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ABSTRACT: The optimization of cellular functions often requires
the balancing of gene expression, but the physical construction and
screening of alternative designs are costly and time-consuming. Here,
we construct a strain of Saccharomyces cerevisiae that contains a “sensor
array” containing bacterial regulators that respond to four small-
molecule inducers (vanillic acid, xylose, aTc, IPTG). Four promoters
can be independently controlled with low background and a 40- to
5000-fold dynamic range. These systems can be used to study the
impact of changing the level and timing of gene expression without
requiring the construction of multiple strains. We apply this approach
to the optimization of a four-gene heterologous pathway to the terpene
linalool, which is a flavor and precursor to energetic materials. Using
this approach, we identify bottlenecks in the metabolic pathway. This
work can aid the rapid automated strain development of yeasts for the bio-manufacturing of diverse products, including chemicals,
materials, fuels, and food ingredients.
KEYWORDS: synthetic biology, systems biology, Escherichia coli Marionette, design-build-test-learn (DBTL) cycle, fungi, genetic circuit,
high energy aircraft missile fuel

■ INTRODUCTION
Saccharomyces cerevisiae is commonly used for bio-manufactur-
ing high-value products by introducing pathways from plants,
animals, other fungi, and bacteria.1−9 These pathways have
gotten large that involve dozens of genes, that must be carefully
tuned to enhance metabolic flux, deliver electrons, and avoid
the accumulation of toxic intermediates.5,10−15 Regulatory
circuits can dynamically coordinate their production to when
they are needed or avoid toxic intermediates or byproduct
accumulation.16−18 There are now large libraries of S. cerevisiae
genetic parts available to control expression, including
promoters, untranslated regions (UTRs), and termina-
tors.14,19−27 These parts can be used to optimize a multigene
system by creating a library where genes are placed under the
control of parts of different strengths to “sweep” through
expression space.19,28−32 The search space is large and highly
dimensional, so approaches based on design of experiments
(DOE), machine learning (ML), or metabolic modeling have
been applied to accelerate the search.33−40 However, the
creation of large libraries of DNA constructs is expensive and
slow and is much lower throughput than the capabilities of
automated screening and characterization platforms.29,39,41−44

Inducible systems based on small-molecule sensors can tune
gene expression over orders of magnitude. Many sensors have
been built for yeast and other organisms by introducing a

heterologous DNA-binding regulatory protein and then placing
the operator in a scaffold of a constitutive promoter.1,23,24,45−55

Sensors are more stable and reliable when they are carried in
the genome, as opposed to plasmids.54 The response function
of the sensor captures how the activity of the output promoter
changes with the addition of the small-molecule input. Sensors
have been developed for S. cerevisiae that respond to
anhydrotetracycline (aTc), xylose (Xyl), isopropyl-β-D-thio-
galactoside (IPTG), vanillic acid (Van), 2-4-diacetylphloroglu-
cinol (DAPG), salicylate, adipic acid, naringenin (Nar),
cumate (CumA), 3-oxo-hexanoyl homoserine lactone (OC6),
camphor, progesterone, estradiol, aldosterone, testosterone,
1,2-bis(4-hydroxyphenyl)ethane-1,2-dione (DHB), and dexa-
methasone.52,53,56−65 However, to work together in a single
cell, the sensors must be orthogonal; in other words, the small
molecules cannot bind to off-target regulators and the
regulators must bind to unique DNA sequences.56,66−69

Several groups have combined three sensors in a single
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strain.56,61,63,70 Khalil and co-workers demonstrated that four
hormone sensors could be incorporated into the yeast

chromosome and applied to optimize a biosynthetic pathway
to produce violicin.65

Figure 1. Four inducible systems in the S. cerevisiae genome. (a) Schematic of the sensor array and corresponding parts (sequences provided in
Tables S5−S8). The sensor array was integrated in Chromosome XV between 458 198 and 459 658 (INT1) in S. cerevisiae BY4741 to make S.
cerevisiae MBY07. Full strain genotypes are provided in Table S8. (b) Constructs to measure sensor outputs. The four output promoters were fused
to yfp and used to make strains S. cerevisiae MBY58, MBY59, MBY60, and MBY61. (c) Response functions for each inducible system. The response
functions were obtained by fitting the data to eq 1, the parameters for which are shown in Table 1. Three replicates were performed on different
days (Note S1). (d) Orthogonality of the inducible systems. The strains containing the sensor array and each of the four output promoters were
induced with 20 mM Xyl, 200 ng/mL aTc, 50 μM Van, or 20 mM IPTG (Methods). The fold-induction was calculated by dividing the geometric
mean fluorescence in the presence of inducer by that of cells grown in its absence. The means of three replicates performed on different days are
shown here, and all of the data are provided in Figure S2.
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Normalizing the promoter activity by a reference promoter
of known strength allows it to be reported in relative promoter
units (RPU).56,71−73 Previously, we defined PFY1 as the yeast
reference promoter for the calculation of RPU.56 When a
sensor’s output is provided in RPU, it is possible to calculate
how it can be connected to a downstream genetic circuit. It
also aids computational search algorithms designed to sweep
efficiently through expression space. Additionally, promoters
can be swapped of the same strength, for example, exchanging
an inducible promoter (at a defined inducer concentration) for
a constitutive promoter of the same strength. This procedure
can be performed after optimization to create a strain for bio-
manufacturing that does not require the addition of inducers.74

In addition, the timing of gene expression can be important
for optimizing product titer.18,75−77 For example, there is a
need to balance between the needs of biomass accumulation
and product formation.78 To address this, sensors have been
developed in Escherichia coli to turn on at late stages of
growth.18,79,80 “Just-in-time” expression is a theory that
enzymes that act early in a pathway should be expressed
before those that act later.81 This ordering is beneficial when
there is the potential for futile cycles of enzyme expression and
degradation.81−83

To demonstrate optimization, we selected a linalool
biosynthetic pathway developed for S. cerevisae.84−86 Linalool
is a monoterpene alcohol with a floral aroma that is an
ingredient in foods, cosmetics, and pharmaceuticals. Linalool
can also be catalytically converted to high energy fuels (RJ-4,
used in Tomahawk cruise missiles).87−90 To produce linalool,
the metabolite mevalonate (MEV) is converted to mevalonate-
5-phosphate (MEV-5P) by HMG-CoA Reductase (tHMGR),
which has been observed to be a bottleneck and whose
overexpression is a common optimization strategy.84−86,91,92 In
the native MEV pathway of S. cerevisiae, MEV-5P is converted
to isopentenyl phosphate (IPP) and dimethylallyl pyrophos-
phate (DMAPP), whose distribution is controlled by
isopentenyl diphosphate isomerase (IDI).93 IPP and DMAPP
are converted to geranyl pyrophosphate (GPP) by farnesyl
pyrophosphate synthase (ERG20). GPP is converted to
linalool by linalool synthase (LIS). LIS from Mentha citrata
has been used for recombinant expression with an N-terminal
truncation (t67-McLIS) to prevent plastid targeting.94,95

ERG20 competes with this product by converting GPP to
farnesyl pyrophosphate (FPP). Therefore, reducing ERG20
expression or mutating it to reduce FPP production (ERG20*,
where * indicates F96W/N127W) increases linalool
titers.84,92,96,97 When enzymes are mis-expressed, toxic
intermediates can accumulate, leading to slower growth and
lower titer.88,92 Linalool production has also been optimized by
overexpressing the MEV pathway and reducing the expression
of native enzymes at the entry of metabolic branch points.86,92

In this manuscript, we describe the combination of four
small-molecule sensors (aTc, IPTG, Van, and Xyl) into a single
“sensor array” that is inserted into the chromosome of S.
cerevisiae. The four sensors are shown to produce large
dynamic ranges, low background, minimally impact growth
rate, and are orthogonal. The four sensors are used to drive the
expression of different enzymes in the linalool pathway
(tHMGR, IDI, ERG20*, t67-McLIS). This strain was used
to evaluate combinations of inducers to optimize the linalool
titer. Further, each gene was induced at a different time to
determine the impact of expression dynamics. This approach

demonstrates the rapid optimization of the levels and timing of
gene expression using an array of inducible systems.

■ RESULTS
S. cerevisiae with a Four Genome-Encoded Inducible

System. The design of the strain containing the sensor array is
shown in Figure 1a. Each sensor consists of a repressor protein
and an output promoter. The repressor genes are encoded
together in the INT1 locus of chromosome XV in S. cerevisiae
BY4741 (Figure S1). The repressors are codon-optimized for
yeast expression and are fused to a C-terminal nuclear
localization signal (NLS). The genes are expressed from
strong constitutive promoters. Strong terminators block
transcriptional read-through between the genes.56 Different
genetic parts were selected for each cistron to avoid regions of
sequence identity that can lead to homologous recombination
and genomic instability. The array was assembled using a
hierarchical cloning strategy followed by a CRISPR/Cas9-
assisted genome integration (Methods) (Table S1).98,99

The output promoters of the sensors are PXYL, PTET, PVAN,
and PLAC. Four reporter strains were constructed to measure
their response (Note S1 and Table S2). Each contains an
output promoter fused to the yellow fluorescent protein gene
(yfp) (Figure 1b). The constructs were integrated into the
INT2 locus on Chromosome XI (Figure S1). The cells were
grown with their inducer for 24 h in SD medium and
fluorescence was quantified using flow cytometry (Methods).
The arbitrary units of fluorescence obtained by cytometry were
normalized by the fluorescence from the PFY1 reference
promoter to report the data in relative promoter units (RPU)
(Methods). The induction data were fit to the response
function

= +
+

y y y y
x

K x
( )

n

n nmin max min (1)

where x is the inducer concentration, n is the cooperativity, K
is the threshold, y is output promoter activity (in RPU), and
ymin/ymax are the minimum/maximum promoter activities
(Table 1). The fold-inductions obtained from the Van, Xyl,

aTc, and IPTG sensors were 40-, 5000-, 1000-, and 240-fold,
respectively (Figure 1c and Table 1). The orthogonalities of
the four sensors were tested and almost no off-target activities
were observed (Figure 1d). These data indicate that the
inducible systems can be used to independently control the
expression of different genes over a wide dynamic range. We
measured the impact on growth rate in the presence and
absence of inducers compared to the wild-type strain (Note
S1). The strains with and without the sensors grow similarly
and were not impacted by the addition of the inducers.
Linalool Optimization through Inducible Enzyme

Control. Four enzymes in the linalool biosynthetic pathway
were placed under the control of different inducible systems
(Figure 2a) and a strain was constructed that places these

Table 1. Inducible System Parameters

sensor ymin (RPU)a ymax (RPU) K (μM) n

IPTG 0.06 15 4.5 1.6
Xyl 0.004 22 3.4 1.6
aTc 0.01 12 51 4.9
Van 0.15 6 8.6 1.3

aThe parameters were obtained from fits to eq 1.
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Figure 2. Optimization of linalool titers by changing expression levels. (a) The metabolic pathway for linalool biosynthesis is shown, highlighting
the enzymes placed under inducible control (colored by the inducible system used). The genetic system to control the targeted genes with
individual sensor promoters is shown (part sequences provided in Table S8). The parts labeled xx.S# are insulators designed with ribozyme/spacer
combinations to block errant upstream transcription.56 (b) “Constitutive” strain (S. cerevisiae MBY62) has the enzyme genes under the control of
constitutive promoters. (c) Effects of different combinations of inducers on linalool production. The bottom scale represents the expression levels
of each gene, based on the activity of the inducible promoter in RPU. Four replicates were performed on different days (dots), and the bars show
the means of these values. Inducer concentrations are provided in the main text, and values are provided in Table S3. (d) Regression analysis of
linalool production versus the expression of each individual gene in Round 1. Each marker represents one sample with different inducer
combinations of inducers. The enzymes are shown with the expression levels from their corresponding inducible promoters. (e) Effect of increasing
tHMGR (left) and IDI (right) expression on linalool titers, with the other enzyme expression held constant (shown as a bar and increasing from
top to bottom). (f) Growth comparison between the wild type (S. cerevisiae BY4741), the addition of optimal inducer concentrations (#32) at time
= 8 h (arrow) (S. cerevisiae MBY63), and when the enzymes are under constitutive control (S. cerevisiae MBY62). Three replicates are shown, and
the curves pass through the means of these points.
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Figure 3. Impact of controlling the timing of expression. (a) Response of each sensor induced at different times (0, 8, 12, or 18 h) (S. cerevisiae
MBY58, MBY59, MBY60, and MBY61). The means of three replicates, performed on different days, are shown with the raw data provided in
Figure S5. Each induction time is represented by different colors as shown in the inset of (b). (b) Normalized linalool titers for the combinations of
induction times. The concentrations of inducers were 20 mM Xylose, 100 ng/mL aTc, 50 μM vanillic acid, and 20 mM IPTG. A minimum of three
experiments were performed on different days (dots), and the bars are the means of these measurements. Detailed conditions of each experiment
are summarized in Table S4. (c) Effect of delayed expression for each enzyme. The average of the induction times for the enzymes tdelay = ⟨tH + tI +
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enzymes under the control of strong constitutive promoters
(Figure 2b). Strong terminators and ribozyme-based insulators
were placed between the genes to avoid read-through or
nucleosome effects, where the induction of one system would
impact neighboring genes.66,100,101 The pathway was integrated
into the INT2 genomic locus to create S. cerevisiae MBY63
(Figure S1). Linalool production was measured by growing the
strains for 48 h in SD medium under inducing conditions
(Methods). Linalool production was measured through solid-
phase microextraction followed by gas chromatography-mass
spectrometry (SPME-GC/MS) and the titer quantified by
dividing the linalool peak area by the internal standard (IS,
Caryophyllene) peak area (Methods). This internal standard
has been previously demonstrated to improve the measure-
ment reproducibility between replicates by controlling for
errors during sample preparation.102,103 Upon maximum
induction by all of the inducers, linalool begins to accumulate
after 12 h and plateaus at 36 h (Figure S3).

We varied the expression levels of the four enzymes using a
two-level factorial design. This technique and similar
optimization algorithms have been applied to the optimization
of metabolic pathways, but where the variants are constructed
using DNA synthesis and assembly leading to libraries as large
as 2 MB.33,34,36,38 Two levels of expression were selected for
each enzyme (low/high): 0.5/20 mM Xyl, 60/200 ng/mL aTc,
1/50 μM Van, and 0.5/20 mM IPTG. This corresponds to the
following promoter activities: 0.4/21.0, 7.0/13.1, 0.5/5.7, 0.4/
14.3 RPU. Cultures were grown in SD medium for 48 h, with
inducers added after 8 h (Methods). We sampled this
combinatorial set of expression levels (24 = 16 combinations)
and identified combinations that led to the highest linalool
production levels (“Round 1,” Figure 2c).

A linear regression analysis was performed to extract the
contribution of each gene on the linalool titer (Figure 2d).
Higher expression levels of LIS and ERG20* correlated with
high linalool titers. In contrast, higher expression of tHMGR
had a detrimental effect on linalool production. Considering
the role of tHMGR in increasing flux in the MEV
pathway,104−106 this result could indicate an imbalance
between upstream flux and downstream precursor consump-
tion.

Then, we performed a second round of optimization. We set
the expression levels of LIS and ERG20* to the high level and
fine-tuned the expression of IDI and tHMGR (“Round 2,”
Figure 2c and Table S3). This led to an increase in the titer by
identifying the optimal intermediate levels of both enzymes.
Further, this revealed an interdependency between the optimal
tHMGR and IDI expression levels. Increasing the expression of
tHMGR increased the linalool titer only after IDI passed a
threshold (Figure 2e). Below this threshold, the titer is
independent of tHMGR expression and above it, an
intermediate IDI level was optimal, and this remained the

same even when tHMGR was increased further. Interestingly,
the titer was independent of IDI at both low and high levels of
tHMGR expression. Only at an intermediate expression level,
did increases in IDI lead to increased titer. This indicates that
both tHMGR and IDI need to have their expression levels
balanced to improve linalool production. Only when there was
sufficient flux into the mevalonate pathway, IDI contributed
with increased IPP and DMAPP supply.

The optimal linalool production was obtained from the
following inducer concentrations: 20 mM Xyl, 100 ng/mL aTc,
50 μM Van, and 20 mM IPTG (#32 in Figure 2c). We also
compared the linalool titer between when the enzymes were
under inducible control, with optimal levels of inducers (#32)
(9.9 ± 0.3 μg/L), to when they were constitutively expressed
(6.0 ± 0.8 μg/L). One reason for this difference is that the
constitutive expression of the enzymes decreased the growth
rate, even though they were expressed from promoters that are
slightly weaker than the inducible promoters at the tested
levels. The inducible system allows expression to be delayed so
that cell growth can be seeded, thus allowing a higher titer to
be achieved (Figure 2f).
Optimization of Enzyme Expression Timing. Because

the delay in enzyme expression improved growth, we decided
to explore the effects of changing the order and timing. These
experiments can be performed easily by changing when
inducer is added to the culture. First, we characterized the
dynamics of the four inducible systems. We added inducers at
0, 4, 8, 12, or 18 h after cells were inoculated into fresh SD
medium (Methods). The response functions were measured
after the cells were induced for different lengths of time
(Figure 3a). There was a large difference when the induction
was delayed to 18 h, after cells have entered stationary phase.

We then tested different induction times to optimize the
linalool titer. Experiments were performed where each inducer
was added at different times, resulting in 166 combinations
(Figure 3b). The highest titer was obtained when there was a 4
h delay in the last two steps of the pathway (ERG20* and
LIS). We also observe that higher titers were obtained when all
inducers were added simultaneously. Figure 3c shows the total
delay tdelay as the sum of the delays for each enzyme. The line
shows the titer obtained when all four enzymes were expressed
at times 0, 4, 8, 12, and 18 h. The simultaneous expression of
the enzymes was consistently beneficial. This effect was also
observed with the root mean square (RMS) of the delays,
where more variable induction timing tended to produce lower
titers (Figure 3d). It was known that the accumulation of
intermediates in the MEV pathway can have a toxic effect on
the host strain.107−110 Specifically, HMG-CoA accumulation
negatively impacts fatty acid biosynthesis107,108 and high IPP
inhibits growth and reduces glucose uptake.109,110 It may be
that it is important to induce all enzymes simultaneously to
avoid the accumulation of these intermediates.

Figure 3. continued

tE + tL⟩. Colored dots indicate when all inducers were added at the same time (e.g., tH = tI = tE = tL = 4 h) following the color code of the inset of
(b). (d) Impact of asynchronous expression. The root-mean-square variation was calculated as: RMS = (1/6)√[(tH − tI)2 + (tH − tE)2 + (tH − tL)2
+ (tI − tE)2 + (tI − tL)2 + (tE − tL)2]. Colored and boxed dots indicate when all inducers were added at the same time following the color code of
the inset of (b). (e) Simulated linalool titers compared with the experimentally measured titers. (f) Maximum level of the sum of the intermediates
IPP and DMAPP over the course of each simulation varying the induction times. The data are plotted versus the difference of the induction times
of ERG20* and tHMGR (tE − tH). (g) Maximum concentration of GPP for each simulation varying the induction times as a function of the
difference in LIS and ERG20* induction times (tL − tE). (h) Maximum concentration of FPP for each simulation varying the induction times as a
function of the difference in LIS and ERG20* induction times (tL − tE).
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Simulations were performed to explore the relationship
between induction times, linalool titer, and the accumulation
of pathway intermediates. The expression of each enzyme was
solved analytically. For example, considering tHMGR ex-
pressed at time tH

[ ] =
[ ] <

[ ]t

y t t

y t t

d tHMGR
d

tHMGR

tHMGR

min
TET

H

TET
H

l
m
ooo
n
ooo (2)

where yi is the output promoter activity of inducible promoter
Pi at the inducer concentration used and min refers to the
uninduced activity (in RPU) (eq 1). The dilution rate γ =
0.00577 min−1 was assumed to be dominated by cell division,
and the conversion factor α = 0.0028 μM/min-RPU was
estimated from values obtained from the literature.56,111,112

Analytical solutions to eq 2 are
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and
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where C1 is the integration constant obtained by implementing
the initial condition
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and finally
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Similar equations were derived for [IDI], [ERG20], and [LIS],
which were induced at times tI, tE, and tL at promoter strengths
yVAN, yLAC, and yXYL, respectively. The parameters α and γ were
assumed to be the same for the inductions of all enzymes.

Ordinary differential equations were then used to simulate
the change in concentrations of the linalool pathway
intermediates. The enzymes were assumed to follow
Michaelis−Menten kinetics, described with a kcat (kif and kir

for forward and reverse, where i is the first letter of the
enzyme) and KM (Ki,j where i is the enzyme and j the
metabolite). tHMGR was assumed to operate with an excess of
substrate (HMG-CoA)113 and to be the rate-limiting step in
IPP production.114−116 The production and use of IPP can
thus be written as
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Each subunit of ERG20*, which homodimerizes, contains an
active site.117,118 Thus, rate equations for a bi-reactant
mechanism119 with independent reactant affinity120 were
used, where subscripts of kE,1 and kE,2 refer to the production
of GPP (1) or FPP (2) and the subscripts of KE,D, KE,I, and
KE,G capture the different substrates dissociating from this
enzyme.115,118 Similarly, the following equations describe the
dynamics of the remaining pathway metabolites
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which assume that the production of linalool only occurs in the
forward direction and additional sources and sinks of these
compounds in the greater metabolic network are negligible.
Most of the kinetic rate constants (kHf = 0.186, kIf = 456.8, kIr =
667, kE,1 = 0.072, kE,2 = 0.126, kL = 14.4 min−1) and Michaelis
constants (KI,I = 43, KI,D = 43, KE,I = 4.7, KE,D = 0.049, KE,G =
27.6, KL = 25 μM) were obtained from the litera-
ture.114−116,118,121,122 The simulated linalool concentration
(in μM) was converted to a titer (in μg/L) using the following
equation: titer = V NMl c × 10−12, where V is the cell volume
(42 μm3), N = 1.5 × 107 cells/mL, and the linalool molecular
weight Ml = 154.25 g/mol. The simulations correlated well
with the experimental data (Figure 3e). Some combinations of
inducer timings were predicted to lead to a higher titer than we
observe experimentally (bottom right of Figure 3e), likely
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because we are not including the impact of the accumulation of
pathway intermediates on growth or regulatory feedback.

From the simulations, we inferred the concentrations of the
intermediates to develop a better understanding of how the
enzyme expression timing impacts linalool titer. Specifically, we
explored the role of synchronous induction in leading to a
higher titer. This result was grossly replicated by the
simulations, and we could use these data to determine the
role of enzyme expression order on the accumulation of
intermediates. Of all of the possible combinations of timing
orders, we found two that led to the accumulation of
intermediates (Figure 3f−h). Delaying induction of ERG20*
so that it occurs after tHMGR increases the intracellular
concentrations of IPP and DMAPP (Figure 3f). These
intermediates are known to be toxic when they overaccumulate
in the cell.109,110 Similarly, delaying the expression of LIS to
occur after ERG20* leads to the accumulation of the
intermediate GPP and the diversion of the flux to the
unwanted alternative product FPP (Figure 3g,h). Therefore,
the model predicts that it is detrimental to delay the expression
for enzymes that occur later in the pathway, but there is no
problem with expressing them too early with respect to the
long delay times. The only detrimental effect to expressing
later enzymes too early would be to create a “futile cycle”
where they are degraded before they can perform their
function. This effect was not accounted for in our model and
we do not observe this impact experimentally. The simulations
support the conclusion that the enzyme expression should be
delayed to obtain higher growth and all enzymes be expressed
simultaneously to avoid the production of intermediates.

■ DISCUSSION
Sensors that respond to small molecules offer the ability to
sweep through expression levels to evaluate the impact on a
cellular system. They have been central to advances in
understanding natural processes in the cell as well as building
and optimizing synthetic systems. Many of the early advances
in synthetic biology came due to the plasmid system of Lutz
and Bujard that allowed for the easy simultaneous use of three
inducible (IPTG, aTc, and Ara) systems in E. coli.123 Their
modular structure facilitated the design of early genetic circuits
and were applied more broadly to understanding the impact of
expression on metabolic pathways and molecular ma-
chines.124,125 To have similar impact, a system should be
easy-to-use and characterized in units that are interpretable by
other labs. Here, we have developed a system of four inducible
systems for yeast, encoded in the genome, optimized to sweep
through large dynamic ranges, and characterized in RPU.

It is important that the inducible systems do not interfere
with each other, otherwise the impact on the system would be
hard to deconvolute. In part, this property has been achieved
using regulators that do not bind to each other’s molecules or
DNA sequences.56,126 In yeast, there is the additional problem
where it is difficult to block the transcription that occurs
between neighboring cistrons. We overcome this problem by
placing insulators between the genes so that each inducible
system only impacts the expression of its assigned enzyme
without having to spatially separate the loci across the genome.

Previously, we developed a strain of E. coli that contains 12
inducible systems encoded in its genome, which we refer to as
the “Marionette” strains because so many genes can be
simultaneously controlled. Additional inducible systems were
not added, in part, because we began to observe a growth

burden that would affect its use to optimize systems. In yeast,
there are additional regulatory proteins that are orthogonal to
the four that we selected, but we began to observe a growth
defect with larger numbers of inducible systems. In theory, it
should be possible to put many more systems simultaneously
in the yeast genome, but we need to better understand and
mitigate the impact of carrying heterologous regulators. There
has been promising recent work to apply biophysics and
control theory to this problem and it may be possible in the
future to expand the complexity of the systems carried in
yeast.127,128

In this manuscript, we applied our system to a problem of
metabolic optimization for linalool production and show how
it can be used to identify the optimal expression levels and
timing. Optimization requires only making a single strain
containing the pathway and then growing cells in different
combinations of inducer concentration. A relatively simple
optimization required 32 strains, corresponding to ∼1 MB of
DNA construction if we altered expression levels by changing
the physical DNA parts assigned to each gene, which we have
done previously in yeast and bacteria.34,36,38 Further, we used
the system to quantify when different enzymes need to be
induced, which could be used to guide the design of genetic
circuits that turn on at the needed times without the addition
of inducers. These data demonstrate the benefit of inducing all
of the enzymes simultaneously with a slight delay to allow for
growth to initiate before enzymes are expressed. We did not
observe the need to stage more complex delays in gene
expression that have been observed for other systems and “just-
in-time” expression.81,129,130 However, this could be due to us
only evaluating gene expression delays in large and discrete
timesteps of 2−4 h.

Automated strain construction is rapidly becoming the norm
in the field.39,44,131 With advances in acoustic liquid handlers
that enable the mixing of picoliter droplets, it may be possible
to automate the generation of each round of combinatorial
inducer testing. This advance would make it possible to rapidly
iterate through as many variants as could be analytically
evaluated, perhaps using the guidance of search algorithms in
selecting new rounds of combinatorics to be tested. This
possibility speaks to a future where strains are developed
specifically to work with high-throughput automation plat-
forms to enable rapid searches through the complexity of
multiparameter genetic search spaces.

■ METHODS
Strains, Media, and Chemicals. The strains were based

on S. cerevisiae BY4741 MATa his3Δ1 leu2Δ0 met15Δ0
ura3Δ0. For transformation and outgrowth, yeast was grown in
YPD broth (10 g/L yeast extract, BD Bacto #212750; 20 g/L
peptone, BD Bacto #211677; 20 g/L glucose, Sigma-Aldrich
#G8270-1KG). Linalool production was done in synthetic
defined (SD) media (Sunrise #1701-500). Plasmid selections
were done in either SD-Ura (Sunrise #1703-500) or SC/MSG
with the antibiotic G418 (1.7 g/L Yeast Nitrogen Base without
amino acids and ammonium sulfate, BD Difco #DF0335-15-9;
1 g/L Monosodium Glutamate; 2 g/L-Ura dropout mix, Sigma
#Y1501-20; 20 g/L glucose, Sigma-Aldrich #G8270-1KG; 200
mg/L G418, Life Technologies Gibco #10131035). Cloning
was done in chemically competent E. coli DH5α (NEB
#C2987G), grown in LB Miller media (BD Difco #244610),
supplemented with the appropriate antibiotic for selection
(100 mg/L Carbenicillin, Gold Bio #C-103-5; 50 mg/L
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Kanamycin, Gold Bio #K-120-5; 35 mg/L Chloramphenicol,
VWR #AAB20841-14). Blue/white screening was done by
adding 200 mg/L X-gal (VWR #100217-096) and 1 mM IPTG
(Gold Bio #I2481C) to LB agar plates. The inducers used were
IPTG (Gold Bio #I2481C), stocked as a 1 M solution in water;
D-xylose (Xyl; Sigma-Aldrich #X1500), stocked as a 1 M
solution in water; anhydrotetracycline hydrochloride (aTc;
Sigma-Aldrich #37919), stocked as a 100 mg/L solution in
dimethylformamide (Sigma-Aldrich #227056-1L); vanillic acid
(Sigma-Aldrich #94770), stocked as a 100 mM solution in
dimethylformamide; and galactose (Sigma-Aldrich #G0750),
stocked as a 20% solution in water. The yellow fluorescent
protein YFP (yEmCitrine) was used as the reporter.132

Plasmids and Cloning. Sensor and pathway constructs to
be integrated into the genome were built using hierarchical
assembly.38 Individual parts (promoters, genes, terminators)
were maintained as level 0 backbones. Promoters were
maintained in the pEMY07AB backbone, flanked by BsaI
sites and the scars “A” (GTGC) and “B” (AATG). Genes were
maintained in the pEMY07BC backbone, flanked by BsaI sites
and the scars “B” (AATG) and “C” (TAAA). Terminators
were maintained in the pEMY07CD backbone, flanked by BsaI
sites and the scars “C” (TAAA) and “D” (CCTC). Promoters
(Table S5), genes (Table S6), and terminators (Table S7)
were then assembled using Type IIS assembly, BsaI (NEB
#R0535L), and high concentration T4 ligase (Promega
#M1794) into the pDSMB backbones. Each pDSMB backbone
contains upstream and downstream 50 bp connectors and map
to a specific pathway position. The first position is linked to
pDSMB1, the second to pDSMB2, the third to pDSMB3, and
the fourth to pDSMB4. Each pDSMB transcription unit was
then PCR-amplified, and the purified fragments were used for
assembly using yeast homologous recombination. The up-
stream and downstream connectors work as overlaps for
homologous recombination to assemble the transcription units
together. The upstream connector of the first transcription unit
and the downstream connector of the last transcription unit
were amplified with 50 bp overhangs homologous to the target
locus for genome integration. The pCfB2312 (TEF1p-Cas9-
CYC1t) plasmid was a gift from Irina Borodina (Addgene
plasmid #83946).133 Genome-targeting gRNAs were cloned
using Gibson assembly into the p426-SNR52p-gRNA.-
CAN1.Y-SUP4t plasmid, a gift from George Church (Addgene
plasmid #43803).99
Yeast Transformation and Genomic Integration. Yeast

competent cells were prepared fresh for every transformation
using a modified lithium acetate method.134 A 25 mL yeast
starter culture in YPD broth was incubated at 30 °C for 24 h,
shaking at 250 rpm in a New Brunswick Innova 44 Shaker
(Eppendorf). This starter culture was used to inoculate 100
mL of YPD media at a starting OD600 = 0.2. After 3 h of
growth (OD600 between 0.4 and 0.6), cells were harvested by
centrifugation at 1500g for 5 min and washed with sterile
water. After a second centrifugation step, the pellet was
resuspended in 0.5 mL of LiAc/TE solution (0.1 M lithium
acetate, Sigma #L-6883; 10 mM Tris-HCl, Thermo Scientific
#AM9856; and 1 mM EDTA, USB #15694). 0.1 mL of
competent cells was added to a mixture containing the target
DNA and 0.1 mg of denatured salmon sperm DNA (Thermo
Fisher Scientific #15632011). Then, 0.6 mL of freshly prepared
PEG/LiAc solution (40% w/v PEG 4000, Sigma, # 95904; 0.1
M lithium acetate, Sigma #L-6883; 10 mM Tris-HCl and 1
mM EDTA) was added to each transformation and vortexed

for 10 s. Transformations were incubated at 30 °C for 1 h and
then 70 μL of DMSO (Sigma #D8418-100) was added. The
solution was then heat shocked at 42 °C in a water bath for 15
min followed by ice for 5 min. Then, 0.6 mL of TE was added
to each tube (10 mM Tris-HCl and 1 mM EDTA) and cells
were harvested by centrifuging at 13 000g for 15 s. The pellet
was resuspended in 1 mL of YPD media, recovered at 30 °C
for 1 h, and plated in the appropriate selective media. For
genomic integrations, yeast was first transformed with the
pCfB2312 plasmid133 (TEF1p-Cas9-CYC1t) and selected on
YPD and G418. Then, the pretransformed strain was grown in
YPD media and G418 and 500 ng of each target fragment
(amplified from the pDSMB backbones) were mixed with 200
ng of the gRNA plasmid targeting the desired genomic locus.
Transformed strains were then selected on agar plates (SC/
MSG-Ura and G418). Two genomic loci were targeted for
integration (INT1 and INT2) (Figure S1).
Growth and Response Function Measurement. Each

strain harboring the sensor array was streaked from glycerol
stocks on YPD agar plates and grown overnight at 30 °C. A
single colony was picked into 500 μL of SD media in a 2-mL-
96-deep-well plate (Plate One #1896-2000) with a permeable
seal (AeraSeal film, Excel Scientific #BS25). The plates were
incubated at 30 °C in a Multitron Pro Incubator Shaker
(INFORS HT) at 900 rpm for 24 h. From this, a 2.5 μL
aliquot was used to inoculate 475.5 μL of fresh SD media
(OD600 = 0.005) with the appropriate inducers in a 2-mL 96-
deep-well deep well plates sealed with an AeraSeal film. The
cultures were incubated at 30 °C in a Multitron Pro Incubator
Shaker at 900 rpm for 24 h. After growth, the culture was
diluted 10× in phosphate-buffered saline (PBS; Omnipur
#6505-OP) containing 10 mg/L cycloheximide (Sigma-Aldrich
#227048) in a 96-well U-bottom plate (Corning #3367) and
incubated at room temperature for 1 h.
Flow Cytometry. Fluorescence was measured for >40 000

cells per sample using an LSRII Fortessa flow cytometer with
HTS (BD Biosciences). Data were processed with custom
Python scripts using the FlowCal88 package and were gated by
the forward scatter and the side scatter (FSC-W/SSC-W). The
FITC-A channel was used to measure YFP fluorescence,
calculated as the geometric mean of the distribution. When
presented in arbitrary units, the background fluorescence of
white cells (S. cerevisiae BY4741, YFP0) is subtracted. To
convert au to RPU, we measured RPU reference strain (S.
cerevisiae CY671int, YFPRPU), and this value was calculated by
RPU = (YFP − YFP0)/(YFPRPU − YFP0).

56 The mean
fluorescence values of the white cells and the RPU strain were
41 and 649 (AU), respectively.
Growth Measurements. For the growth curves reported

in Figure 2f, growth was monitored by cell density (OD600)
using a Cary 60 UV−vis spectrophotometer (Agilent) with a
cuvette of 1 cm path length. Cultures were diluted in the same
media. The growth rates of strains harboring the sensor array
and linalool pathways reported in Figure 3b and Note S1 were
monitored in the same method with a Synergy H1 plate reader
(BioTek). Culture aliquots were taken and diluted into the
same media into a 96-well black-walled optical plate (Nunc
#165305).
Linalool Pathway Construction. The IDI gene was

amplified from the genome of S. cerevisiae BY4741. The
tHMGR gene amplified from the HMG-CoA reductase
(HMG1) gene from S. cerevisiae BY4741 truncated at amino
acid 529. The ERG20 gene was codon-optimized for S.
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cerevisiae and obtained using DNA synthesis (IDT) synthe-
sized with the mutations N96W and N127W. LIS from M.
citrata was codon-optimized for S. cerevisiae, truncated at
amino acid 67 (t67-McLIS). The sequences are provided in
Table S8.
Linalool Production and Quantification by GC-MS.

Each strain harboring linalool pathways was directly inoculated
from frozen glycerol stock and grown for 24 h in SD media at
30 °C shaking at 250 rpm in a New Brunswick Innova 44
Shaker. The culture was then used to inoculate 10 mL of SD
media in 50 mL Falcon tubes (Corning #352070) to an initial
OD600 = 0.05. For the experiments in Figure 2c, inducers were
added after 8 h of growth. The cultures were grown at 30 °C
shaking at 250 rpm in a New Brunswick Innova 44 Shaker for
48 h. Then, 500 μL of culture was transferred to a GC-vial (10
mL headspace vial, Supelco #SU860099), capped (Leap Pal
#18031414), and immediately frozen at −80 °C. Prior to
analysis, samples were thawed and the following were added: 1
μL of the Caryophyllene (Sigma-Aldrich # 22075) to a final
concentration of 10 ppb, and 499 μL of 5 M CaCl2 (Sigma
#C7902). Caryophyllene serves as the internal standard.
Samples were immediately capped and analyzed by GC-MS.
Linalool was measured through SPME using an 85 μm CAR/
PDMS fiber assembly (Supelco #57295) in an Agilent 7890A
GC system with an Agilent 5975C MSD. The system is
coupled with an Agilent PAL autosampler (GC Sampler 80).
Each vial was preincubated at 50 °C for 10 min on the
autosampler, and volatiles were extracted by exposing the
SPME fiber to the vial headspace for 20 min at 50 °C. The
fiber was desorbed for 2 min at the GC inlet (250 °C).
Chromatography was done using He as a carrier gas at a
constant flow rate of 1 mL/min in an HP-5ms GC column (30
m, 0.25 mm, 0.25 μm, Agilent #19091S-433). The oven
temperature was held at 60 °C for 5 min, then ramped at 5 °C/
min to 120 °C, then ramped at 25 °C/min to 250 °C and held
at 250 °C for 2 min. The solvent delay was set to 5 min.
Linalool was monitored using SIM mode on the m/z ions 80,
93, and 121. The internal standard Caryophyllene was
monitored using SIM mode on the m/z ions 79 and 161.
Peak areas were calculated using MSD ChemStation (Agilent).
A leaner calibration curve was obtained using linalool standard
(analytical grade, Sigma-Aldrich #74856�1 mL). Standard
samples were prepared and measured by same method
described above with different linalool concentrations (0, 1,
3, 5, 7, and 10 ng/mL). Each linalool concentration
corresponded to peak area ratio calculated by dividing the
linalool peak area by the Caryophyllene peak area in the
calibration curve graph (Figure S6). A minimum of three
experiments were performed on different days.
Modeling. The differential equations were solved as an

initial value problem using the Newton−Cotes quadrature
algorithm, encoded in python (https://github.com/VoigtLab/
linalool_pathway_simulation). Enzymes and metabolites were
defined as classes, initial values for metabolite concentrations
were set at 0, and enzyme concentrations were set at [E] =
αymin

i/γ, where i refers to the corresponding inducible
promoter Pi (see eq 3). Each run was started at OD600 =
0.005, and integrations were calculated numerically with
timesteps of Δt = 0.001 min until reaching the corresponding
end cell concentration (OD600 = 7.0).
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(117) Rubat, S.; Varas, I.; Sepuĺveda, R.; Almonacid, D.; González-

Nilo, F.; Agosin, E. Increasing the intracellular isoprenoid pool in
Saccharomyces cerevisiae by structural fine-tuning of a bifunctional
farnesyl diphosphate synthase. FEMS Yeast Res. 2017, 17, No. fox032.
(118) Ignea, C.; Pontini, M.; Maffei, M. E.; Makris, A. M.;

Kampranis, S. C. Engineering monoterpene production in yeast using
a synthetic dominant negative geranyl diphosphate synthase. ACS
Synth. Biol. 2014, 3, 298−306.
(119) Cleland, W. W. Enzyme kinetics. Annu. Rev. Biochem. 1967,
36, 77−112.
(120) Alberty, R. A. The relationship between Michaelis constants,

maximum velocities and the equilibrium constant for an enzyme-
catalyzed reaction. J. Am. Chem. Soc. 1953, 75, 1928−1932.
(121) Street, I. P.; Coffman, H. R.; Poulter, C. D.; Baker, J. A.

Identification of Cys139 and Glu207 as catalytically important groups
in the active site of isopentenyl diphosphate: dimethylallyl
diphosphate isomerase. Biochemistry 1994, 33, 4212−4217.
(122) Neti, S. S.; Pan, J.-J.; Poulter, C. D. Mechanistic Studies of the

Protonation−Deprotonation Reactions for Type 1 and Type 2
Isopentenyl Diphosphate: Dimethylallyl Diphosphate Isomerase. J.
Am. Chem. Soc. 2018, 140, 12900−12908.
(123) Lutz, R.; Bujard, H. Independent and tight regulation of

transcriptional units in Escherichia coli via the LacR/O, the TetR/O
and AraC/I1-I2 regulatory elements. Nucleic Acids Res. 1997, 25,
1203−1210.
(124) McAdams, H. H.; Arkin, A. Towards a circuit engineering

discipline. Curr. Biol. 2000, 10, R318−R320.
(125) Gardner, T. S.; Cantor, C. R.; Collins, J. J. Construction of a

genetic toggle switch in Escherichia coli. Nature 2000, 403, 339−342.
(126) Meyer, A. J.; Segall-Shapiro, T. H.; Glassey, E.; Zhang, J.;

Voigt, C. A. Escherichia coli “Marionette” strains with 12 highly
optimized small-molecule sensors. Nat. Chem. Biol. 2019, 15, 196.
(127) Del Vecchio, D.; Dy, A. J.; Qian, Y. Control theory meets

synthetic biology. J. R. Soc. Interface 2016, 13, No. 20160380.
(128) McBride, C. D.; Grunberg, T. W.; Del Vecchio, D. Design of

genetic circuits that are robust to resource competition. Curr. Opin.
Syst. Biol. 2021, 28, No. 100357.
(129) Kalir, S.; McClure, J.; Pabbaraju, K.; Southward, C.; Ronen,

M.; Leibler, S.; Surette, M. G.; Alon, U. Ordering genes in a flagella
pathway by analysis of expression kinetics from living bacteria. Science
2001, 292, 2080−2083.

(130) Wagner, S.; Konigsmaier, L.; Lara-Tejero, M.; Lefebre, M.;
Marlovits, T. C.; Galan, J. E. Organization and coordinated assembly
of the type III secretion export apparatus. Proc. Natl. Acad. Sci. U.S.A.
2010, 107, 17745−17750.
(131) Clarke, L. J.; Kitney, R. I. Synthetic biology in the UK - An

outline of plans and progress. Synth. Syst. Biotechnol. 2016, 1, 243−
257.
(132) Sheff, M. A.; Thorn, K. S. Optimized cassettes for fluorescent

protein tagging in Saccharomyces cerevisiae. Yeast 2004, 21, 661−
670.
(133) Stovicek, V.; Borodina, I.; Forster, J. CRISPR-Cas system

enables fast and simple genome editing of industrial Saccharomyces
cerevisiae strains. Metab. Eng. Commun. 2015, 2, 13−22.
(134) Gietz, R. D.; Schiestl, R. H. Large-scale high-efficiency yeast

transformation using the LiAc/SS carrier DNA/PEG method. Nat.
Protoc. 2007, 2, 38−41.

ACS Synthetic Biology pubs.acs.org/synthbio Research Article

https://doi.org/10.1021/acssynbio.2c00607
ACS Synth. Biol. 2023, 12, 1119−1132

1132

https://doi.org/10.1038/nbt833
https://doi.org/10.1038/nbt833
https://doi.org/10.1016/j.ymben.2018.03.004
https://doi.org/10.1016/j.ymben.2018.03.004
https://doi.org/10.1016/j.ymben.2018.03.004
https://doi.org/10.1038/nature02046
https://doi.org/10.1038/nature02046
https://doi.org/10.1093/nar/gkp889
https://doi.org/10.1093/nar/gkp889
https://doi.org/10.1042/bj1260035
https://doi.org/10.1042/bj1260035
https://doi.org/10.1016/j.ymben.2011.07.001
https://doi.org/10.1016/j.ymben.2011.07.001
https://doi.org/10.1093/nar/30.1.47
https://doi.org/10.1093/nar/30.1.47
https://doi.org/10.1016/S0021-9258(19)76915-4
https://doi.org/10.1016/S0021-9258(19)76915-4
https://doi.org/10.1093/femsyr/fox032
https://doi.org/10.1093/femsyr/fox032
https://doi.org/10.1093/femsyr/fox032
https://doi.org/10.1021/sb400115e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/sb400115e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1146/annurev.bi.36.070167.000453
https://doi.org/10.1021/ja01104a045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01104a045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01104a045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00180a014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00180a014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00180a014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b07274?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b07274?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b07274?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/nar/25.6.1203
https://doi.org/10.1093/nar/25.6.1203
https://doi.org/10.1093/nar/25.6.1203
https://doi.org/10.1016/S0960-9822(00)00440-1
https://doi.org/10.1016/S0960-9822(00)00440-1
https://doi.org/10.1038/35002131
https://doi.org/10.1038/35002131
https://doi.org/10.1038/s41589-018-0168-3
https://doi.org/10.1038/s41589-018-0168-3
https://doi.org/10.1098/rsif.2016.0380
https://doi.org/10.1098/rsif.2016.0380
https://doi.org/10.1016/j.coisb.2021.100357
https://doi.org/10.1016/j.coisb.2021.100357
https://doi.org/10.1126/science.1058758
https://doi.org/10.1126/science.1058758
https://doi.org/10.1073/pnas.1008053107
https://doi.org/10.1073/pnas.1008053107
https://doi.org/10.1016/j.synbio.2016.09.003
https://doi.org/10.1016/j.synbio.2016.09.003
https://doi.org/10.1002/yea.1130
https://doi.org/10.1002/yea.1130
https://doi.org/10.1016/j.meteno.2015.03.001
https://doi.org/10.1016/j.meteno.2015.03.001
https://doi.org/10.1016/j.meteno.2015.03.001
https://doi.org/10.1038/nprot.2007.15
https://doi.org/10.1038/nprot.2007.15
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.2c00607?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

