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Abstract

Intrinsic protein properties that may not be apparent by only examining three-
dimensional structures can be revealed by careful analysis of mutant protein variants.
Deep mutational scanning is a technique that allows the functional analysis of millions
of protein variants in a single experiment. To enable this high-throughput technique,
the mutant genotype of protein variants must be coupled to a selectable function.
This chapter outlines how artificial genetic circuits in the yeast Saccharomyces cerevisiae
can maintain the genotype-phenotype link, thus enabling the general application of
this approach. To do this, we describe how to engineer genetic selections in yeast,
methods to construct mutant libraries, and how to analyze sequencing data. We inves-
tigate the structure-function relationships of the antimicrobial resistance protein TetX to
illustrate this process. In doing so, we demonstrate that deep mutational scanning is a
powerful method to dissect the importance of individual residues for the inactivation of
antibiotic analogues, with consequences for the rational design of new drugs to combat

antimicrobial resistance.
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1. Introduction

Dissecting the relationship between a protein’s structure and its activ-
ity is vital for understanding how basic biological processes occur and has
allowed us to improve upon or evolve new enzymatic reactions and develop
new drugs (Bornscheuer et al., 2012; Lutz, 2010; Steiner & Schwab, 2012;
van Montfort & Workman, 2017). Three-dimensional snapshots of a pro-
tein’s structure in distinct states as shown from X-ray crystallography
(Shi, 2014) or cryo-electron microscopy (Cheng, Grigorieff, Penczek, &
Walz, 2015) can illustrate conspicuous interactions of residues and ligands.
However, as proteins are not static structures, their important dynamic
processes can be investigated using protein nuclear magnetic resonance
spectroscopy (Marion, 2013). While these methods alone are required for
elucidating a protein’s three-dimensional structure, mutational studies are
equally important for directly investigating the function of specific residues.
For example, alanine scanning can establish the importance of individual
amino acids to protein stability and function (Cunningham & Wells,
1989; Morrison & Weiss, 2001). Alternatively, mutagenesis to the binding
pocket or around the catalytic residues of enzymes can give insight into the
specifics of catalysis, or a glimpse into possible promiscuity that can be
appropriated into new functions (Gupta & Varadarajan, 2018). While these
methods rely on analytical validation to link mutated genotype to pheno-
type, advances in synthetic biology offer an alternative when convenient
phenotypic readouts are not available.

Genetic circuits that follow computational logic, where experimental inputs
are translated into selectable or screenable outputs, have been engineered in
many model organisms (Brophy & Voigt, 2014; Filipovska & Rackham,
2008; Liu, Yuan, & Stewart, 2013; Weber & Fussenegger, 2010). Using genetic
circuitry, if a specific input can be linked to the survival of a microbe, then a
single cell can act as an independent computational laboratory; thus, within a
single culture, tens of millions of experiments can be run and analyzed concur-
rently. Therefore, coupling the genotype of mutant protein variants to the sur-
vival of a microbe is a powerful technique to study mutations, obviating the
need for laborious analytical screening. Deep sequencing of resulting mutant
libraries can then generate large datasets to reveal intrinsic protein properties
possibly too subtle to otherwise gauge, a technique known as “deep mutational
scanning” (Araya & Fowler, 2011; Fowler et al., 2010; Fowler & Fields, 2014;
Fowler, Stephany, & Fields, 2014). The vyeast Saccharomyces cerevisiae
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is well suited as a microscopic laboratory for this purpose as it is easy to culture,
easy to genetically modify, and has many well-characterized biological parts
shown to follow computational logic when combined (Blount, Weenink, &
Ellis, 2012).

This chapter will describe how to design genetic circuits in yeast to
probe the structure and function relationships of a protein of interest. We
will explain how variants in random mutant libraries can be selected for
the gain, loss, or retention of protein activity, and how deep mutational
scanning can reveal what and how prevalent these mutations are. We will
illustrate this process by probing the structure and function relationships
of residues within TetX, an emerging antimicrobial resistance threat that
causes the enzymatic inactivation of all known tetracycline antibiotics
(Scott, Mathews, Flematti, Filipovska, & Rackham, 2018). Understanding
the mutability of specific residues within a protein has broad consequences
for understanding how it functions; in the case of an antimicrobial resistance
protein, this understanding can guide the development of vitally important
new drugs.

2. General principles

We propose three general steps to use genetic circuits in yeast to probe
the structure and function relationships of a protein, as illustrated in Fig. 1.
These steps involve engineering a genetic selection for protein activity,
making a library of protein variants, and then analyzing the genotype of
escape mutants.

The first crucial step is to link protein function to cell survival. This
requires careful consideration, as how to engineer this association may
not be directly recognizable. Fortunately, yeast strains already engineered
to assay macromolecular interactions (for example, yeast two-hybrid sys-
tems) can be appropriated for part of this genetic circuitry (Fields &
Song, 1989; Licitra & Liu, 1996; Van Criekinge & Beyaert, 1999; Wallis,
Filipovska, & Rackham, 2018; Wallis, Richman, Filipovska, & Rackham,
2018). In these strains, when an experimental macromolecular interaction
occurs, a functional transcription factor is created that activates the expres-
sion of a reporter gene. Therefore, if the activity of a protein of interest can
also be linked to the expression of such a transcription factor (or generally, a
“master regulator”) in one of these strains, then this activity should be select-
able. A wealth of engineered yeast one-hybrid, two-hybrid and three-hybrid
strains containing a multitude of different reporter genes capable of both
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Fig. 1 The function of a protein of interest can be selected for if it activates a transcrip-
tion factor that in turn activates a master regulator that turns on downstream reporter
genes (A). A mutant library, generated for example by error-prone PCR, can be intro-
duced into yeast engineered with genetic circuitry described in (A) and assembled
in vivo with an expression vector by homologous recombination (B). Library trans-
formants escaping selection can be analyzed as single clones by phenotypic screens
in conjunction with Sanger sequencing, or all escape mutants can be analyzed in
parallel with deep mutational scanning (C).

positive and negative selections is available, and this existing well-classified
foundation can be used to build more complex genetic circuits to assay a
specific protein function.

Second, a library of mutant proteins must be expressed in yeast. The
mutational strategy chosen will be a trade-oft between mutational depth ver-
sus amino acid sequence coverage and will need careful attention based on
the size of the protein and on available structural or mutational information.

Third, mutants escaping selection should be analyzed. While very labor
intensive, the analysis of individual escape mutants provides a direct link
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between genotype and phenotype and should be done with a manageable
number of variants. Importantly, deep sequencing of all selected mutants will
give a general view of the protein’s mutational landscape. Using deep muta-
tional scanning as a high-throughput approach can reveal intrinsic protein
properties that would be missed by conventional sampling (Fowler &
Fields, 2014).

3. Methodology

We recently used deep mutational scanning in yeast to investigate the
structure and function of the antimicrobial resistance enzyme TetX (Scott
et al., 2018). TetX is a flavin-dependent monooxygenase that can degrade
all known tetracycline antibiotics (Yang et al., 2004). However, as not all
tetracyclines are degraded at the same rate, there was potential to redesign
current drugs to be better inhibitors and bypass this resistance mechanism.
To investigate this, we designed genetic circuits that linked the function
of TetX to the survival of yeast. Random mutant libraries of TetX were then
selected for variants that could degrade tetracycline analogues or not. Finally,
using deep mutational scanning, we investigated the structural requisites of
TetX, dependent on the tetracycline analogues it could degrade. Combined
with research into the structure of TetX and related enzymes (Moore,
Hughes, & Wright, 2005; Park et al., 2017; Volkers et al., 2013; Volkers,
Palm, Weiss, Wright, & Hinrichs, 2011), our study provides valuable infor-
mation to be leveraged to rationally redesign tetracycline antibiotics to
potentially overcome enzymatic destruction.

The next sections describe a methodological framework to study
structure-function relationships of a protein using genetic circuits and deep
mutational scanning in yeast. We describe this methodology using our
recent study on the antimicrobial resistance protein TetX as example.

3.1 Genetic circuits to select for protein activity

3.1.1 A biosensor to select for TetX function

The following sections outline how an artificial genetic circuit can select for
protein function in engineered yeast. As a starting point, one must test if the
protein of interest is functionally expressed. Therefore, analytical techniques
that give a direct readout on protein function should be used. Expression
from a strong constitutive or inducible promoter in these initial experiments
should ensure some detectable protein activity. Furthermore, codon usage
optimization is recommended for all genes not originating from yeast—most
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gene synthesis companies offer this service. In our recent work, we found
expression of the yeast codon usage optimized gene for TetX from the
ADHT1 promoter on a 2-micron plasmid was sufficient to destroy the
tetracycline anhydrotetracycline (ATC) in yeast cultures, as detected by high
performance liquid chromatography-mass spectrometry (HPLC-MS) (Scott
etal., 2018). While a similar expression configuration can be an initial foun-
dation for circuit design, expression may need to be adjusted during the final
library selection to ensure enough sensitivity to detect mutations that cause
subtle changes in function. Many endogenous yeast promoters spanning
orders of magnitude in activity have been characterized and can be appro-
priated for this purpose (Keren et al., 2013; Lee, DeLoache, Cervantes, &
Dueber, 2015).

Once protein function in yeast is confirmed, the next crucial step is to link
this activity to the expression of a “master regulator.” A master regulator is
simply a transcription factor that can activate downstream reporter genes that
enable genetic selection. Many yeast-hybrid strains have reporter genes
engineered to be activated by transcription factors, such as the yeast
two-hybrid strain MaV204K that uses Gal4 to activate HIS3 and URA 3 auxo-
trophic markers (Ito et al., 2000). These reporter genes can be selected for on
media lacking histidine or uracil, but also against using 5-fluoroorotic acid
(5-FOA) as it is transformed into a toxic product by URA3. Therefore, the
function of TetX, or generally any other protein of interest, can be selected
for or against if it can induce GAL4 expression in MaV204K.

As TetX functions by degrading tetracyclines, a tetracycline inducible
gene expression system was used to express the master regulator Gal4 in
MaV204K (Scott et al., 2018). We built a genetic circuit where the reverse
tetracycline-controlled transactivator (rtTA) can sense tetracyclines and bind
to promoter elements upstream of the GAL4 gene, encoding the Gal4 tran-
scription factor. If this strain is cultured with tetracyclines, Gal4 expression is
turned on, which in turn activates HIS3 and URA3 expression. If TetX is
expressed in this strain, it will degrade the tetracycline inducer before it can
stimulate Gal4 expression and downstream auxotrophic marker activation.
Therefore, using this system, the function of TetX can be selected for or
against dependent on the culture conditions. Integral to consistent results
of such a selection is to use a centromeric plasmid that replicates as a single
copy to avoid possible variability in Gal4 expression confounded by
copy number.

Our initial exploratory experiments demonstrated that induction of
Gal4 expression by ATC caused toxicity to yeast (Scott et al., 2018).
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We hypothesized this may be caused by pleiotropic eftects of Gal4 over-
expression (Keren et al., 2016). One way to overcome this is to modulate
the translation of the master regulator using strong and weak Kozak consen-
sus sequences or start codons. This can easily be achieved by site directed
mutagenesis without having to replace promoters (Chen, Lin, Chang,
Yeh, & Wang, 2008). Subtle effects on translation can be made by altering
the six nucleotides preceding the start codon, for example, to cytosines, thus
creating a weak Kozak consensus sequence. Alternatively, changing the start
codon from ATG to the less commonly used TTG can cause a more pro-
nounced reduction in translation. Using this technique, a yeast strain con-
ditionally expressing Gal4 with a TTG start codon enabled yeast to survive
on media lacking histidine and uracil in the presence of ATC, thus creating
cells that were dependent on tetracyclines for survival. When TetX was
expressed in this strain it could inactivate ATC, thus prohibiting Gal4
expression from triggering of the nutritional marker expression cascade.

3.1.2 General genetic circuit design considerations

A transcriptional regulator, that operates through the tetracycline repressor
(TetR), was used to sense the presence of tetracyclines in our recent work.
Nevertheless, one is not constricted to this class of antibiotics as biosensors
have been designed against a myriad of other targets (Dietrich, McKee, &
Keasling, 2010). Therefore, if a biosensor exists against a protein or ligand
of interest, then the structure and function of a protein that modulates
it can be explored using the methodology presented in this chapter.
Furthermore, the concept of utilizing a transcriptional regulator as a sensor
is generally applicable to many other antibiotic and small molecule altering
enzymes far beyond those already detectable by a biosensor. Most biosyn-
thetic clusters encode a self-resistance mechanism that is transcriptionally
regulated by the metabolite produced. This duality concept has been
exploited to discover new natural products via genome mining (Yan
et al., 2018). Furthermore, there are currently over 200,000 TetR family
transcriptional regulators in public sequence databases that recognize many
diverse small molecules, including numerous desirable natural products that
are modified by a multitude of accessory proteins (Ramos et al., 2005). The
structures of about 200 of these transcriptional regulators are known, and
protein engineering approaches have shown that they can be redesigned
to bind new ligands (Tang & Cirino, 2011; Tang et al., 2013). Therefore,
the concept of linking the activity of a protein that alters a natural product,
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via a transcriptional regulator, to life-death selections in yeast should be
generally applicable to most natural products of interest.

‘While Gal4 functions well in the context of available yeast-hybrid strains,
toxicity from overexpression is a confounding factor that could be an
issue (Keren et al., 2016). Many yeast two-hybrid strains have operator sites
for the LexA repressor upstream of reporter genes; therefore, expressing a
fusion of the LexA repressor with an activating domain could overcome
potential pleotropic Gal4 effects (Fashena, Serebriiskii, & Golemis, 2000).
Furthermore, expanding the repertoire of reporter strains to encompass
fully orthogonal components will be highly beneficial for genetic circuit
design. Strain engineering is becoming even easier with CRISPR-Cas9
systems (Jessop-Fabre et al., 2016), and future iterations should make use
of the expanding collection of well-characterized genetic parts (Naseri
et al., 2017).

In terms of practicalities, a biosensor should have a wide operational and
dynamic range (see Fig. 2) (Dietrich et al., 2010; Rogers, Taylor, & Church,
2016). Typically, high molecular specificity should also be sought after
(Lederer et al., 1996). However, the promiscuous nature of TetR used to
induce tetracycline dependent Gal4 expression allowed the analysis of dif-
terent inducers in our recent study, emphasizing that choice of parts during
genetic circuit construction is highly dependent on the experimental ques-
tion asked. Another important aspect for genetic circuit design is the ability
for rapid prototyping, or failing quickly, as this will drastically decrease the

Operational range
(i.e. sensitivity)

Output Dynamic range
(e.g. growth) (i.e. signal to noise)

Input
(e.g. product concentration)
Fig.2 Input concentrations over which the biosensor responds is the operational range.
It spans the limit of detection to the saturation point. The dynamic range is the output to
any given concentration of input. It can be measured in cell growth or fluorescence
depending on the reporter gene(s) chosen. A large dynamic range will ensure the signal
resulting from the experimental input can be detected over background noise.
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design-build-test cycle required to engineer a suitable selection. To aid rapid
prototyping, yeast survival assays are a quick semi-quantitative way to assess
genetic circuit performance. However, thorough exploratory experiments
are essential to large-scale library screening to understand how the selection
mechanism will behave in situ. Consequently, more detailed assessment of
short-listed selections should be done mimicking the final selection
conditions.

3.2 Mutant library construction

Before constructing a mutant library, planning is required to ensure that it
contains useful answers to your research questions. Choice of mutational
strategy is a key decision when planning deep mutational scanning, with
saturation or random mutagenesis being two broad classes of mutational
strategy. Saturation mutagenesis is the exhaustive examination of amino acid
changes within a discrete sequence region. This approach, enabled by effi-
cient chemical synthesis of combinatorial DNA libraries (Medina-Cucurella
et al., 2019) or by polymerase chain reaction (PCR) with trimer pho-
sphoramidites (Filipovska, Razif, Nygird, & Rackham, 2011), ofters
comprehensive and largely unbiased exploration of the sequence space
but is limited by practical constraints to targeting short protein sequences.

Random mutagenesis strategies include a variety of techniques that
introduce DNA changes by chance. For example, mutations can be intro-
duced by modified PCR (Leung, Chen, & Goeddel, 1989), by treatment
with chemical or radiological agents (Bose, 2016), or by introducing target
sequences to “mutator” strains of organisms with inherently low fidelity
of DNA replication (Muteeb & Sen, 2010). Although libraries produced
by random strategies will not be as comprehensive or controlled as saturation
mutagenesis libraries, random strategies are often simpler to implement
and can more easily target longer sequences of whole genes or even whole
genomes. Furthermore, random mutagenesis also more closely approxi-
mates the conditions by which mutations arise in nature, and so is a powerful
tool for evolving proteins with new or improved functions.

3.2.1 Error-prone polymerase chain reaction libraries

Error-prone polymerase chain reaction (EP-PCR) is a tried and tested
method for introducing random mutations to full-length proteins where
reaction conditions can be changed to fine tune the mutation rate.
Opverall mutation rate and library size are two key considerations controlling
diversity within the library: if the mutation rate is too low and/or the library
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is too small, amino acid changes will not be sufficiently diverse to provide
useful data (especially when synonymous mutations are expected). If the rate
is too high, there will be many loss of function mutants carrying multiple
mutations, making it difficult to attribute function loss to any one mutation.
For these reasons, aiming for a mutation rate close to two substitutions per
kilobase can maximize the number of transformants carrying proteins with
just one productive amino acid change. At this rate, if mutation frequency is
assumed to follow a Poisson distribution, roughly 14% of clones will be not
mutated, roughly 27% will carry one mutation, roughly 27% will carry two
mutations, and the remainder more than two. Although there are many
methods for adjusting mutation rate, the simplest to modify is number of
PCR cycles with an error-prone polymerase—this parameter reportedly
titrating mutation rates between 0.01% and 10% per base position
(Vanhercke, Ampe, Tirry, & Denolf, 2005).

Another key consideration for EP-PCR library design is reducing
mutation bias. DNA polymerase enzymes are naturally biased toward certain
nucleotide substitutions, notably AT — GC and AT — TA. Although a lim-
ited repertoire of base substitutions can theoretically still result in a
very diverse library of amino acid substitutions, it is advisable to consider
methods for reducing this bias to allow detection of rare mutant phenotypes.
Common methods for controlling mutation bias are addition of Mn>" up
to 5mM in the reaction buffer (Lin-Goerke, Robbins, & Burczak, 1997),
changed ratio of deoxynucleoside triphosphates (dANTPs) (Cadwell &
Joyce, 1992), and combining multiple polymerase enzymes with different
mutational preferences (Vanhercke et al., 2005). For our example TetX
library, we chose to experiment with a novel method for combatting
mutational bias. By using an EP-PCR template obtained by fairly low fidel-
ity gene fragment synthesis (7.52 x 10" errors per base position) additional
non-polymerase biased mutations can be introduced into the library
(Invitrogen, 2015).

‘When planning an EP-PCR library size target for a whole open reading
frame, one should maximize the completeness of the library, so that it con-
tains as many protein sequences as possible that differ from the wild type by a
single amino acid. The proportion of these sequences present can be thought
of as the “completeness” of the library, and the maximum number of single
amino acid substitutions calculated by multiplying the length of the protein
sequence by the 19 alternative amino acids possible at each position. Since
the start codon ordinarily needs to be preserved, the amino acid sequence
length can be reduced by one for this calculation. For example, at a rate
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of two mutations per kilobase for the TETX gene, an ideal EP-PCR library
containing codons for all 7353 possible single amino acid substitutions
would require the impractical 2 x 10" yeast transformants to completely
sample. Knowing that large-scale yeast transformations typically yield closer
to 107 transformants, the practical library completeness would be closer to
57% as calculated by the online tool PEDEL-AA (Firth & Patrick, 2008).
It should also be considered at this point that library size targets are limited
by the requirements of downstream sequencing experiments. When using
next-generation sequencing technologies, it is advisable for each variant
to be covered by at least 100 sequencing reads for accurate quantitative
analysis (Fowler & Fields, 2014).

Selecting a method for incorporation of genes of interest into the host
also requires some thought. One advantage of using yeast is the chance to
harness its robust homologous recombination machinery to assemble vectors
in situ. When using this technique, one should, however, be aware that some
transformants may carry re-ligated vector, inflating the usable transformation
efficiency (Chandran & Shapland, 2017). For our example TetX library, we
transformed variant TETX gene sequences along with linear copies of a yeast
shuttle vector to place TETX expression under control of the constitutive
ADH1 promotor.

3.2.2 Small-scale library testing
Small-scale pilot library experiments are recommended to investigate
the quality of the library and determine the reagents required before
up-scaling. Key considerations that can be optimized in a small-scale exper-
iment include transformation efficiency, mutation rate, and mutation type.
During small-scale testing, it is useful to test various ratios of vector and
insert DNA for their transformation efficiencies to select conditions
that maximize yield during larger experiments. For our TetX pilot study,
insert to vector ratios of 2:1 and 1:1 were transformed into yeast by the lith-
ium acetate/single-stranded carrier DNA/polyethylene glycol method
(Gietz & Schiestl, 2007; Gietz & Woods, 2002), then inoculated as serial
dilutions on agar plates selecting only for plasmid maintenance. Colony
counts revealed that an insert to vector ratio of 2:1 yielded the most trans-
formants in our experimental conditions. We recommend, however, testing
even more ratios, for example, up to an insert to vector ratio of 5:1.
Using Sanger sequencing, small-scale transformation tests are an excel-
lent opportunity to compare the achieved mutation rate with the original
target. PCR conditions can then be adjusted to titrate this rate if necessary.
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Sanger sequencing of yeast transformant colonies from our TetX pilot
library found mutation rates of 1.5 nucleotide substitutions per kilobase,
resulting in an average 1.2 mutations per gene. Encouragingly, no clones
carrying empty re-ligated vector were detected.

As well as mutation rate, the type of mutations occurring in a small set of
EP-PCR transformants will provide key information on the strength of your
mutational strategy. For our example TetX library, it was found that for 25%
of those mutants sequenced, insertions and deletions occurred in a single
9bp adenine homopolymer region of the gene (Fig. 3). If we proceeded
with large-scale experiments, these indels would result in many missense
mutants that would be non-functional and escape selection—overwhelming
rarer loss of function mutants that arose from point mutations. In this case, it
was simple to redesign the synthetic TETX gene template with two AAA
codons replaced by the synonymous AAG to disrupt the homopolymer.
This example demonstrates the importance of small-scale tests before
attempting more substantial EP-PCR protocols.

(Pro [Gly):(Lys [ Lys [ Lys):
CCAGGTAAAAAAAAATGGACT

TETX ' '
wild-type ‘/\’\/\/\{\; N\I\A[
—! Lys ] Lys ] Lys ):(Met [Asp
CCAGGTAAAAAAAAAATGGAC

TETX : :
' PIAN))

' Lys] Lys Asn Gly [ Leu
CCAGGT.AAAAAAAATGGACTT

e g
(Pro | Gly )
CCAGGT-AAGAAGAAA-TGGACT

TETX

= o

version 2 !

Fig. 3 Small-scale tests are crucial to the success of large-scale EP-PCR libraries. In this
example, an unexpectedly high (25%) rate of insertions and deletions occurring in a sin-
gle adenine homopolymer sequence (A) flooded the library with nonsense loss of func-
tion mutations (B and C). To correct this, it was trivial to replace two AAA codons with
the synonymous AAG in the synthetic gene template (D).

B
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3.2.3 Large-scale library screening

Large-scale library construction parameters should be extrapolated from
results achieved during the small-scale pilot experiment. The small-scale
experiment should give information on the lowest amount of DNA required
to still deliver the most transformants possible that can be analyzed with
downstream techniques. This is important as, although rare, increasing
the DNA amount can lead to multiple variants being introduced to the
same cell, decoupling the phenotype-genotype link. It is therefore rec-
ommended to scale up the whole transformation reaction, and not just
the DNA amount. We recommend up-scaling using the lithium acetate/
single-stranded carrier DNA/polyethylene glycol yeast transformation
method which should yield tens of millions of clones (Gietz & Schiestl,
2007; Gietz & Woods, 2002). This process is highly contamination sensitive
due to large volumes of rich yeast media undergoing repeated incubations,
and the use of laminar air flow is recommended.

Once transformed, the library should be allowed to undergo additional
doublings before plating on selective media. This is an important step that
provides a clonal population of each mutant. Having multiple cells
containing the same mutant ensures that even those that occur rarely in
the population have a chance of being sampled. It also means that the entire
diversity of the library can be captured on multiple selection conditions, and
crucially on a non-selective condition to provide an un-selected represen-
tation of the library, which is necessary for calculating the enrichment
of mutations. Additionally, multiple biological replicates should be con-
structed and selected. Comparing mutant enrichment between replicates
using purpose-built software such as Enrich2 will ensure the planned library
diversity is captured and can also decrease noise and false positives from
inconsistent escape mutants (Rubin et al., 2017).

In our recent work, additional doublings of the library allowed TetX
mutants that could not inactivate different tetracyclines (ATC or doxycy-
cline (DOX)) to be selected. This was done using media lacking tyrosine
and lysine, to select for TetX expression and biosensor plasmids, and lacking
uracil and histidine, to select for reporter activation because of enzyme
function loss. Furthermore, we also conducted some selection experiments
using media lacking tyrosine and lysine, supplemented with ATC and
5-FOA—to select for functional TetX variants only—demonstrating
the flexibility of this selection system (Scott et al., 2018). Aliquots of
the library were also taken following rescue of transformants and after the
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final additional doublings, to calculate final transformation efficiency and
library size by serial dilution survival assays on media selecting for plasmid
maintenance only.

3.3 Mutant library analysis

3.3.1 Single colony analysis

In conjunction with large-scale library analysis using deep sequencing, it is
useful to isolate mutant strains with interesting phenotypes by traditional
replica plating techniques. Doing so will offer a chance to study these
mutants’ activity in greater detail and against a greater variety of substrates.
The enrichment state of these phenotypes in deep sequencing data can also
serve as validation for selection, sequencing, and analysis strategies. Isolated
mutants with studied activity levels oftered a valuable point of comparison
with our TETX deep sequencing data, their enrichment in the larger data
set confirmed the validity of the deep sequencing data and indicated the rel-
ative level of activity loss that corresponded to various enrichment values.
Following selection from a portion of our TetX library, yeast colonies that
escaped selection were inoculated on selective agar plates with alternative
enzyme substrates, in this case ATC and DOX. By comparing growth
between these plates, it was possible to identify mutant enzymes with a pref-
erence for one substrate. Sequencing these mutations and modeling them
with molecular visualization software provided crucial structure-function
insights (Scott et al., 2018). Care must be taken to retain part of each sampled
colony on the original selection plate to ensure their representation during
deep sequencing.

3.3.2 Whole population analysis
3.3.2.1 Generation of sequencing data

As it is not possible to individually sequence and phenotypically screen each
mutant, deep sequencing the whole mutant population and comparing this
with an unselected population can reveal which mutations are enriched after
a selection condition. There are many sequencing technologies and proto-
cols suitable for this purpose; however, choices here will be governed by
availability, cost, and experimental needs. For shorter gene sequences or
smaller libraries, Sanger sequencing many individual mutants in parallel
remains a reliable and robust option. However, for longer gene sequences
and larger populations containing rare mutant phenotypes, next-generation
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sequencing technologies are more appropriate. Of these technologies,
sequencing by synthesis (Illumina), pyrosequencing (454), and sequencing
by ligation (SOLiD) reportedly give the highest accuracy (99.9% for all
three) (Liu et al., 2012).

For our example TetX library, we chose to use Illumina MiSeq with
paired-end reads, due to its ready availability and low cost per base. Since
deep mutational scanning is a quantitative method relying on detection
of rare phenotypes, we aimed to maximize the coverage depth achieved
in the TETX open reading frame using sub-amplicon sequencing. This
is a technique where primers tagged with known Illumina compatible
sequences are used to amplify a series of short products spanning the target
(Hiatt, Patwardhan, Turner, Lee, & Shendure, 2010; Starita et al., 2013).
These amplicons can then be applied directly to the flow cell as paired-
end reads. For our example TetX library, we found that 250bp sub-
amplicon reads provided the greatest coverage depth and most accurate
results. These reads were generated from mutants in an unselected condi-
tion, escape mutants from ATC and from DOX selections (selection
for non-functional TetX), and escape mutants from selection with ATC
and 5-FOA (selection for functional TetX).

3.3.2.2 Analysis of sequencing data

After optimization of a sequencing strategy and sequencing of your library,
you will need software to convert raw read data into useful information
about the mutants that make up your library. In general, the process of anal-
ysis will include pre-processing of reads for quality, alignment of reads to the
reference DNA sequence, and finally calling mutations and calculating
enrichment scores for mutations compared to an unselected population.
Naturally, the choice of bioinformatics tool(s) will depend on the sequenc-
ing technology used, characteristics of the library, characteristics of the target
gene(s), and the nature of your research questions. For many applications,
obvious choices include the widely used open-source toolkits SAMtools
(Li et al., 2009) and GATK (McKenna et al., 2010). If these platforms do
not meet the specific needs of your experiment, there are specialized
open-source tools available from code repositories developed by researchers
who have needed to extend the reach of their deep sequencing and deep
mutational scanning experiments. Enrich2 and DMStools are examples of
purpose-built software that will treat sequencing data with a statistically
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principled approach to generate plots for deep mutational scanning data
visualization (Bloom, 2015; Rubin etal., 2017). Recently, machine learning
algorithms have been developed to incorporate variant function prediction
of large mutant datasets (Gray, Hause, Luebeck, Shendure, & Fowler, 2018).

For our example TetX library, we performed initial read quality and
adaptor trimming, as well as extraction and realignment of subamplicons,
using the proprietary software Geneious (Kearse et al.,, 2012). Enrich2
was then used to calculate enrichment scores for mutations across the protein
sequence, and these enrichment scores visualized graphically as well as
mapped onto protein structure using PYMOL (Schrodinger LLC, 2018).

Mutational bias can also be investigated at this stage. When the frequency
of all possible base substitutions in the TETX library was calculated,
TA— CG transversions were most frequently observed, followed by
GC — AT transversions (Fig. 4). This trend is consistent with the known
mutation bias of Taq and with the relatively low GC content of the target
gene (Vanhercke et al., 2005). Encouragingly, a low but consistent rate
of most other substitutions was detected in the library, perhaps resulting
from our novel approach to reduce mutation bias.

50% —
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40% -
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30% —
25% —
20% —
15% -
10% -
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Frequency of base substitution
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Fig. 4 Frequencies of base substitutions occurring in an EP-PCR library following selec-
tion with an artificial yeast genetic circuit are generally consistent with expectations for

Taq polymerase. Low but consistent levels of rare mutations were attributable to the use
of a low fidelity gene synthesis template for the reaction.
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4. Summary

Artificial genetic circuits in yeast can provide a valuable tool to link
mutant genotype to protein function. In doing so, the analysis of tens of
millions of variants can be achieved in parallel, a technique known as deep
mutational scanning. This chapter describes this process using the analysis
of tetracycline resistance protein TetX variants, as an example. We describe
in detail how to engineer genetic selections for protein function, how to
create libraries of mutant proteins, and how deep sequencing can reveal
the relevance of specific residues for protein activity. Investigation of the
structure and function of TetX provides insights into how new drugs could
be made to combat this resistance mechanism, illustrating the power of this
methodology.
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