of cell divisions, a sub-
selection of yeast cells harboring improved variants can
be isolated from a larger library (Fig. 3a). In this manner,
the activity of enzymes or small molecular transporters
within specific metabolic pathways can often be coupled
to growth rates. For instance, Lee et al. screened a ran-
domly mutated xylose isomerase library for increased
growth that would be associated with improved xylose
catabolism, isolating an enzyme variant with a 77%
increase in catalytic activity [78].

Alternatively, yeast strains can be grown indepen-
dently to detect sensitivity to environmental condi-
tions, often using a robotic handling set up. For example,
growth-based selections of yeast deletion collections
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in supplemented media have allowed identification of
hundreds of gene disruptions that result in sensitivity to
ethanol, 1-propanol and 1-pentanol [79, 80]. Similarly,
performing a growth-based selection competition in
media containing 50 mM furfural on a barcoded S. cere-
visiae library containing 4848 complete gene disruptions
allowed identification of 229 deletion strains with height-
ened furfural sensitivity, many with disrupted pentose
pathway genes (e.g., ZWF1, GNDI, RPE1, TKL1) [81].

Growth assays may also be used for phenotypic profil-
ing, where the rate at which the engineered yeast cells
grow is quantified to infer the importance of a deleted or
mutated gene.

Biosensors

Biosensors have enabled high throughput analysis of
engineered microbial factories, by being able to sense and
report the intracellular level of a wide range of otherwise
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unmeasurable analytes (Fig. 3b). By performing these
functions, biosensors have proven invaluable for increas-
ing the production of bio-based value-added chemicals,
while helping to prevent metabolic imbalances and accu-
mulation of toxic metabolites [82]. A general fluorescent
biosensor database also exists and may help guide future
biosensor construction efforts in yeast [83]. We will dis-
cuss three classes of yeast biosensors: transcription factor
(TF) based, RNA-based, and enzyme-coupled.

When activated by a molecule, certain TFs (either
endogenous or heterologous) can be induced to bind spe-
cific DNA sequences to activate transcription [84-86].
By coupling these TFs with promoters that (1) contain
corresponding TF-binding sites and (2) direct transcrip-
tion of a reporter protein, it is possible to create a bio-
sensor responsive to a diverse range of analytes [87-91].
For instance, a malonyl-CoA biosensor that utilized

the B. subtilis TF FapR and its corresponding opera-
tor allowed screening of a genome-wide overexpression
library and identification of two genes, TPI1 and PMP1,
that increased intracellular malonyl-CoA in yeast [84]. A
similar biosensor was developed using the Haal TF pro-
tein from Bacillus megaterium to sense acetic acid [92].

RNA-based biosensors employ noncoding mRNA
sequences to sense molecules like metabolites or anti-
biotics [93, 94]. Riboswitch sensors are RNA aptam-
ers, with hairpin-like structures that when bound by a
ligand, induce a conformational change in the mRNA
tertiary structure, thus acting as a means of controlling
translation [94]. Several efforts have demonstrated that
these RNA-switches can function in S. cerevisiae, though
to date, they have not been used for high throughput
screening applications in yeast.
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Finally, enzyme-coupled biosensors employ enzyme-
catalyzed reactions of metabolites of interest into
measurable chromogenic or fluorogenic products. For
example, the activity of tyrosine hydrolases was screened
in yeast using a DOPA dioxygenase-based enzyme-cou-
pled biosensor that converts L-DOPA (the product of
tyrosine hydrolases) into the fluorogenic betaxanthin
compound [95, 96]. Biosensors have long been applied
to select for strains with enhanced production of a given
metabolite or flux through a specific metabolic pathway,
as well as to perform more genome-wide selections for
improved phenotypes. For instance, Wang and colleagues
constructed a biosensor-aided screen for cis, cis-muconic
acid and protocatechuic acid import by engineering pro-
moters to harbor binding sites for their transcriptional
regulators and drive expression of a GFP reporter [97].
They further used CRISPR-mediated gene disruptions to
identify transporters that influenced the production of
these acids.

Yeast surface display

Yeast surface display, in which a protein or library of
protein variants are secreted and affixed to the yeast cell
surface via fusion to the Aga2 protein (Fig. 3c), was first
demonstrated by Boder and Wittrup in 1997, and used
to screen for enhanced affinity of an antibody fragment
(scFv) [63]. Currently, yeast surface display is a founda-
tional technology for bioengineering, widely applied for
scFv and other protein engineering efforts, as reviewed
recently by Teymennet-Ramirez et al. [98]. Surface dis-
play allows for screening of incredibly large libraires in
conjunction with fluorescent activated cell sorting for
binding to fluorophore-tagged targets or when using
antigen-coated magnetic bead separations. For instance,
Feldhaus et al. performed screening for different protein,
peptide, and hapten antigen targets of a large (size = 10°)
library of nonimmune human antibody scFv fragments
[99]. Using the same principle, native yeast proteins that
aid secretion of single-chain T-cell receptors and scFvs
(1.5-fold to 7.9-fold improved secretion, respectively)
were revealed by screening a genome-wide overexpres-
sion library [100]. And as mentioned above, the AHEAD
in vivo continuous evolution system employs yeast dis-
play to select for improved antigen binding from a nano-
body library [74].

Surface display can also aid in selection for protein
function other than binding. The YESS (yeast endoplas-
mic reticulum sequestration screening) system ena-
bles engineering of protease specificity [101]. In YESS,
a protease mutant library can be co-expressed with a
substrate fusion protein that contains a selection sub-
strate sequence, a counterselection substrate sequence,
and multiple intervening epitope tag sequences. Novel
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protease specificities can be selected by screening for
the presence or absence of these tag sequences using
yeast display. Using YESS, the Tobacco Etch Virus pro-
tease (TEV-P) was engineered to prefer a glutamic acid
or a histidine at P1 of its canonical ENLYFQJS substrate
sequence rather than glutamine (Q), resulting in 5,000-
fold and 1,100-fold changes in selectivity, respectively
[101]. The similar YESS 2.0 system improved the cata-
Iytic efficiency of the TEV-P variant by 2.25-fold over the
wild-type by modulating both the ratio of TEV-P to sub-
strate and their contact time in the endoplasmic reticu-
lum [102].

Drop-based microfluidics

Drop-based screening platforms use microfluidic devices
that encompass individual yeast cells in aqueous drops
disseminated in oil, in effect creating single-cell picoliter-
volume reaction vessels, to enable rapid screening of
large populations or libraries [103, 104] (Fig. 3d). In an
early study, yeast cells that displayed a mutant library
of horseradish peroxidase enzymes were screened via
drop-base microfluidics by coupling the enzyme to a
fluorogenic substate. Impressively, the reaction rates of
10® cells in <150pl volume were screened in <10 hours,
and variants with intense signals were isolated and fur-
ther screened for improved activity [103]. In addition,
Abatemarco et al. created an RNA-aptamers-in-droplets
system, which used ultrahigh-throughput droplet micro-
fluidics and analyte-responsive RNA aptamers grafted to
the Spinach aptamer backbone to engineer strains of S.
cerevisiae with increased production of tyrosine or secre-
tion of recombinant streptavidine, screening millions of
droplets in hours [105, 106]. While potentially difficult
to set up, drop-based microfluidics can afford a low cost,
high throughput approach for screening large libraries.

Conclusion and future perspectives

Native or nonnative genetic sequences can be optimized
using yeast-based methods for enhanced capabilities,
thereby improved whole cellular phenotypes or specific
protein functions. Importantly, the rate and scale by
which these sequences/phenotypes can be perturbed,
studied, and isolated has been massively increased by
both genome-wide and targeted genetic mutation strate-
gies. The model organism S. cerevisiae has enabled such
high throughput modifications and downstream screen-
ing strategies because of its simple and inexpensive cul-
tivation, well-developed genetic tool kits, and impressive
ability to perform HR-mediated genomic editing.

Of course, these diversification efforts and the accom-
panying benefits towards yeast pathway and general
biomolecules can still be improved. For instance, the
vast majority of genome-wide libraries target only one
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gene per cell. In particular, genome-wide, multi-gene
CRISPR-aided gene targeting experiments, which would
be analogous to the double gene knockout collection,
have not been performed to date in yeast [11]. Dual gene
transcriptional repression via CRISPRi has been per-
formed at scale in human cells, and might be applied to
yeast for either multi-gene inhibition or overexpression
libraries to glean more insights into the yeast genetic
interaction network [107]. CRISPR-based screens might
also be improved by further incorporating Cas ortho-
logues with improved properties and that recognize
different PAM sites or recognize orthogonal sgRNA
scaffolds into yeast studies [49, 108-110]. For instance,
CRISPR-Cas12a(Cpfl)-assisted tag library engineering
(CASTLING) has been used to create pooled libraries
with high accuracy [111, 112]. Finally, integration of in
silico genome engineering and protein design tools might
guide future library designs, increasing the likelihood of
attaining a desired phenotype [113, 114].

High throughput screens might also be improved in
the future. For instance, the use of biosensors and ribos-
witches can be limited by the requirement to create and
validate a new sensing module for every new analyte of
interest. More modular and easily programmable biosen-
sors would greatly assist high throughput screen develop-
ment. To this end, multi-parameter designs employing
the prokaryotic LysR-type transcriptional regulators were
recently used to craft a more general biosensor design
framework, with some success [115]. Intriguingly, the
OrthoRep system has also been utilized for the evolution
of yeast-metabolite biosensors, demonstrating how in
vivo continuous diversification can be employed to over-
come potential roadblocks in high throughput screens
[116] . In addition, while they are low cost, the accessi-
bility of droplet-based microfluidics limits their adoption.
To this end, a more user-friendly procedure that involves
ready-to-use or to-be-assembled set-ups can increase the
application of this technique for screening large librar-
ies. At the same time, other methods, either in vitro or
in vivo, that allow high throughput library generation,
screening, and directed evolution of phenotypes will con-
tinued to be gradually enhanced, likely with continued
focus on constructing systems that allow coverage of the
entire yeast genome in one experiment.

Abbreviations

AHEAD: Autonomous hypermutation yeast surface display; CasPER: Cas9-
mediated protein evolution; CRISPR: Clustered Regularly Interspaced Short Pal-
indromic Repeats; CRISPRa: CRISPR activation; CRISPR-AID: CRISPR activation,
deletion, or inhibition; CASTLING: CRISPR-Cas12a(Cpf1)-assisted tag library
engineering; CRISPRI: CRISPR inhibition; cDNA: Complementary DNA; EP-PCR:
Error-prone PCR; eMAGE: Eukaryotic multiplex automated genome engineer-
ing; CHANGE: Homology directed-repair-assisted genome-scale engineering;
HR: Homologous recombination; ICE: /n vivo continuous evolution; CRISPRm:
Multiplex CRISPR; MINR: Multiplex navigation of global regulatory networks;

Page 9 of 12

OE: Overexpression; S. cerevisiae: Saccharomyces cerevisiae; scFv: Single-chain
variable fragment; sgRNA: Single-guide RNA; SHE: Src Homology Domain Con-
taining E; ssODNs: Synthetic single-stranded oligodeoxynucleotides; TEV-P:
Tobacco Etch Virus protease; TF: Transcription factor; VPR: VP64-p65-Rta; YESS:
Yeast endoplasmic reticulum sequestration screening; YETI: Yeast Estradiol
strains with Titratable induction.

Authors’ contributions
K.H and J.B. wrote and edited the manuscript. The author(s) read and
approved the final manuscript.

Funding

Kendreze Holland is supported by the National Science Foundation’s Graduate
Research Fellowship Program. John Blazeck is supported by the Beckman
Young Investigator Award from the Arnold and Mabel Beckman Foundation.

Availability of data and materials
Data sharing is not applicable to this article as no datasets were generated or
analyzed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests related to this
work.

Author details

'Department of Biomedical Engineering, Georgia Institute of Technology
and Emory University, Atlanta, Georgia, USA. 2Bioengineering Program,
Georgia Institute of Technology, Atlanta, Georgia, USA. 3School of Chemi-
cal and Biomolecular Engineering, Georgia Institute of Technology, Atlanta,
Georgia, USA.

Received: 27 September 2022 Accepted: 3 December 2022
Published online: 27 December 2022

References

1. Zhang X, et al. Gene knockout in cellular immunotherapy: Application
and limitations. Cancer Lett. 2022;540:215736.

2. Narasimhan VM, Xue Y, Tyler-Smith C. Human Knockout Carriers: Dead,
Diseased, Healthy, or Improved? Trends Mol Med. 2016;22:341-51.

3. Jang Y-S, et al. Engineering of microorganisms for the production of
biofuels and perspectives based on systems metabolic engineering
approaches. Biotechnol Adv. 2012,30:989-1000.

4. Giaever G, Nislow C. The Yeast Deletion Collection: A Decade of Func-
tional Genomics. Genetics. 2014;197:451-65.

5. Acton, E. et al. Comparative functional genomic screens of three yeast
deletion collections reveal unexpected effects of genotype in response
to diverse stress. Open Biol. 7(6):160330.

6. Pan X, etal. A Robust Toolkit for Functional Profiling of the Yeast
Genome. Mol Cell. 2004;16:487-96.

7. Liu K, et al. Using CRISPR/Cas9 for multiplex genome engineering to
optimize the ethanol metabolic pathway in Saccharomyces cerevisiae.
Biochem Eng J. 2019;145:120-6.

8. XueT, et al. Improved bioethanol production using CRISPR/Cas9 to
disrupt the ADH2 gene in Saccharomyces cerevisiae. World J Microbiol
Biotechnol. 2018;34:154.

9. Yang P, et al. CRISPR-Cas9 Approach Constructed Engineered Sac-
charomyces cerevisiae with the Deletion of GPD2, FPS1, and ADH2 to
Enhance the Production of Ethanol. J Fungi. 2022;8:703.

10. Liu H, et al. Enhancing biofuels production by engineering the actin
cytoskeleton in Saccharomyces cerevisiae. Nat Commun. 2022;13:1886.



Holland and Blazeck Journal of Biological Engineering

20.
21

22.

23

24.

25.

26.

27

28.

29.

30.

31

32.

33.

34.

35.

(2022) 16:37

Zhang, et al. A gRNA-tRNA array for CRISPR-Cas9 based rapid multi-
plexed genome editing in Saccharomyces cerevisiae. Nat Commun.
2019;10:1053.

Kim DH, et al. Metabolic engineering of Saccharomyces cerevisiae by
using the CRISPR-Cas9 system for enhanced fatty acid production.
Process Biochem. 2018;73:23-8.

Wang Y, Li X, Chen X, Siewers V. CRISPR/Cas9-mediated point mutations
improve a-amylase secretion in Saccharomyces cerevisiae. FEMS Yeast
Res. 2022;22:foac033.

Galardini M, et al. The impact of the genetic background on gene
deletion phenotypes in Saccharomyces cerevisiae. Mol Syst Biol.
2019;15:e8831.

Singhabak SD, et al. A novel calcineurin-independent activ-

ity of cyclosporin A in Saccharomyces cerevisiae. Mol Biosyst.
2012;8:2575-84.

Kasemets K, Nisamedtinov |, Laht T-M, Abner K, Paalme T. Growth
characteristics of Saccharomyces cerevisiae 5288C in changing environ-
mental conditions: auxo-accelerostat study. Antonie Van Leeuwenhoek.
2007;92:109-28.

Arita Y, et al. A genome-scale yeast library with inducible expression of
individual genes. Mol Syst Biol. 2021;17:¢10207.

Ramer SW, Elledge SJ, Davis RW. Dominant genetics using a yeast
genomic library under the control of a strong inducible promoter. Proc
Natl Acad Sci. 1992;89:11589-93.

Lian J, Schultz C, Cao M, HamediRad M, Zhao H. Multi-functional
genome-wide CRISPR system for high throughput genotype-pheno-
type mapping. Nat Commun. 2019;10:5794.

Cherry JM, et al. Saccharomyces Genome Database: the genomics
resource of budding yeast. Nucleic Acids Res. 2012;40:D700-5.

Lee M, et al. FitSearch: a robust way to interpret a yeast fitness profile in
terms of drug's mode-of-action. BMC Genomics. 2013;14:56.

Payne WE, Garrels JI. Yeast Protein Database (YPD): a database for the
complete proteome of Saccharomyces cerevisiae. Nucleic Acids Res.
1997;25:57-62.

Sadowski |, et al. The PhosphoGRID Saccharomyces cerevisiae protein
phosphorylation site database: version 2.0 update. Database (Oxford).
2013;2013:bat026.

Oughtred R, et al. The BioGRID database: A comprehensive biomedical
resource of curated protein, genetic, and chemical interactions. Protein
Sci. 2021;30:187-200.

Monteiro PT, et al. YEASTRACT-DISCOVERER: new tools to improve the
analysis of transcriptional regulatory associations in Saccharomyces
cerevisiae. Nucleic Acids Res. 2008;36:D132-6.

Jasin M, Rothstein R. Repair of Strand Breaks by Homologous Recombi-
nation. Cold Spring Harb Perspect Biol. 2013;5:a012740.

Winzeler EA, et al. Functional characterization of the S. cer-

evisiae genome by gene deletion and parallel analysis. Science.
1999;285:901-6.

Giaever G, et al. Functional profiling of the Saccharomyces cerevisiae
genome. Nature. 2002;418:387-91.

Ross-Macdonald P, Sheehan A, Roeder GS, Snyder M. A multipurpose
transposon system for analyzing protein production, localization,

and function in Saccharomyces cerevisiae. Proc Natl Acad Sci U S A.
1997;94:190-5.

Smith V, Botstein D, Brown PO. Genetic footprinting: a genomic strategy
for determining a gene’s function given its sequence. Proc Natl Acad Sci
US A.1995,92:6479-83.

Goffeau A. Four years of post-genomic life with 6000 yeast genes. FEBS
Lett. 2000;480:37-41.

Birrell GW, Giaever G, Chu AM, Davis RW, Brown JM. A genome-wide
screen in Saccharomyces cerevisiae for genes affecting UV radiation
sensitivity. Proc Natl Acad Sci. 2001;98:12608-13.

Costanzo M, et al. A global interaction network maps a wiring diagram
of cellular function. Science. 2016;353:aaf1420.

Kuzmin E, et al. Systematic analysis of complex genetic interactions.
Science. 2018;360:eaa01729.

Espinet C, de la Torre MA, Aldea M, Herrero E. An efficient method to
isolate yeast genes causing overexpression-mediated growth arrest.
Yeast. 1995;11:25-32.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Page 10 of 12

Bergman ZJ, Xia X, Amaro IA, Huffaker TC. Constitutive dynein activity
in Shel mutants reveals differences in microtubule attachment at the
yeast spindle pole body. Mol Biol Cell. 2012;23:2319-26.

Takizawa PA, Vale RD. The myosin motor, Myo4p, binds AshT mRNA via
the adapter protein, She3p. Proc Natl Acad Sci U S A. 2000,97:5273-8.
Furuchi T, Hwang G-W, Naganuma A. Overexpression of the ubiquitin-
conjugating enzyme Cdc34 confers resistance to methylmercury in
Saccharomyces cerevisiae. Mol Pharmacol. 2002;61:738-41.

Chen, Y, Liang, J., Chen, Z, Wang, B. & Si, T. Genome-Scale Screening
and Combinatorial Optimization of Gene Overexpression Targets

to Improve Cadmium Tolerance in Saccharomyces cerevisiae. Front
Microbiol. 2021;12:662512.

Jones GM, et al. A systematic library for comprehensive over-
expression screens in Saccharomyces cerevisiae. Nat Methods.
2008;5:239-41.

Luesch H, et al. A genome-wide overexpression screen in yeast for
small-molecule target identification. Chem Biol. 2005;12:55-63.

Weill U, et al. Genome-wide SWAp-Tag yeast libraries for proteome
exploration. Nat Methods. 2018;15:617-22.

Jin Y-S, Alper H, Yang Y-T, Stephanopoulos G. Improvement of Xylose
Uptake and Ethanol Production in Recombinant Saccharomyces
cerevisiae through an Inverse Metabolic Engineering Approach. Appl
Environ Microbiol. 2005;71:8249-56.

SiT, et al. Automated multiplex genome-scale engineering in yeast.
Nat Commun. 2017;8:15187.

Dong C, et al. A Single Cas9-VPR Nuclease for Simultaneous Gene
Activation, Repression, and Editing in Saccharomyces cerevisiae. ACS
Synth Biol. 2020;9:2252-7.

Lian J, HamediRad M, Hu S, Zhao H. Combinatorial metabolic
engineering using an orthogonal tri-functional CRISPR system. Nat
Commun. 2017;8:1688.

Bolotin A, Quinquis B, Sorokin A, Ehrlich SD. Clustered regularly
interspaced short palindrome repeats (CRISPRs) have spacers of
extrachromosomal origin. Microbiol (Reading). 2005;151:2551-61.
Makarova KS, Grishin NV, Shabalina SA, Wolf Y1, Koonin EV. A putative
RNA-interference-based immune system in prokaryotes: compu-
tational analysis of the predicted enzymatic machinery, functional
analogies with eukaryotic RNAi, and hypothetical mechanisms of
action. Biol Direct. 2006;1:7.

Jinek M, et al. A programmable dual-RNA-guided DNA endonuclease
in adaptive bacterial immunity. Science. 2012;337:816-21.

Ciurkot K, Vonk B, Gorochowski TE, Roubos JA, Verwaal R. CRISPR/
Cas12a Multiplex Genome Editing of Saccharomyces cerevisiae and
the Creation of Yeast Pixel Art. J Vis Exp. 2019. https://doi.org/10.
3791/59350.

DiCarlo JE, et al. Genome engineering in Saccharomyces cerevisiae
using CRISPR-Cas systems. Nucleic Acids Res. 2013;41:4336-43.

Chin Y-W, Kang W-K, Jang HW, Turner TL, Kim HJ. CAR1 deletion by
CRISPR/Cas9 reduces formation of ethyl carbamate from ethanol fer-
mentation by Saccharomyces cerevisiae. J Ind Microbiol Biotechnol.
2016;43:1517-25.

Bao Z, et al. Genome-scale engineering of Saccharomyces cerevisiae
with single-nucleotide precision. Nat Biotechnol. 2018;36:505-8.
Smith JD, et al. Quantitative CRISPR interference screens in yeast
identify chemical-genetic interactions and new rules for guide RNA
design. Genome Biol. 2016;17:45.

Gilbert LA, et al. CRISPR-Mediated Modular RNA-Guided Regulation
of Transcription in Eukaryotes. Cell. 2013;154:442-51.
Momen-Roknabadi A, Oikonomou P, Zegans M, Tavazoie S. An
inducible CRISPR interference library for genetic interrogation of Sac-
charomyces cerevisiae biology. Commun Biol. 2020;3:723.

Chavez A, et al. Highly efficient Cas9-mediated transcriptional pro-
gramming. Nat Methods. 2015;12:326-8.

Stemmer WP. DNA shuffling by random fragmentation and reassem-
bly: in vitro recombination for molecular evolution. Proc Natl Acad
SciUS A 1994,91:10747-51.

Coco WM, et al. DNA shuffling method for generating highly
recombined genes and evolved enzymes. Nat Biotechnol.
2001;19:354-9.


https://doi.org/10.3791/59350
https://doi.org/10.3791/59350

Holland and Blazeck Journal of Biological Engineering

60.

61.

62.

63.

64.

65

66.

67.

68.

69.

70.

71

72.

73.

74,

75.

76.

77.

78.

79.

80.

81.

82

83.

84.

(2022) 16:37

Zhao H, Giver L, Shao Z, Affholter JA, Arnold FH. Molecular evolution
by staggered extension process (StEP) in vitro recombination. Nat
Biotechnol. 1998;16:258-61.

XueT, et al. Improved ethanol tolerance and production of Sac-
charomyces cerevisiae by global transcription machinery engi-
neering via directed evolution of the SPT8 gene. Food Biotechnol.
2019;33:155-73.

Wang X, et al. Improving the activity of endoglucanase | (EGI)

from Saccharomyces cerevisiae by DNA shuffling. RSC Adv.
2017;7:46246-56.

Boder ET, Wittrup KD. Yeast surface display for screening combinatorial
polypeptide libraries. Nat Biotechnol. 1997;15:553-7.

TraxImayr MW, Obinger C. Directed evolution of proteins for increased
stability and expression using yeast display. Arch Biochem Biophys.
2012;526:174-80.

Ryan OW, et al. Selection of chromosomal DNA libraries using a multiplex
CRISPR system. eLife. 2014;3:e03703.

Garst AD, et al. Genome-wide mapping of mutations at single-nucleotide
resolution for protein, metabolic and genome engineering. Nat Biotech-
nol. 2017;35:48-55.

LiangL, LiuR, Freed EF, Eckert CA, Gill RT. Transcriptional Regulatory Networks
Involved in C3-C4 Alcohol Stress Response and Tolerance in Yeast. ACS
Synth Biol. 2020. https://doi.org/10.1021/acssynbio.0c00253.

Kren A, etal.War1p,aNovel Transcription Factor Controlling Weak Acid Stress
Response in Yeast. Mol Cell Biol. 2003;23:1775-85.

JakocitnasT, Pedersen LE, Lis AV, Jensen MK, Keasling JD. CasPER, a method
for directed evolution in genomic contexts using mutagenesis and
CRISPR/Cas9. Metab Eng. 2018,48:288-96.

Ravikumar A, Arrieta A, Liu CC. An orthogonal DNA replication system in
yeast. Nat Chem Biol. 2014;10:175-7.

Ravikumar A, Arzumanyan GA, Obadi MKA, Javanpour AA, Liu CC. Scalable,
Continuous Evolution of Genes at Mutation Rates above Genomic Error
Thresholds. Cell. 2018;175:1946-1957.e13.

Arzumanyan GA, Gabriel KN, Ravikumar A, Javanpour AA, Liu CC. Mutu-
ally Orthogonal DNA Replication Systems In Vivo. ACS Synth Biol.
2018;7:1722-9.

Rix G, et al. Scalable continuous evolution for the generation of diverse
enzyme variants encompassing promiscuous activities. Nat Commun.
2020;11:5644.

Wellner A, et al. Rapid generation of potent antibodies by autonomous
hypermutation in yeast. Nat Chem Biol. 2021;17:1057-64.

Crook N, et al.In vivo continuous evolution of genes and pathways in yeast.
Nat Commun. 2016;7:13051.

Barbieri EM, Muir P, Akhuetie-Oni BO, Yellman CM, Isaacs FJ. Precise Editing at
DNA Replication Forks Enables Multiplex Genome Engineering in Eukary-
otes. Cell. 2017;171:1453-1467.e13.

Attene-Ramos MS, Austin CP, Xia M. High Throughput Screening. In: Wexler
P, eds. Encyclopedia of Toxicology, 3rd edition. Academic Press, 2014.
pPP.916-917. https.//doi.org/10.1016/B978-0-12-386454-3.00209-8.

Lee S-M, Jellison T, Alper HS. Directed evolution of xylose isomerase for
improved xylose catabolism and fermentation in the yeast Saccharomy-
ces cerevisiae. Appl Environ Microbiol. 2012;78:5708-16.

TakahashiT, Shimoi H, Ito K. Identification of genes required for growth
under ethanol stress using transposon mutagenesis in Saccharomyces
cerevisiae. Mol Gen Genomics. 2001;265:1112-9.

FujitaK, Matsuyama A, KobayashiY, lwahashiH.The genome-wide screening
of yeast deletion mutants to identify the genes required for tolerance to
ethanol and other alcohols. FEMS Yeast Res. 2006;6:744-50.

Ding J,etal. Aceticacid inhibits nutrient uptake in Saccharomyces cerevisiae:
auxotrophy confounds the use of yeast deletion libraries for strain
improvement. Appl Microbiol Biotechnol. 2013;97:7405-16.

Qiu C, Zhai H, Hou J. Biosensors design in yeast and applications in meta-
bolic engineering. FEMS Yeast Res. 2019;19:foz082.

Greenwald EC, Mehta S, Zhang J. Genetically Encoded Fluorescent Biosen-
sors llluminate the Spatiotemporal Regulation of Signaling Networks.
Chem Rev. 2018;118:11707-94.

Li'S, SiT, Wang M, Zhao H. Development of a Synthetic Malonyl-CoA Sensor
in Saccharomyces cerevisiae for Intracellular Metabolite Monitoring and
Genetic Screening. ACS Synth Biol. 2015;4:1308-15.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

9.

97.

98

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110

111

Page 11 of 12

Wang M, Li S, Zhao H. Design and engineering of intracellular-metabolite-
sensing/regulation gene circuits in Saccharomyces cerevisiae. Biotechnol
Bioeng. 2016;113:206-15.

Dabirian V, et al. Expanding the Dynamic Range of a Transcription
Factor-Based Biosensor in Saccharomyces cerevisiae. ACS Synth Biol.
2019;8:1968-75.

Mahr R, Frunzke J. Transcription factor-based biosensors in biotechnol-
ogy: current state and future prospects. Appl Microbiol Biotechnol.
2016;100:79-90.

Khalil AS, et al. A synthetic biology framework for programming eukaryotic
transcription functions. Cell. 2012;150:647-58.
ZhangJ,etal.Engineeringan NADPH/NADP+ Redox Biosensor in Yeast. ACS
Synth Biol. 2016;5:1546-56.

Yuan J, Ching C-B. Dynamic control of ERG9 expression for improved
amorpha-4,11-diene production in Saccharomyces cerevisiae. Microbial
Cell Fact. 2015;14:38.

Shi'S, Choi YW, Zhao H, Tan MH, Ang EL. Discovery and engineering of a
1-butanol biosensor in Saccharomyces cerevisiae. Bioresour Technol.
2017;245:1343-51.

Mormino M, SiewersV, NygardY. Development of an Haa1-based biosensor
for acetic acid sensing in Saccharomyces cerevisiae. FEMS Yeast Res.
2021;21:foab049.

Horie F, Endo K, Ito K. Artificial Protein-Responsive Riboswitches
Upregulate Non-AUG Translation Initiation in Yeast. ACS Synth Biol.
2020;,9:1623-31.

Ge H, Marchisio MA. Aptamers, Riboswitches, and Ribozymes in S. cerevisiae
Synthetic Biology. Life (Basel). 2021;11:248.

Gandia-Herrero F, Garcia-Carmona F, Escribano J. Floral fluorescence effect.
Nature. 2005;437:334-334.

Deloache WC, et al. An enzyme-coupled biosensor enables (5)-reticuline
production in yeast from glucose. Nat Chem Biol. 2015;11:465-71.
WangG,etal.Transportome-wide engineering of Saccharomyces cerevisiae.
Metabolic Engineering. 2021,64:52-63.

Teymennet-Ramirez KV, Martinez-Morales F, Trejo-Herndndez MR. Yeast
Surface Display System: Strategies for Improvement and Biotechnological
Applications. Front Bioeng Biotechnol. 2022,9:794742.

Feldhaus MJ, et al. Flow-cytometric isolation of human antibodies from

a nonimmune Saccharomyces cerevisiae surface display library. Nat
Biotechnol. 2003;21:163-70.

Wentz AE, Shusta EV. A novel high-throughput screen reveals yeast genes
that increase secretion of heterologous proteins. Appl Environ Microbiol.
2007,73:1189-98.

YiL, et al. Engineering of TEV protease variants by yeast ER sequestra-

tion screening (YESS) of combinatorial libraries. Proc Natl Acad Sci.
2013;110:7229-34.

Denard CA, et al. YESS 2.0, a Tunable Platform for Enzyme Evolution, Yields
Highly Active TEV Protease Variants. ACS Synth Biol. 2021;10:63-71.
AgrestiJJ, etal. Ultrahigh-throughput screening in drop-based microfluidics
for directed evolution. Proc Natl Acad Sci. 2010;107:4004-9.

TranTM, Lan F, Thompson CS, Abate AR. From tubes to drops: droplet-based
microfluidics for ultrahigh-throughput biology. J Phys D Appl Phys.
2013;46:114004.

Abatemarco J, et al. RNA-aptamers-in-droplets (RAPID) high-throughput
screening for secretory phenotypes. Nat Commun. 2017,8:332.

Paige JS, Nguyen-DucT, Song W, Jaffrey SR. Fluorescence imaging of cellular
metabolites with RNA. Science. 2012,335:1194.

Horlbeck MA, et al. Mapping the Genetic Landscape of Human Cells. Cell.
2018;174:953-967.e22.

Ran FA, et al. In vivo genome editing using Staphylococcus aureus Cas9.
Nature. 2015;520:186-91.

Kleinstiver BP, et al. Engineered CRISPR-Cas12a variants with increased activi-
ties and improved targeting ranges for gene, epigenetic and base editing.
Nat Biotechnol. 2019,37:276-82.

Okada S, Doi G, Nakagawa S, Kusumoto E, Ito T. Simple-to-use CRISPR-
SpCas9/SaCas9/AsCas12a vector series for genome editing in Saccharo-
myces cerevisiae. G3 (Bethesda). 2021;11:jkab304.

Verwaal R, Buiting-Wiessenhaan N, Dalhuijsen S, Roubos JA. CRISPR/Cpf1
enables fast and simple genome editing of Saccharomyces cerevisiae.
Yeast. 2018;35:201-11.


https://doi.org/10.1021/acssynbio.0c00253
https://doi.org/10.1016/B978-0-12-386454-3.00209-8

Holland and Blazeck Journal of Biological Engineering (2022) 16:37 Page 12 of 12

112. Buchmuller BC, et al. Pooled clone collections by multiplexed CRISPR-
Cas12a-assisted gene tagging in yeast. Nat Commun. 2019;10:2960.

113. JumperJ, et al. Highly accurate protein structure prediction with AlphaFold.
Nature. 2021;596:583-9.

114.  Ornes S. Researchers turn to deep learning to decode protein structures.
Proc Natl Acad Sci. 2022;119:¢2202107119.

115, Skjoedt ML, et al. Engineering prokaryotic transcriptional activators as
metabolite biosensors in yeast. Nat Chem Biol. 2016;12:951-8.

116.  Javanpour AA, Liu CC. Evolving Small-Molecule Biosensors with Improved
Performance and Reprogrammed Ligand Preference Using OrthoRep.
ACS Synth Biol. 2021;10:2705-14.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	High throughput mutagenesis and screening for yeast engineering
	Abstract 
	Background and introduction
	Genome-wide perturbation strategies for dissecting gene function and improving phenotype
	Yeast gene deletion collections for genome-wide fitness characterizations
	Overexpression gene libraries for complementary genome-wide characterizations

	CRISPR(d)Cas-mediated genome-wide screens for rapid and multiplex assays
	CRISPRCas-mediated gene knockout studies
	(d)Cas9-mediated transcriptional control and multifunctional genome-wide assays

	Targeted diversification strategies for protein or pathway evolution
	In vitro techniques for generating biological diversity for yeast optimization
	Targeted in vivo CRISPR-mediated diversification
	Targeted in vivo continuous evolution

	High throughput selection schema for enhanced biological functions
	Growth based selections
	Biosensors
	Yeast surface display
	Drop-based microfluidics

	Conclusion and future perspectives
	References


