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ABSTRACT: The establishment of a heterologous pathway in a microbial
host for the production of industrially relevant chemicals at high titers and
yields requires efficient adjustment of the central carbon metabolism to ensure
that flux is directed toward the product of interest. This can be achieved
through regulation at key branch points in the metabolic networks, and here
we present a novel approach for dynamic modulation of pathway flux and
enzyme expression levels. The approach is based on a hierarchical dynamic
control system around the key pathway intermediate malonyl-CoA. The upper
level of the control system ensures downregulation of endogenous use of
malonyl-CoA for fatty acid biosynthesis, which results in accumulation of this
pathway intermediate. The lower level of the control system is based on use of a novel biosensor for malonyl-CoA to activate
expression of a heterologous pathway using this metabolite for production of 3-hydroxypropionic acid (3-HP). The malonyl-CoA
sensor was developed based on the FapR transcription factor of Bacillus subtilis, and it demonstrates one of the first applications
of a bacterial metabolite sensor in yeast. Introduction of the dual pathway control increased the production of 3-HP by 10-fold
and can also be applied for production of other malonyl-CoA-derived products.
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Microbial cell factories are being engineered for the
production of chemicals ranging from high-value

pharmaceuticals, food and cosmetic ingredients to bulk
products and fuels.1−3 The first step in engineering these cell
factories is usually the introduction of a heterologous
biosynthetic pathway that leads to the formation of the desired
product and employs a high expression level of all pathway
genes. This can, however, lead to metabolic imbalances that
impede the achievement of high yields, titers, and productiv-
ities. Such metabolic imbalances involve draining the precursor
metabolites necessary for biomass synthesis or accumulating
pathway intermediates that may be toxic to the cell. In order to
ensure proper use of cellular resources, it is also important to
control expression of genes encoding endogenous and
heterologous pathway enzymes at specific time points to the
appropriate level.
Therefore, expression modulation of certain pathway genes

or modules is often applied using, e.g., promoters or ribosome
binding sites of different strength or varying the gene copy
number. This approach has been successfully applied to
increase pathway flux in several cases, e.g., to increase the
production of amorphadiene and taxadiene in Escherichia
coli4−6 or the formation of muconic acid in Saccharomyces
cerevisiae.7 Static pathway control, however, applies only to
certain conditions and therefore often leads to reduced
production when the fermentation conditions are changed.8 It

is, therefore, more desirable to incorporate dynamic control
mechanisms when expressing heterologous pathways.9,10

Dynamic control can be implemented at different levels. At
one level, it is possible to regulate pathway expression
depending on extracellular triggers such as cell density using
quorum sensing genetic circuits10−12 or glucose concentra-
tion.13 This allows for an autoregulated two-stage fermentation
with a (primary) growth phase followed by a (secondary)
production phase, which would be, e.g., beneficial in systems
where biomass formation and product formation compete for
the same precursor molecules. Another level of dynamic control
includes feed-back and feed-forward loops, as they usually exist
in natural systems to balance pathway fluxes, but implementa-
tion of such systems requires the development of intracellular
metabolite sensors. An early example was the utilization of an
acetyl phosphate sensor to control and thereby increase the
formation of lycopene in E. coli.14 In another study, Zhang et al.
used an acyl-CoA responsive system to regulate the production
of fatty acid ethyl esters in E. coli, leading to higher titers and
increased strain stability,15 and Dahl et al. identified E. coli
promoters responsive to toxic isoprenoid pathway intermedi-
ates and employed these for the construction of feed-back and
feed-forward loops for enhanced production of amorpha-
diene.16 However, no examples have so far been presented in
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yeast systems, which is partially due to the high complexity of
their transcriptional regulation networks.17

Besides implementation of dynamic control in yeast, it would
also be desirable to integrate the two different levels of dynamic
control, i.e., regulation by growth stage of the culture combined
with control by intracellular metabolite concentration, which
we here refer to as hierarchical dynamic control. To
demonstrate this, we first developed a sensor for intracellular
malonyl-CoA in S. cerevisiae and used this for regulation of a
pathway leading from malonyl-CoA to 3-hydroxypropionic acid
(3-HP). Thereafter, we combined this system with an
additional level of dynamic control by subjecting fatty acid
biosynthesis, an essential pathway competing for malonyl-CoA,
to regulation by the extracellular glucose concentration.13 Thus,
the metabolic flux can be gradually directed from biomass
production to product formation during a fed-batch fermenta-
tion process, while expression levels of pathway genes are fine-
tuned depending on precursor availability.
Malonyl-CoA is a crucial intermediate in fatty acid

biosynthesis and also a precursor molecule for a number of
industrially interesting products such as polyketides18 or the

platform chemical 3-HP.19,20 In Gram-positive bacteria, gene
regulation in response to malonyl-CoA concentration is
mediated by the transcriptional repressor FapR, first described

in Bacillus subtilis.21 In the absence of malonyl-CoA, a FapR
homodimer binds to its 34 bp operator ( fapO) region. Binding
of malonyl-CoA to the repressor leads to a conformational

change of FapR, thus releasing it from the operator.22 The
FapR−fapO system was transferred to E. coli to build a malonyl-
CoA sensor,23 and the sensor was then employed to construct
feed-back and feed-forward circuits for dynamic control of the

native fatty acid synthesis pathway, which increased fatty acid
titers.24,25 In mammalian cells, coupling with the VP16
activation domain turned FapR into a transcriptional activator

that was used to monitor intracellular malonyl-CoA concen-
trations.26 Here, we applied the prokaryotic FapR−fapO system
to dynamically control the heterologous 3-HP biosynthetic

pathway in S. cerevisiae.

Figure 1.Malonyl-CoA sensor system. The system is based on the malonyl-CoA-sensitive transcription factor FapR derived from B. subtilis and FapR
binding sites integrated into PTEF1 to control GFP expression as output signal. FapR functions as a repressor. The more malonyl-CoA that is present
in the cell, the more repressor is released and GFP is expressed. The system was combined in one plasmid, pFDA9.

Figure 2. Qualitative malonyl-CoA sensor validation. (A) Different sensor constructs with various sensitivities were developed by modifying number
and position of FapR binding sites (BS1/2/3) in the PTEF1 sequence. Yeast strain CEN.PK113-11C carrying particular constructs pFDA1−pFDA7
with (pFDA8) and without (p413TEF) expression of the FapR sensor were compared. Samples were measured in the exponential phase at an OD600
of 0.4, and the mean fluorescence of 5000 cells was determined by flow cytometry. The experiment was carried out in triplicates of three independent
clones. (B) Validation of the malonyl-CoA sensor by flow cytometry measurements of CEN.PK113-11C strains carrying the following plasmids: no
GFP, with FapR (p416TEF, pFDA8); BS123, with FapR (pFDA7, pFDA8); BS123, without FapR (pFDA7, p413TEF); or TEF1-GFP, with FapR
(p416TEF-GFP, pFDA8).
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■ RESULTS

Establishing a Malonyl-CoA Sensor in S. cerevisiae.
Establishing an accurate metabolite sensor system needs to take
several important factors into account. The aim is to create not
only a qualitative on/off scheme but also a sensitive system that
specifically and gradually responds to an input signal with a
controlled output in a relevant range. Also, a modular setup of
the system so that the sensitivity can be adjusted is of great
importance. Here, we focused on the development of a
malonyl-CoA sensor in S. cerevisiae by heterologously
expressing the malonyl-CoA-responsive transcription factor
FapR derived from B. subtilis.21 To functionally transfer this
bacterial system to a eukaryote, the SV40 nuclear localization
signal (NLS) was added to the N-terminus of FapR to ensure
transport into the nucleus. As a next step, we introduced FapR-
specific binding sites, the 34 bp fapO operator, in the
constitutively active strong yeast promoter TEF1.27 The
positions should preferably have as little influence as possible
on the natural promoter activity. They were chosen based on a
prediction for known binding sites of yeast transcription factors
±50 bp before and after the TEF1 transcription start site.28,29

The FapR binding sites were positioned so that they did not
delete or interrupt any of the predicted recognition sites. To
generate a feasible output signal, we coupled this engineered
promoter to the expression of a green fluorescent protein
(GFP). This system should hereby respond to a larger malonyl-
CoA pool with increased GFP expression through FapR
repressor-mediated control (Figure 1). We deliberately put
FapR expression also under control of the TEF1 promoter to
ensure less deviation of actual sensor expression and GFP
expression due to modulation of intrinsic growth phase-
dependent TEF1 promoter control, thereby keeping the actual
response sensitivity at the same level.
Increasing the Malonyl-CoA Sensor Range. For

establishing a relevant sensor range, we evaluated the number
and position of FapR binding sites in the TEF1 promoter
(Figure 2). Binding sites were located in a ±50 bp region either
downstream (BS1) or upstream (BS2 and BS3) of the
transcriptional start site. GFP expression was tested either in
the presence or absence of the fapR gene. Thereby, it was
possible to study both the effect of FapR binding site insertion

into the TEF1 promoter and the actual effect of promoter
repression when FapR was present. From this, it was found that
the more binding sites that were integrated into the TEF1
promoter, the more of the basal promoter activity was lost
(Figure 2).
Integration of a single binding site decreased the promoter

activity by 5−30%, whereas the modified promoter containing
all three binding sites retained about 50% of its original activity.
Looking at the promoter activity under FapR expression, it
becomes clear that the bacterial transcription factor FapR
functionally repressed GFP expression in this eukaryotic
system. The repression effect increased with more binding
sites integrated into the TEF1 promoter. Neither the
integration of FapR binding sites nor the expression of FapR
had an effect on the constitutive nature of the promoter, and
GFP expression levels remained at a constant level throughout
cultivation (Supporting Information Figure S1). Combining
results of reduction in promoter activity due to insertion of
binding sites and repression of GFP expression through FapR
binding resulted in a specific sensor range for each construct.
This spans from absence of repressor binding (without FapR)
to FapR binding (with FapR), here observed under exponential
growth conditions. This is most likely not the full sensor range,
as there may be a certain level of basal derepression through
malonyl-CoA present in the cell. Since each additional binding
site introduced has a higher impact on promoter repression in
the presence of FapR than on reducing the basal promoter
activity, there is a correlation between the apparent sensor
range and the number of binding sites integrated into the TEF1
promoter. The sensor range is here defined as the fold increase
in GFP fluorescence when comparing cells not expressing FapR
to those expressing FapR: 2-fold when integrating one FapR
binding site, 3-fold when integrating two binding sites, and 7-
fold when integrating three binding sites. The most tightly
regulated system with three binding sites and a 7-fold sensor
range was used for further validation studies.
Figure 2B gives a representative overview of the analyzed

flow cytometry data. The two controls comprising the
nonfluorescent cells and cells carrying the construct with
GFP expression under native TEF1 promoter control and at the
same time expressing FapR clearly separate from each other.
Also, only a small overlap and a good separation is seen when

Figure 3. Quantitative validation of malonyl-CoA sensor. (A) Fatty acid synthase inhibitor cerulenin was used to increase intracellular malonyl-CoA
pools to quantitatively validate the malonyl-CoA sensor system. The inhibitor was added to exponentially growing cells at an OD600 of 0.1, and
fluorescence was measured 2 h after exposure. The strain carrying the malonyl-CoA sensor system with three FapR binding sites (BS123) was
validated (CEN.PK113-11C carrying pFDA8, pFDA7) in triplicates (three different clones). (B) Flow cytometry measurements of exponentially
growing cells 2 h after exposure to various cerulenin concentrations. Control samples comprise strains without FapR expression and without GFP
expression (CEN.PK113-11C strains: BS123, with FapR (pFDA7, pFDA8); BS123, without FapR (pFDA7, p413TEF); no GFP, with FapR
(p416TEF, pFDA8)).
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comparing cells with and without FapR expression when GFP
was under control of the modified TEF1 promoter (BS123).
Thus, through screening different positions and numbers of
FapR binding sites inserted in the TEF1 promoter, a suitable
dynamic range of the biosensor was established.
Sensitivity Assessment of the Malonyl-CoA Sensor.

Besides establishing a relevant sensor range, the system also has
to have a certain sensitivity and gradual response to the
metabolite of interest at concentrations that are physiologically
relevant. From previous studies, it is known that there is a
direct quantitative correlation between the fatty acid synthase
(FAS) inhibitor cerulenin and intracellular malonyl-CoA
concentrations.24 Cerulenin binds the active site of the ketoacyl
synthase domain of FAS2, thereby inhibiting the overall activity
of Fas and leading to an increased concentration of malonyl-
CoA, the direct substrate for the FAS system.30,31 Cerulenin
was added to exponentially growing cells, and fluorescence was
measured by flow cytometry 2 h after exposure (Figure 3). The
sensor system shows a gradual response corresponding to the
applied cerulenin concentration (0−13.5 μM) and reached
saturation at concentrations above 13.5 μM (data >13.5 μM
not shown). Cerulenin blocks malonyl-CoA consumption,
thereby increasing its intracellular concentration and leading to
a release of FapR and increased GFP expression. This response
increased with cerulenin concentration and exposure time
(Supporting Information Figure S2). At the same time, the
addition of cerulenin had a crucial effect on growth rate due to
inhibition of the FAS system. As shown in Figure 3B, the
addition of cerulenin had no effect on GFP expression in the
control without FapR expression. These results therefore clearly
show that the FapR sensor system successfully senses malonyl-
CoA in a sensitive and gradual manner.

Metabolic Pathway Control for 3-HP Production. We
next applied the malonyl-CoA sensor system for metabolic
pathway control and fine-tuning gene expression, aiming at
improving 3-HP production in S. cerevisiae. 3-HP production
has recently been established in S. cerevisiae using different
production pathways.20,32,33 It can be produced from malonyl-
CoA by one enzymatic step through a malonyl-CoA reductase
derived from Chloroflexus aurantiacus (MCRCa).

33 Here, we
aimed for continuous pathway control by self-adjusting target
gene expression of mcrCa to the intracellular malonyl-CoA
concentration. To implement metabolic pathway control, we
put the expression of this enzyme under control of the modified
TEF1 promoter comprising three binding sites for FapR
(BS123). Thus, we created a self-regulating system, which
gradually expresses the mcrCa gene directly related to the
malonyl-CoA available (Figure 4). First, we compared strains
with mcrCa expression under control of the modified TEF1
promoter (BS123) with and without FapR expression. In this
comparison, the constitutive TEF1 promoter without FapR
regulation showed higher 3-HP production, around 0.1 g/L,
compared to that with expression of the FapR repressor, where
the final titer was decreased to 0.05 g/L (Figure 5). This is
consistent with the initial evaluation of the engineered TEF1
promoter that has 7-fold lower expression activity under FapR
repression during exponential growth. Considering the 7-fold
decrease in GFP, but only 2-fold decrease in 3-HP production,
this may indicate that malonyl-CoA availability is a limiting
factor to reach higher 3-HP titers.
To increase malonyl-CoA supply while at the same time

testing the FapR-mediated regulation of mcrCa expression, FAS
inhibitor cerulenin was added to the cultures. As described
before, due to inhibition of the FAS system the malonyl-CoA

Figure 4. Hierarchical dynamic pathway control for 3-HP production. The system is based on a first growth phase where fluxes are similar to those
under wild-type conditions and biomass can be quickly generated, which is followed by a production stage where the flux is channeled to the 3-HP
production pathway. On a primary level of control, the fatty acid synthase gene FAS1 is expressed under the control of a glucose concentration-
sensitive PHXT1 promoter, enabling an increase in the concentration of malonyl-CoA under glucose-limited conditions. On a second level, a
metabolite sensor for malonyl-CoA is used to continuously fine-tune gene expression of mcrCa for 3-HP production in the production phase.
Anticipated changes in metabolite concentrations, PHXT1 promoter activity, and mcrCa expression are schematically illustrated.
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concentration will increase and, in the case of FapR control,
trigger the expression of the mcrCa gene. Cerulenin was added
at a concentration of 13.5 μM to exponentially growing cells at
an OD of 0.2. The 3-HP titers and cell densities were
determined 24 h after exposure. Inhibiting the FAS system
through cerulenin addition clearly increased 3-HP production
up to 5-fold when FapR was not expressed and up to 13-fold
when FapR was expressed (Figure 5). Similar trends were
observed when using a lower concentration of cerulenin (2.25
μM) (Supporting Information Figure S3). Here, there was no
effect on the generation of biomass, but there was still a
pronounced effect on 3-HP production. With this static control
through cerulenin addition, the FapR-controlled gene ex-
pression of mcrCa was shown to be functional while at the same
time leading to increased 3-HP titers.
From an industrial bioprocess perspective, the addition of

cerulenin would not be practical in a large-scale fermentation
due to high cost. Therefore, we implemented a hierarchical
dynamic control system on the genetic level through modifying
the FAS1 gene expression characteristics. This gene codes for
the β-subunit of the fatty acid synthase complex in S. cerevisiae,
whereas the α-subunit is encoded by FAS2. When regulating
expression of the FAS1 gene, the FAS2 gene is coregulated
through a negatively acting downstream repression site, thereby
leading to a coordinated up- or downregulation of the entire
FAS system.34 We used the PHXT1 promoter to render this
regulation glucose concentration-dependent. A similar ap-
proach was previously used to successfully redirect the carbon
flux from sterol synthesis toward α-santalene production.13 As
soon as the external glucose concentration is low, this promoter
is repressed and FAS1 gene expression is downregulated,
leading to an increased intracellular malonyl-CoA concen-

Figure 5. Application of malonyl-CoA sensor for 3-HP pathway
regulation under cerulenin exposure. Fatty acid synthase inhibitor
cerulenin was used to increase intracellular malonyl-CoA pools to
improve precursor supply for 3-HP production and at the same time
trigger mcrCa expression when under FapR control. CEN.PK113-11C
was used, which carried plasmids with FapR (pFDA8, pYC1-BS123)
and without FapR (p413TEF, pYC1-BS123) as control. The inhibitor
was added to exponentially growing cells at an OD600 of 0.2 in 20 g/L
glucose minimal medium. OD600 and 3-HP concentration were
measured 24 h after exposure. The experiment was carried out in
triplicates of three independent clones.

Figure 6. Application of malonyl-CoA sensor for dual dynamic 3-HP pathway regulation. The initial CEN.PK113-11C strain was compared to the
modified strain CEN.PK113-11C:PHXT1-FAS1 under glucose-limiting conditions, with and without FapR control of mcrCa expression. Strains FD01−
FDA05 were compared. Cells were cultivated in 5 mL of minimal medium in 50 mL tubes, with 10 g/L initial glucose concentration. Feed beads
(release of 0.25 g/L/h) were added to the medium after an initial batch phase of 9 h. Final samples were taken for OD600 and 3-HP measurements
after 96 h. Samples were measured in triplicates of three independent clones.
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tration (Figure 4). We hereby implemented a two-stage
dynamic system that enables an initial growth phase similar
to that of a wild-type strain followed by a 3-HP production
phase under glucose-limiting conditions. Here, a fed-batch
approach is an ideal setup to couple both a batch phase where
biomass is generated with a production phase under external
feeding control. To simulate fed-batch like conditions, we used
glucose feed beads with a constant release of 0.25 g/L/h. After
an initial batch phase with glucose concentrations of 5 and 10
g/L, feed beads were added and samples were taken after 96 h.
Under these conditions, different strains were compared: the

background strain CEN.PK113-11C with mcrCa expression
under control of the native TEF1 promoter, the modified
PTEF1BS123 promoter with and without FapR expression, and
the engineered strain FDA00 (CEN.PK113-11c PHXT1-FAS1)
with and without FapR expression (Figure 6).
As described before, the background CEN.PK113-11C strain

shows less 3-HP production when expressing the FapR
regulator, probably because the intracellular malonyl-CoA
concentration is not sufficiently high to trigger sufficient
mcrCa expression. When using the engineered strain with FAS1
expression under PHXT1 promoter control, much more 3-HP, up
to 0.4 g/L, was produced. It could be proven that this
hierarchical two-stage control was successful in redirecting
malonyl-CoA flux into 3-HP production instead of fatty acid
production. When combining both the dynamic two-stage
control with the malonyl-CoA sensor approach for continuous
fine-tuning of gene expression in the production phase, a
further increase in 3-HP production, up to 1.0 g/L, could be
achieved (Figure 6). These results, therefore, clearly show that
under these more stringent conditions of glucose limitation
fine-tuning the gene expression of mcrCa becomes important
and beneficial. The same trend was confirmed during fed-batch
cultivations in a parallel bioreactor setup (Supporting
Information Figure S4). Clearly, higher 3-HP titers, yields,
and rates were examined under PHXT1 and FapR-mediated
metabolic pathway control for 3-HP production. Under these
conditions, high titers of about 0.8 g/L 3-HP were reached after
25 h.

■ DISCUSSION
Here, we established, for the first time, a hierarchical dynamic
pathway control system in S. cerevisiae. We highlighted the
advantages of this system by substantially increasing malonyl-
CoA-derived 3-HP production. As a first step, an internal
biosensor based on a malonyl-CoA-responsive transcription
factor was established. The chosen heterologous repressor-
based system has the advantage of creating robust and modular
setup, which does not rely on complex interactions with other
intrinsic transcription factors or require the active recruitment
of the eukaryotic RNA polymerase. By integrating specific FapR
binding sites into the constitutively active yeast promoter
TEF1, we created an orthologous system that could, in
principle, be used for any other metabolite-responsive
repressor-type transcription factor that either binds or is
released from its recognition site under increased metabolite
concentrations of interest. The number and positions of
binding sites were chosen based on available data related to
potential binding sites of yeast transcriptions factors within the
TEF1 promoter region 50 bp up- and downstream the
transcriptional start. Here, more predictive approaches could
be used to increase the sensor range even further and allow for
a tighter regulation.35 For example, based on an extensive yeast

promoter screening, a distinct correlation between expression
and binding site multiplicity, dependencies on the distance
between the binding site location and gene start, and a clear 10
bp periodic relationship of transcription factor binding sites
were shown.36 For creating a feasible intracellular biosensor
system, one faces several challenges, like balancing sensitivity
and dynamic response range adapted to relevant intracellular
metabolite concentrations. There is a steady equilibrium
between bound/unbound sensor and the particular intracellular
metabolite concentration. In our case, the actual change in the
promoter sequence also plays a major role in changing the
responsiveness of the system. By inserting multiple FapR
binding sites, the basal promoter activity is decreased, making it
at the same time more susceptible to the repressor. This
strategy of multiplying binding sites was shown previously to be
the most feasible for setting up a repressor-based biosensor
approach for controlled fatty acid production in E. coli.15

Another strategy to generally increase the stringency of
biosensor function is to use hybrid promoters, thereby
introducing another level of coregulation, e.g., through addition
of coinducers like IPTG15 or copper.37

Taking the stringency and sensor range of the here
developed malonyl-CoA sensor into account, this system is
also an ideal tool for screening cell libraries for efficient
malonyl-CoA producers. From the flow cytometry data, a clear
separation was seen between cells expressing and not
expressing FapR, and a distinct fluorescence shift was observed
for cells having a cerulenin-induced increased malonyl-CoA
pool (Figures 2B and 3B). This allows for specific gating,
subsequent fluorescence activated cell sorting (FACS), and
targeted screening for variants with increased malonyl-CoA
production capabilities. During the preparation of this manu-
script, a similar approach was published where a malonyl-CoA
sensor was used to screen for specific target genes increasing
the malonyl-CoA pool.38 Such strains would be well-suited as
platform strains for the production of fatty acids, polyketides,
and flavonoids, all compounds of interest for production of
biofuels, commodity/fine chemicals, and pharmaceuticals.
We further combined our novel malonyl-CoA biosensor with

dual-level dynamic control. In this system, the process
environment dynamically controls the malonyl-CoA availability,
more specifically by the extracellular glucose concentration.
This was realized by subjecting fatty acid synthase expression to
control by the glucose concentration-sensitive PHXT1 promoter.
Hereby, fatty acid biosynthesis is downregulated at the later
stages of a batch fermentation and during the (glucose-limited)
feed phase of a fed-batch fermentation. This is likely to result in
an increase in the internal malonyl-CoA concentration, which is
a precursor metabolite for 3-HP production. With this system,
sufficient biomass can be generated in the initial growth phase
followed by a production phase where the metabolism is
directed toward 3-HP generation. The approach has the great
advantage of not relying on external inducers; it decouples
growth from the 3-HP production phase in an autoregulated
manner. This two-stage fermentation strategy was shown to be
beneficial in reaching higher final product titers, yields, and
rates and can be directly translated for larger scale production
as it does not rely on external inducers.10

To validate this system, we used feed beads to establish a
constant feeding rate, keeping the glucose concentration low. In
the next step, a controlled bioreactor fed-batch setup with a
constant feed was used for further validation. Under such
conditions, the specific growth rate decreases exponentially
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with increased biomass concentration. With this hierarchical
control system, expression of the mcrCa gene is dynamically
fine-tuned using the FapR biosensor system, which is beneficial
for the cellular system for two different reasons. First, the
metabolic burden resulting from constant production of the
heterologous MCRCa enzyme is reduced. The gene expression
is adapted to the actual precursor availability, which makes the
system more efficient and results in fewer cellular resources
being wasted in futile cycles. Second, not all malonyl-CoA is
immediately channeled toward 3-HP production, thus making
it available for cell proliferation and maintenance, especially in
the initial growth phase.
As shown, the hierarchical two-level control and fine-tuning

of mcrCa gene expression lead to a 10-fold increase in 3-HP
production, resulting in a titer of 1 g/L. So far, when using yeast
as a cell factory, only extensive metabolic engineering made it
possible to reach titers in this range. Previous multistep
engineering of metabolic pathways upstream of malonyl-CoA,
like increasing the NADPH supply and abolishing Snf1-
dependent regulation of Acc1, resulted in titers only up to
0.5 g/L.33 We imagine that a combination of our approach of
dynamic control with metabolic engineering of upstream
pathways may be used to increase 3-HP production even
further.
The approach of dynamic metabolic control integrating

signals from the cellular environment with intracellular
metabolism and regulatory circuits also has a great potential
to be used for further application in dynamic expression of
heterologous pathways and fine-tuning of cellular phenotypes.
Especially in the nonuniform environment of industrial
fermenters, these regulation systems might be essential tools
to increase yield, titers, and especially process robustness.
The developed approach can be seen as a prototype of a

general strategy to engineer and dynamically control metabolic
pathways and could, in principle, be applied easily to any
malonyl-CoA-derived product in S. cerevisiae; when it is
extended to other orthologous transcription factors and
pathways, it could be used even further for redirecting
metabolic fluxes and balancing precursor supply.

■ METHODS

Media and Culture Conditions. S. cerevisiae strain
CEN.PK113-11C (MATa SUC2 MAL2−8c his3Δ1 ura3−52;
P. Kötter, University of Frankfurt, Germany)39 was used as the
background strain. Synthetic dextrose (SD) medium was
applied to select for recombinant yeast strains, containing 6.7
g/L of yeast nitrogen base without amino acids (Difco
Laboratories, Sparks, MD, USA), 0.77 g/L of complete
supplement mixture (CSM, without uracil and histidine) (MP
Biomedicals, Solon, OH, USA), and 2% glucose. YPD plates
containing 10 g/L yeast extract, 20 g/L casein peptone, 20 g/L
glucose, and 20 g/L agar were supplemented with 200 mg/L
G418 (Formedium) to select for strains carrying the kanMX
cassette. For marker loop out, cells were cultivated in YPG
medium, which is identical to YPD medium but has a galactose
(2%) supplement instead of glucose.
For sensor evaluation and 3-HP production, yeast strains

were grown in defined minimal medium40 with 7.5 g/L of
(NH4)2SO4, 14.4 g/L of KH2PO4, 0.5 g/L of MgSO4·7H2O,
and 20 g/L glucose, adjusted to pH 6.0 with 5 N NaOH. For
routine cloning procedures, E. coli DH5α was used grown in
Luria−Bertani (LB) broth with 80 mg/L ampicillin supple-

ment. 3-HP was purchased from TCI Europe N.V. (Zwijn-
drecht, Belgium).

Plasmid Construction. All oligonucleotide primers, primer
pairs, and strains used in this study are listed in Supporting
Information Tables S1−S3. For PCR reactions, Phusion high-
fidelity DNA polymerase (Thermo Scientific, Waltham, MA,
USA) was used.
For constructing p416TEF-GFP, the GFP gene was

amplified from pFA6a-GFPS65T-HIS3MX641 by the primer
pair GFP-fw and GFP-rv, and the product was cloned via
CPEC42 into p416TEF43 (amplified via primer pair p416TEF-
fv, p416TEF-rv).
In vector p416TEF-GFP, modified parts of the TEF1

promoter (BS1/2/3) carrying different FapR binding site
combinations (see the Supporting Information) were intro-
duced. These were ordered from Genscript (Piscataway, NJ,
USA) and were amplified using the primer pair TEF1-insert-fw
and TEF1-insert-rv. The vector backbone of p416-GFP was
amplified using primers TEF1-vector-fw and TEF1-vector-rv,
creating overlapping regions with the modified TEF1 promoter
fragments. Using the CPEC cloning method, the vectors
pFDA1, pFDA2, pFDA3, pFDA4, pFDA5, pFDA6, and pFDA7
were constructed.
Primer pair NLS-FapR-fw and FapR-rv was used for fapR

amplification from B. subtilis genomic DNA and at the same
time for introducing a SV40 NLS at the N-terminus of FapR.
The vector backbone of p413TEF43 was amplified using primer
pair p413TEF-NLSfapR-fw and p413TEF-NLSfapR-rv, thereby
creating regions that overlapped with the amplified fapR
fragment. Through CPEC, both fragments were cloned
together, and plasmid pFDA8 (p413TEF-NLS-FapR) was
created.
The BS123-GFP cassette from pFDA7 was integrated into

pFDA8. It was amplified from pFDA7 using the primer pair
NsiI-PTEF1BS123-GFP_fw and NsiI-PTEF1BS123-GFP_rv and
cloned via the NsiI restriction site into pFDA8, thereby creating
pFDA09 (p413TEF-NLS-FapR-PTEF1BS123-GFP). The same
approach was followed for cloning the BS123-GFP cassette into
the plasmid p413TEF to create the control plasmid pFDA10
(p413TEF-PTEF1BS123-GFP) without fapR expression. From
restriction digestion analysis, the plasmid variant was chosen
where both TEF1 promoters are in opposite directions relative
to each other.
For construction of the plasmid containing mcrCa under

control of the modified TEF1 promoter (PTEF1BS123), plasmid
pYC133 was used as the backbone plasmid. PTEF1BS123 was
amplified from pFDA10 (p416PTEF1BS123-GFP) using the
primer pair P1_MCR_TEFm_fv and P2_MCR_TEFm_rv.
This fragment was integrated into NotI and BamHI predigested
pYC1 by homologous recombination in yeast, creating
construct pYC1-BS123.
All constructs were verified through restriction digestion and

sequencing (Eurofins, Ebersberg, Germany).
Strain Construction. For testing different combinations of

FapR binding sites inside the TEF1 promoter, constructs
pFDA1−pFDA7 were each combined with pFDA8 through
transformation into CEN.PK113-11C, creating strains FDA06,
FDA07, FDA08, FDA09, FDA10, FDA11, and FDA12,
respectively. Strains were plated on SD-URA-HIS plates, and
three colonies of each strain were confirmed via PCR.
Background strain CEN.PK113-11C was modified through

replacing 1000 bp of the native promoter in front of the FAS1
gene by 1000 bp of the HXT1 promoter. Here, a deletion/
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replacement cassette approach was used44 to create the strain
FDA00 (CEN.PK113-11C PHXT1-FAS1). For the deletion
cassette, two fragments were used (see sequences in the
Supporting Information): P1.2(1+2) carrying loxP(71)-PTEF1-
KanMX-TTEF1-PGAL1 and P1.2(2+3+4) carrying PGAL1-cre-TCYC1-
loxP(66). Regions 500 bp downstream (H1) (−1000 until
−1500 bp) and upstream (H2) (0 until +500 bp) of the FAS1
promoter were amplified with corresponding primer pairs
(pH1_fw, pH1_rv; pH2_fw; pH2_rv). 1000 bp of the HXT1
promoter (−1000 bp) was amplified with primers pHXT1-fw
and pHXT1-rv, which carry overlapping regions to H2 and
P1.2(2+3+4). P1.2(1+2) was amplified via primers pJet_(1+2)
_fw_ext and pJet_(1+ 2)_rv to create an overlapping region
with H1. Using fusion PCR, two main cassettes were amplified:
(1) H1-p1.2(1+2) and (2) p1.2(2+3+4)-pHXT1-H2.
CEN.PK113-11C was transformed with the two cassettes
using the frozen-EZ yeast transformation II kit (Zymo
Research, Irvine, CA, USA), and strains were selected on
YPD G418 plates. Marker loop out was induced through 48 h
cultivation in YPG medium. Strains were confirmed by PCR
and sequencing, creating new background strain FDA00.
For testing 3-HP production under dual dynamic pathway

control, the following strains were created and tested: FDA01
(CEN.PK113-11C; pYC1-BS123, pFDA9), FDA02
(CEN.PK113-11C; pYC1-BS123, pFDA10), FDA03
(CEN.PK113-11C; pYC1, pFDA9), FDA04 (FDA00; pYC1-
BS123, pFDA9), and FDA05 (FDA00; pYC1-BS123,
pFDA10).
Strains were plated on SD-URA-HIS plates, and three

colonies of each were confirmed via PCR.
Characterization of Malonyl-CoA Sensor in S. cer-

evisiae. For cultivation, minimal medium was used with 20 g/L
glucose. Precultures derived from single colonies were
incubated for 18 h in 5 mL of medium. Main cultures were
inoculated at an OD600 of 0.1 and grown in 10 mL of medium
in 100 mL shake flasks. Samples were taken during the
exponential growth phase (glucose) at an OD600 of 0.4 about 6
h after inoculation. Cells were diluted to an OD600 of 0.02 to
keep the concentration <500 cells/μL. Fluorescence was
measured via flow cytometry using a Guava easyCyte 8HT
(Merck Millipore, Billerica, MA, USA). Cells were excited by a
blue laser at 488 nm (75 mW), and green fluorescence signals
were measured through a 525/30 band pass filter. Signals were
triggered against the FSC, and specific gain values were set
(FSC: 19.03, SSC: 418, GRN: 5.42). Fluorescence mean values
were determined based on 5000 cell counts. FlowJoX software
(Ashland, OR, USA) was used to create images.
For monitoring the influence of cerulenin, exponential

growing cells at an OD600 of 0.2 were exposed to different
concentrations of cerulenin (0, 2.25, 4.5, 9, 13.5, 45 μM).
Cerulenin stock solutions (in 98% ethanol) were used at a
1:1000 dilution.
Characterization of Malonyl-CoA Sensor for 3-HP

Production. Strains [CEN.PK 113-11C; FDA00 (CENPK11C
PHXT1-FAS1)] with various combinations of plasmids were
compared for 3-HP production under different conditions.
FDA01 and FDA02 were tested under cerulenin exposure (2.25
and 13.5 μM) for 3-HP production after 24 h. The inhibitor
was added to exponentially growing cells at an OD600 of 0.2 in
20 g/L glucose minimal medium. The experiment was carried
out in triplicates of three independent clones.
FDA01 and FDA02 were also compared to strains with a

PHXT1-FAS1 background with FapR sensor expression and

MCR expression under PTEF1BS123 and PTEF1 promoter control
(FDA03−FDA05). Experiments were carried out in tubes or
shake flasks with 5 or 10 mL of minimal medium, respectively
(10 g/L initial glucose). Cultivation conditions were 30 °C at
200 rpm orbital shaking. Cells were inoculated at on OD600 of
0.1. Feed beads (SMFB63319, Kuhner Shaker, Basel, Switzer-
land)45 with a release rate of 0.25 g/L/h were added to the
medium after an initial batch phase of 9 h after inoculation.
Final samples were taken for final 3-HP measurements after 96
h. For the bioreactor experiments, a parallel cultivation system
(Dasgip/Eppendorf, Germany) was used. One liter of 10 g/L
glucose containing minimal medium was inoculated at an
OD600 of 0.1 from an overnight preculture. DO and pH values
were set to >20% and pH 5, respectively. For the bioreactor
fed-batch experiments, a first batch phase (21 h) was followed
by a feed phase of constant glucose feed at 0.5 g/L/h of a 100
g/L minimal medium-based glucose feed solution.
3-HP was analyzed by a Summit HPLC (Dionex, Sunnyvale,

CA, USA) as described in Chen et al.33
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