
A Toolkit for Precise, Multigene Control in Saccharomyces cerevisiae
Adam Sanford, Szilvia Kiriakov, and Ahmad S. Khalil*

Cite This: ACS Synth. Biol. 2022, 11, 3912−3920 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Systems that allow researchers to precisely control the expression of
genes are fundamental to biological research, biotechnology, and synthetic biology.
However, few inducible gene expression systems exist that can enable simultaneous
multigene control under common nutritionally favorable conditions in the important
model organism and chassis Saccharomyces cerevisiae. Here we repurposed ligand
binding domains from mammalian type I nuclear receptors to establish a family of up to
five orthogonal synthetic gene expression systems in yeast. Our systems enable tight,
independent, multigene control through addition of inert hormones and are capable of
driving robust and rapid gene expression outputs, in some cases achieving up to 600-
fold induction. As a proof of principle, we placed expression of four enzymes from the
violacein biosynthetic pathway under independent expression control to selectively
route pathway flux by addition of specific inducer combinations. Our results establish a
modular, versatile, and potentially expandable toolkit for multidimensional control of
gene expression in yeast that can be used to construct and control naturally occurring
and synthetic gene networks.
KEYWORDS: yeast, gene expression control, inducible promoters, transcription factors, MoClo Toolkit, nuclear receptors

Cells activate gene expression programs in response to
internal and external signals. Manipulating this funda-

mental process in order to control cellular behavior is a
principal goal of synthetic biology and serves as the basis of
widely used tools in the life sciences and biotechnology. In
particular, tools that enable a single gene to be turned on/off
and its expression to be precisely controlled with external
stimuli in the yeast Saccharomyces cerevisiae have played an
outsized role in facilitating important discoveries and
applications. For example, inducible gene expression systems
in yeast have been critical for probing gene function and
regulatory network architecture, establishing models of gene
regulation, elucidating the origins and consequences of noise in
gene expression, and even developing yeast models of human
proteinopathies that paved the way for the discovery of
potential therapeutic agents.1,2,11−15,3−10 In addition, these
“parts” have served as essential building blocks for constructing
and controlling synthetic genetic circuits and metabolic
pathways.16−24 Overall, these systems have transformed our
ability to control and investigate the roles of individual genes
within naturally occurring and synthetic cellular networks.

The function of cellular networks arises from the
coordinated behavior of individual molecular components.
Thus, while single-gene perturbations enabled by existing
inducible expression systems have been highly valuable, they
are unable to achieve the simultaneous, orthogonal-to-host,
multigene control necessary to study and manipulate higher-
order networks. Moving forward, a common toolkit is needed
to control multiple genes simultaneously and independently

using a harmonized and modular architecture that provides
organizational simplicity and expandability. Current technolo-
gies for controlling gene expression lack systemization and fall
short of this goal, a limitation that motivated the development
of the “Marionette” strains in Escherichia coli, which can allow
for robust and independent inducible expression of many genes
within a single bacterial cell.25 This advance opens up the
possibility to study and control multigene pathways with
precision and ease and to implement elaborated multi-input
synthetic circuits; however, to date, no similar system has been
developed for yeast or higher-order eukaryotes.26,27

In yeast, historically, the most widely used inducible systems
have relied on endogenous metabolite-controlled promoters:
the MET25, CUP1, and GAL1 promoters. In particular, the
pGAL1 system has been a workhorse for yeast genetics.
However, these systems suffer considerable drawbacks that
limit their applicability and generalizability. For example,
pMET25 is restricted to synthetic minimal-medium conditions;
pCUP1 is induced by the addition of toxic copper; and pGAL1
induction requires a major metabolic shift and growth on
alternative (non-glucose) carbon sources.28−30 The restrictive
nature of the induction and nutritional conditions makes
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combining these systems for multigene control virtually
impossible. Furthermore, and importantly, because all three
are native to yeast, induction triggers substantial genome-wide
transcriptional changes. These limitations motivated efforts to
port heterologous transcription factor (TF) systems, such as
LacI- and TetR-based systems, from bacteria into yeast. The
mutual orthogonality and heterologous nature of these TFs
offer the possibility of imposing two-gene control with minimal
effects on the host. However, expanding on these to create a
larger set of TFs for higher-order control has proven
challenging. Bacterial TFs are highly integrated proteins with
intertwined DNA recognition, dimerization, and ligand
recognition domains; thus, decoupling these to engineer
additional mutually orthogonal, small-molecule-responsive
TFs with high activity in yeast requires extensive directed
evolution or structure-based design.31,32

We instead drew inspiration from the nuclear receptor
superfamily of ligand-activated transcriptional regulators found
in metazoans. In particular, type I nuclear receptors (NRs) are
a unique family of transcriptional regulators with a largely
modular structure, composed of independent hormone ligand
binding (LBD), DNA binding (DBD), and transcriptional
activation (TAD) domains.33 In the presence of hormone, NRs
translocate from the cytoplasm to the nucleus, bind to a
cognate DNA sequence, and recruit transcriptional machinery
to activate gene expression (Figure 1A).34−37 Given their
modular tripartite architecture, NRs are an ideal framework
from which to build a suite of ligand-responsive synthetic TFs
(synTFs); moreover, their ligands are not yeast metabolites,
making them effectively inert inducers. Important recent
advances have shown the potential of this strategy: the
development of β-estradiol-inducible gene expression systems
(e.g., GEV and ZEV) based on the human estrogen receptor
have been shown to enable tight, robust, and rapid induction of

gene expression in yeast,21−23,38 and a progesterone-inducible
system indicates the potential for expandability.39

In this study, we asked whether this concept could be
expanded to construct a toolkit of synthetic transcriptional
systems for simultaneous and independent control of multiple
genes based on orthogonal hormone inducers. We screened
combinations of established artificial DBDs (derived from
artificial zinc fingers (ZFs)), TADs, and LBDs for synTFs that,
when paired with synthetic responsive promoters, were capable
of driving robust and rapid gene expression outputs.40 We
created a set of five orthogonal inducible systems in yeast that
deliver robust, titratable gene induction and offer the ability to
simultaneously control expression of several genes in a single
cell. To illustrate the versatility of our toolkit, we engineered
independent expression control over four enzymes from the
violacein biosynthetic pathway and selectively routed pathway
flux by inducing with specific inducer combinations. To
facilitate adoption and widespread use, we domesticated all of
the components into the common Yeast MoClo Toolkit.41

We first created a panel of candidate synTFs by mining
modular DBDs, LBDs, and TADs from the literature and
assembling them combinatorially (Figure 1). We chose five
well-characterized, mutually orthogonal synthetic ZFs for
DBDs.40 For LBDs, we surveyed natural and engineered NR
LBDs predicted to have low crosstalk, nominating the
estradiol-responsive (ER), aldosterone-responsive (MR), 1,2-
bis(4-hydroxyphenyl)ethane-1,2-dione (DHB)-responsive
(DHBR), testosterone-responsive (AR), and dexamethasone-
responsive (GR) domains as potential candidates.21−23,39,42,43

Finally, we selected three commonly used TADs�VP16, Rta,
and Msn2�to stimulate transcription activation. We then
constructed a full set of candidate synTFs by fusing each LBD
to a unique DBD and to one of each of the three TADs, in
total producing 15 variants for initial characterization.

Figure 1. Design of a toolkit for multigene inducible gene expression control in yeast based on hormone-responsive type I nuclear receptors (NRs).
(A) Schematic of the mechanism of action of NR-based gene regulation. Upon ligand binding, the transcriptional regulator dissociates from a
chaperone, enters the nucleus, and initiates transcription of a target gene downstream of response elements. (B) Features of the NR-based synthetic
transcription factor (synTF) toolkit: modularity, rapid induction in a glucose-based medium, and mutual orthogonality for simultaneous multigene
control. (C) Modular synTF design enables mix-and-match construction to obtain desired properties. The synTFs are composed of interchangeable
artificial DNA binding domains (DBDs), type I NR ligand binding domains (LBDs), and transactivation domains (TADs).

ACS Synthetic Biology pubs.acs.org/synthbio Letter

https://doi.org/10.1021/acssynbio.2c00423
ACS Synth. Biol. 2022, 11, 3912−3920

3913

https://pubs.acs.org/doi/10.1021/acssynbio.2c00423?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00423?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00423?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00423?fig=fig1&ref=pdf
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.2c00423?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


We cloned the synTFs alongside fluorescent protein reporter
cassettes in yeast expression vectors, incorporating a number of
design elements for optimal performance. First, we drove
synTF expression with the strong constitutive promoter pTEF1
to maximize sensitivity. Second, we constructed corresponding
responsive promoters for each hormone-inducible synTF by
encoding six to eight cognate ZF binding sites upstream of a
minimal CYC1 promoter sequence. We generated reporters by
encoding an mKate2 gene downstream of the synthetic
promoters. Finally, to avoid fluctuations in gene expression
level due to copy number variability, we chromosomally
cointegrated the synTF and reporter cassettes into yeast.

We screened the candidate synTF variants by measuring
fluorescent reporter expression using flow cytometry following
induction with the respective inducer hormones (Figures 2A
and S1). Maximum reporter expression varied across 3 orders
of magnitude, with the top-performing GR-, AR-, DHBR-, ER-,
and MR-based synTFs delivering 2-, 33-, 51-, 124-, and 465-
fold reporter changes, respectively, at inducer concentrations of

1 mM dexamethasone, 20 μM testosterone, 10 μM DHB, 100
nM estradiol, and 10 μM aldosterone, respectively. (Figure
2B). Dose−response curves for these five selected systems
showed smooth and titratable reporter outputs, capable of
accessing a large range of expression levels between basal and
maximum (Figure 2C). In every case, populations shifted
unimodally from uninduced to induced states. Encouraged by
the results, we advanced these five synTF systems for further
study.

To benchmark our systems, we compared them against the
workhorse yeast inducible promoter pGAL1. Although pGAL1
is celebrated for its strong transcriptional output and low basal
activity, it is induced by shifting cells from glucose- to
galactose-based growth, a nutritional change that alters the
expression of hundreds of native genes for galactose utilization,
resulting in physiological changes in the cell.44 Furthermore,
on a practical level, pGAL1-based induction can be slow, taking
several hours before a gene of interest is fully induced. We
compared our ER-based system (pER promoter) to pGAL1 in

Figure 2. Development and characterization of a collection of hormone-inducible synthetic gene expression systems. (A) Heat maps of (top) basal
and (bottom) maximum reporter expression levels for synTFs featuring different ligand binding and transactivation domains. Values are normalized
to the maximum recorded fluorescence. Data were obtained by flow cytometry following induction for 16 h (see Methods) (B) Fold-change
reporter induction for the five top-performing hormone-inducible synTF systems. Bars represent mean ± SEM for N = 4 biological replicates. (C)
Dose−response curves and (insets) flow cytometry histograms for the five top-performing inducible systems. Data were obtained following
induction for 16 h (see Methods). Points represent mean ± SEM for N = 4 biological replicates.
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a time-course experiment and observed that estradiol induction
was as strong as galactose induction, has lower basal
expression, is more uniform, and has faster induction kinetics
regardless of the carbon source (Figure S2). The rapid onset
likely stems from estradiol’s ability to passively diffuse into
yeast, whereas galactose relies on metabolically controlled
transporters, such as GAL2, to enter the cell.45 This highlights
the benefits of transitioning away from legacy inducible
systems controlled by endogenous metabolites toward
synthetic systems regulated by non-native small-molecule
inducers.

Given the modularity of our promoter design, additional TF
binding sites can be incorporated into the promoter sequences
to create hybrid promoters capable of responding to two
inducers either separately or in combination. We demonstrated
this by adding GAL4 binding sites to the aldosterone-inducible
MR promoter (pMR) (Figure S3A). Without changing the
aldosterone responsiveness of the promoter, the additional
binding sites endowed the promoter with galactose induci-
bility. When induced simultaneously with aldosterone and
galactose, the reporter output rose by 1.5-fold over aldosterone
induction in glucose-containing media to reach a new

maximum expression level of ∼600-fold over basal (Figure
S3B,C). These results demonstrate how one can leverage the
modularity of the system to unlock new and desired gene
expression properties.

In a final set of characterization experiments, we tested the
mutual orthogonality of our four top-performing inducible
expression systems (ER, MR, AR, and DHBR). First, we
subjected strains singly integrated with synTF−reporter
constructs for each system to four induction cocktails, in
each case omitting one of the four inducers (Figure 3A). As
expected, each synTF drives gene expression only when its
cognate inducer is present, regardless of additional hormones
present in the medium, demonstrating a lack of inducer cross-
reactivity. In a complementary experiment, we created a single
strain encoding all four synTF systems, each reporting through
a spectrally distinct fluorescent protein. We found that when
induced with the respective inducers, the synTFs exclusively
drove transcription of their cognate promoters, demonstrating
mutual orthogonality (Figure 3B; see Methods). Additionally,
we verified that none of the synTFs or inducers trigger
significant cell growth defects when expressed or applied at
concentrations used in this study (Figure S4). Taken together,

Figure 3. Hormone-inducible synthetic gene expression systems exhibit minimal cross-reactivity and mutual orthogonality. (A) Reporter expression
for strains harboring each of the inducible systems (ER, MR, AR, and DHBR) following induction for 16 h with hormone cocktails featuring three
out of the four inducers (N = 4 biological replicates per condition). The heat map represents reporter expression averages collected from three
independent experiments, and the reporter outputs for each given condition were not significantly different between experiments (p > 0.05). (B)
Reporter expression for a single strain quadruply integrated with all four inducible systems (ER, MR, AR, and DHBR) following induction for 16 h
with the indicated hormone inducers (N = 4 biological replicates per condition). The heat map represents reporter expression averages collected
from three independent experiments, and the reporter outputs for each given condition were not significantly different between experiments (p >
0.05).
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these results establish a collection of inducible synTF systems
for simultaneous, selective, and orthogonal expression control
of up to four genes in yeast.

Our toolkit should be of immediate use in metabolic
engineering studies that explore the full range of intermediate
and end-point products generated from linear or branched
pathways. Traditionally, researchers have studied and per-
turbed metabolic flux by building combinatorial strain libraries

in which each enzyme of interest is expressed by a panel of
constitutive promoters. Instead, we can now create a single
strain with multiplexed, inducible control of pathway enzymes.
In effect, our synTFs can act as levers that precisely shunt flux
down various metabolic branches. To demonstrate this
concept, we turned to the model violacein biosynthetic
pathway, which is highly branched and whose outputs are
governed by five enzymes: VioA, VioB, VioC, VioD, and VioE

Figure 4. Engineering hormone-inducible, multigene control over the violacein biosynthetic pathway to selectively route metabolic flux. (A)
Schematic of the violacein pathway, wherein four enzymes (VioA, VioE, VioC, VioD) are placed under orthogonal, hormone-inducible gene
expression control in a single strain. (B) HPLC chromatograms for strains in which designated enzyme combinations are either expressed
constitutively (left) or induced with the corresponding hormone inducer cocktails (right), leading to the selective production of compounds in the
violacein pathway.
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(Figure 4A).46 We predicted that by inducing subsets of these
enzymes, we could selectively route flux along different
pathway branches to yield distinct products that would be
detectable via high-performance liquid chromatography
(HPLC).47 To do this, we placed expression of VioA, VioB,
VioC, VioD, and VioE under estradiol, constitutive, DHB,
aldosterone, and testosterone control, respectively (Figure 4A).
We then induced different enzyme combinations by subjecting
the strain to inducer cocktails and measured the resulting
metabolite production via HPLC (Figure 4B). In the absence
of induction, we observed no metabolite production. By
inducing the VioABE combination, we were able to route flux
to produce prodeoxyviolacein (PDV). By adding DHB to the
inducer cocktail, we rerouted flux away from PDV toward
deoxyviolacein (DV). Finally, after adding aldosterone to allow
expression of the full VioABECD set, we observed the
production of PDV, DV, and proviolacein (PV). These results
demonstrate that our toolkit can be used to control multiple
genes in a single pathway in a user-defined manner to produce
distinct outputs in a single strain. In future work, exercising the
promoter titratability demonstrated here would allow a user to
optimize flux through cascading metabolic pathways of
interest.

In this work, we developed and demonstrated a set of
mutually orthogonal, hormone-inducible synTFs and respon-
sive promoters that enable multigene control under common
nutritionally favorable conditions in the yeast S. cerevisiae. The
toolkit is inspired by and leverages regulatory mechanisms
from type I NRs, a subtype of the nuclear receptor superfamily
of transcriptional regulators that are specific to metazoans. Our
synTF systems feature a modular design consisting of artificial
DBDs, hormone-responsive LBDs from type I NRs, and TADs.
Using fluorescent reporters, we characterized the maximum
transcriptional output and dose-dependent behavior of our
systems. We further demonstrated that our inducible systems
all commonly function in cells grown in glucose media and
provided evidence that they can drive more rapid and complete
induction than the widely used pGAL1 system in galactose
media. Critically, these hormone-inducible synTF systems are
mutually orthogonal and multiplexable, which we leveraged in
a proof-of-principle experiment to selectively route metabolic
flux through distinct branches of the violacein biosynthetic
pathway. To our knowledge, this is one of the largest
collections of genes placed under simultaneous orthogonal
inducer control in S. cerevisiae.

While our toolkit undoubtedly provides new capabilities for
gene expression control in yeast and demonstrates comparable
and in many cases superior performance relative to existing
systems, it is also not without some drawbacks. For example,
the solubility limit of dexamethasone in yeast media may limit
that system’s maximum achievable induction. Additionally,
while the AR- and MR-based systems do not cross-activate one
another and therefore can be used simultaneously, testosterone
application appears to have an antagonistic effect on the MR-
based system (Figure S5). Finally, for U.S. Drug Enforcement
Agency compliance purposes, we used testosterone stocks
dissolved in acetonitrile, which becomes toxic to cells at high
concentrations and limits the maximum practical induction of
the AR-based system. Despite these drawbacks, our system
provides a flexible, easy-to-use set of tools that will provide
researchers additional levers of control to build increasingly
complex genetic programs in yeast with potential applications
to synthetic circuit design, gene perturbation studies, dynamic

control in metabolic engineering, and yeast-surface dis-
play.48−50 Important future work will domesticate additional
components into the platform, such as DBDs beyond ZFs and
additional type I NR LBDs, and leverage directed evolution
techniques to improve synTF activity while maintaining
specificity, expanding the toolkit’s ability to control large
genetic networks.

■ METHODS
Strains and Growth Media. The S. cerevisiae strain used

in all experiments was W303 (MATa, leu2-3,112 trp1-1 can1-
100 ura3-1 ade2-1 his3-11,15).

All of the hormone experiments were performed in synthetic
media with 2% w/v Dextrose (Chem-Impex), 0.67% w/v Yeast
Nitrogen Base without Amino Acids (Sunrise Science
Products), 0.2% w/v Dropout Mix without Yeast Nitrogen
Base Minus Appropriate Amino Acids (Sunrise Science
Products). Hormone inductions were performed with β-
estradiol (Sigma), Aldosterone (Sigma), Testosterone
(Sigma), DHB (Ambeed), and Dexamethasone (Sigma).

Galactose inductions were performed in synthetic media
with 2% w/v galactose (Chem-Impex), 0.67% w/v Yeast
Nitrogen Base without Amino Acids (Sunrise Science
Products), and 0.2% w/v Dropout Mix without Yeast Nitrogen
Base Minus Appropriate Amino Acids (Sunrise Science
Products).

2XYPAD was used to prepare cells for integration and
recovery after heat shock: 2% w/v yeast extract (Fisher
Scientific), 4% w/v Bacto peptone, and 4% w/v dextrose.

All of the cloning experiments were performed with TG1
chemically competent E. coli. Transformed cells were plated on
Lysogeny Broth (LB) plates containing the appropriate
antibiotic (chloramphenicol, carbenicillin, or kanamycin).

Yeast Transformations. Yeast colonies were grown to
saturation overnight in YPD and then diluted to OD600 = 0.1 in
10 mL of fresh medium. Cultures were grown for
approximately 6 h to OD600 = 0.6−0.8. Cultures were pelleted
and washed twice with sterile DI water. Washed cultures were
resuspended in 1 mL of sterile DI water and then divided into
100 μL aliquots and spun down. Pellets were resuspended with
34 μL of DNA digestion mixture, 36 μL of 1 M lithium acetate
(Sigma), 50 μL of salmon sperm DNA (Invitrogen), and 240
μL of 50% w/v PEG 3350 (Fisher). The transformation
mixture was then incubated at 42 °C for 35 min. When
selecting for prototrophy, the transformation mixture was spun
down, resuspended in synthetic medium with appropriate
amino acid dropouts, and plated directly on solid agar plates.
When selecting for drug resistance, the transformation mixture
was spun down, resuspended in YPD, rescued at 30 °C for 1 h
with shaking, spun down, resuspended with 100 μL of YPD,
and plated directly onto solid agar plates.

All of the plasmids were designed for chromosomal
integration (i.e., containing 5′ and 3′ genomic homology
regions and lacking a yeast origin of replication). For
integration, they were linearized with NotI for 1 h prior to
transformation to stimulate homologous recombination. A 34
μL aliquot of this reaction mixture, without DNA cleanup, was
used in the transformations.

Plasmid Assembly Protocol. All of the plasmids used in
this study were assembled with the Golden Gate assembly
protocol developed for the Yeast Toolkit.41

Yeast Induction Protocol. In all of the hormone
induction experiments, yeast colonies were picked from solid
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agar plates, placed into individual wells in a 96-deepwell plate
containing 500 mL of the appropriate synthetic selective
media, and allowed to grow to saturation overnight. Cultures
were then diluted 1:100 into 500 mL of nonselective synthetic
medium and allowed to grow for 8 h. While the yeast cultures
grew, induction media were prepared by diluting concentrated
inducers into nonselective synthetic medium. The outgrowth
cultures were then diluted 1:100 into 500 mL of induction
media and allowed to grow for 16 h.
Promoter Characterization. Following overnight induc-

tion, yeast cultures were fixed in PBS + cycloheximide for 1 h
and then run on an Attune Nxt flow cytometer (Invitrogen).
All of the samples were run at a flow rate of 200 μL/min. For
promoter characterization, mKate2 was read on YL2 at 460 V.
Expression fold-change values were determined by calculating
the geometric means of the fluorescence of induced and
uninduced cultures and dividing the induced mean by the
uninduced mean.
Orthogonality Characterization. For orthogonality

characterization, we placed mTagBFP under pMR control,
mNeonGreen under pAR control, mRuby under pER control,
and TagRFP657 under pDHBR control. Following overnight
induction with inducer concentrations held at 100 nM
estradiol, 10 μM aldosterone, 20 μM testosterone, and 10
μM DHB, yeast cultures were fixed in PBS + cycloheximide for
1 h and then run on an Attune Nxt flow cytometer
(Invitrogen). All of the samples were run at a flow rate of
200 μL/min. mTagBFP was read on VL1 at 420 V,
mNeonGreen on BL1 at 380 V, mRuby2 on YL1 at 420 V,
and TagRFP657 on RL1 at 640 V. Raw fluorescence values
were normalized to the background fluorescence of cells not
expressing any fluorescent protein. Expression fold-change
values were determined by calculating the geometric means of
fluorescence of normalized induced and uninduced cultures
and dividing the induced mean by the uninduced mean.
Growth Rate Measurement. All of the growth rate

measurements were performed using the eVOLVER continu-
ous culture platform.51 Glycerol stocks were used to inoculate
synthetic selective medium overnight cultures of the chassis
strain or singly integrated mKate2 reporter strains. Overnight
cultures were then used to inoculate eVOLVER vials
containing appropriate induction media. The inducer concen-
trations were held at 100 nM estradiol, 10 μM aldosterone, 20
μM testosterone, 1 mM dexamethasone, and 10 μM DHB.
Cultures were allowed to grow to steady state before growth
rate measurements were begun. The eVOLVER calculates the
growth rate by tracking culture OD changes to find the culture
doubling time.
Violacein Flux Routing. Yeast colonies were picked from

solid agar plates, placed into individual wells in a 96-deepwell
plate containing 500 mL of appropriate synthetic selective
media, and allowed to grow to saturation overnight. Cultures
were then diluted 1:100 into 2 mL of nonselective synthetic
medium and allowed to induce for 48 h with inducer
concentrations held at 100 nM estradiol, 10 μM aldosterone,
20 μM testosterone, and 10 μM DHB, as appropriate to the
pathway being induced. Following growth, cultures were spun
down and resuspended in 500 μL of methanol. The
resuspended cultures were boiled at 95 °C for 15 min with a
vortex halfway through the boil. The boiled cultures were then
spun down, had the supernatant removed, spun down, and
packaged into HPLC vials for analysis.

HPLC analysis took place on an HP 1090 chromatograph
with fluorescence detection (Agilent) and a Rapid Resolution
SB-C18 column (30 mm × 2.1 mm, 3.5 μm particle size;
Agilent). The column temperature was held at 30 °C. Mobile
phase A was 0.1% formic acid in water (Fisher), and mobile
phase B was 0.1% formic acid in acetonitrile (Fisher). The
HPLC method was started at 5% B, held for 1.5 min, ramped
at 16.9% min−1 to 98% B, held for 2 min, ramped at 3.1% s−1

to 5% B, and held for 2.5 min. The method maintained a flow
rate of 0.5 mL/min and injected 20 μL of sample.
ChemStation (Agilent) was used to run the HPLC and
analyze the chromatograms.
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