
 | Physiology and Metabolism | Full-Length Text

Global impact on metabolic capacity of yeast cell factories by 
optogenetic control of the cAMP–PKA axis

Mohamed Watad,1 Jonathan Trauth,1 Filipp Bezold,1 Ammar Baker,1 Bastian Pook,1 Johannes Scheffer,1 Hagen Nusshär,1 Sophia 
Hasenjäger,2 Nicole Paczia,3 Lars-Oliver Essen,1 Christof Taxis4

AUTHOR AFFILIATIONS See affiliation list on p. 16.

ABSTRACT Dynamic metabolic engineering enables temporal redirection of micro­
bial metabolism from biomass production to product synthesis. Here, we show that 
optogenetic control of protein kinase A (PKA) activity via light-regulated modula­
tion of intracellular cyclic AMP (cAMP) levels can enhance heterologous production 
of β-carotene and cordycepin in Saccharomyces cerevisiae. To enable exclusive, glu­
cose-independent control of cAMP synthesis, the photoactivatable adenylyl cyclase 
bPAC from Beggiatoa sp. was introduced into cells lacking the endogenous adenylyl 
cyclase Cyr1 or with lowered Cyr1 levels using an optogenetically controlled degron. 
Despite being growth-competent under illumination, the bPAC-containing yeast strain 
showed alterations in energy metabolism under all conditions. Quantitative proteome 
analysis using timsTOF mass spectrometry revealed profound changes in central 
carbon metabolism, sulfur homeostasis, energy charge, and ribosome biogenesis upon 
uncoupling cAMP from nutrient-dependent regulation, particularly under sustained light 
activation. These results highlight the critical role of dynamic Cyr1-dependent regula­
tion for central metabolism, and underscore the biotechnological promise of refined 
PKA-targeted strategies for eukaryotic cell factories.

IMPORTANCE Carbon-footprint-minimized production of fine chemicals, pharmaceuti­
cals, and biofuels requires optimized microbial cell factories with tailored metabolic 
performance. We employed optogenetic dynamic metabolic engineering in baker’s yeast 
by uncoupling nutrient sensing from cAMP signaling using a light-controlled adenylate 
cyclase. Precise light regulation of intracellular cAMP levels and PKA activity enabled 
acute control of the metabolism, redirecting resources toward product synthesis, and 
boosting the production of valuable compounds such as β-carotene and cordycepin. 
Quantitative proteomics revealed that uncoupling of the cAMP–PKA axis from glucose 
sensing profoundly reprograms the central carbon metabolism and other key cellu­
lar processes. This approach provides a blueprint for refined, light-tunable strategies 
targeting the cAMP–PKA axis directly with light, e.g., for enhanced bioethanol produc­
tion. Moreover, our data provide evidence for the profound influence of the cAMP–PKA 
axis on metabolism and balanced energy production that are fundamental for efficient 
production in microbial cell factories.

KEYWORDS adenylate cyclase, optogenetics, Ras/cAMP/PKA pathway, proteomics, 
energy metabolism

S ustainable production of fine chemicals, pharmaceuticals, and biofuels requires 
optimized microbial cell factories with tailored metabolic performance and minimal 

environmental impact (1, 2). Key challenges involve maximizing yield and minimizing 
costs while maintaining economic viability. Traditional strain engineering methods, e.g., 
synthetic biology, adaptive evolution, and static metabolic engineering, are laborious, 
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requiring iterative cycles of design, assembly, testing, and optimization to turn common 
strains into robust cell factories for specific metabolites (3–8).

Dynamic metabolic engineering was introduced to uncouple cell growth from the 
production phase, either for producing toxic compounds or diverting resources to 
production (9). This approach necessitates an efficient, low-cost inducer suitable for 
large-scale fermentation (10, 11). Light is an ideal inducer: it is cheap, non-toxic, 
non-degradable, highly tunable, and metabolically inert in non-photosynthetic microbes 
(12–14). Diverse set-ups have been engineered to ensure high illumination strengths of 
microbial cell factories during lab-scale fermentations (15, 16).

Many optogenetic tools have emerged recently for dynamic metabolic engineering, 
enabling precise regulation of cellular processes, such as transcription, translation, 
protein stability, localization, and activity (12, 17–22). Saccharomyces cerevisiae is an 
attractive host for optogenetic dynamic metabolic engineering approaches due to 
its general acceptance as a safe organism, simple morphology allowing large-scale 
fermentations, wealth of available tools, and a deep understanding of its metabolism. 
These advantages are reflected in its widespread use to showcase the potential of 
optogenetics in metabolic engineering (23–26). Dynamic metabolic engineering aims to 
change substrate flux from pathways necessary for growth toward a competing pathway 
that generates a desired product or uses an inducer to activate the enzymes necessary 
for product formation; both approaches have been realized by optogenetics (9, 23, 26).

The photo-activatable adenylyl cyclase from Beggiatoa sp. (bPAC) is commonly used 
to manipulate cyclic-AMP (cAMP) levels in diverse organisms, offering tight temporal and 
spatial control (27, 28). In S. cerevisiae, bPAC has been used to investigate PKA dynamics 
through real-time regulation of cAMP levels (29).

The second messenger cAMP is crucial for control of protein kinase A (PKA) 
activity, thereby influencing gene expression, metabolic decisions, cell proliferation, 
and development (30–34). In budding yeast, cAMP modulates PKA activity, a master 
regulator of growth as well as metabolic and developmental decisions (35). Endoge­
nous regulation of cAMP relies on the enzymatic activity of the adenylyl cyclase Cyr1 
in response to extracellular glucose availability and intracellular glycolytic flux. Two 
molecules of cAMP bind the regulatory PKA subunit Bcy1, which releases the active 
catalytic kinase (isozymes Tpk1, Tpk2, and Tpk3) (36). Several transcription factors 
respond to PKA activity changes, thereby altering the transcriptome (37). As a result, 
the cAMP–PKA axis accounts for >90% of glucose-induced transcriptional responses (38). 
The phosphodiesterases Pde1 and Pde2 act as negative regulators of cAMP levels by 
hydrolyzing cAMP to AMP (39).

We investigated bPAC-induced cAMP changes and subsequent PKA modulation of 
energy metabolism and the proteome to increase heterologous production in bud­
ding yeast. The bPAC-dependent strain uncouples adenylyl cyclase activity and cAMP 
production from natural glucose sensing and glycolytic flux, making cell proliferation 
entirely reliant on bPAC-generated cAMP. Accordingly, we quantified cAMP levels, growth 
dynamics, energy metabolites, and proteome changes. We found increased production 
of the heterologous compounds β-carotene and cordycepin under conditions of low 
adenylyl cyclase activity. This shows the potential of an optogenetic metabolic engineer­
ing approach targeting the cAMP–PKA axis for biotechnology applications.

RESULTS

Cyclic AMP control of PKA activity affects numerous gene products and their activity, 
either directly through phosphorylation or indirectly and more slowly by changing the 
expression levels of their encoding genes. To investigate whether cAMP modulation of 
PKA activity by light can be used to steer the metabolism of yeast, we used a strain 
in which cAMP–PKA signaling is placed under exclusive optogenetic control. This strain 
harbors the heterologous photo-activated adenylyl cyclase (PAC) from Beggiatoa sp. 
(bPAC), while the essential gene encoding the endogenous adenylyl cyclase of yeast, 
CYR1, is deleted (Fig. 1A). Consequently, the resulting bPAC yeast strain (bPACy) should 
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proliferate well only under blue light illumination, as cell growth strictly depends on 
light-triggered cAMP synthesis and concomitant PKA activation (22). For phenotypic 
validation of PKA activity control, we visualized glycogen by iodine vapor staining, as 
glycogen accumulation is negatively regulated by PKA (40). Accordingly, when kept in 
darkness after an initial growth period under weak blue light illumination, darker stained 
patches indicate higher accumulation of glycogen in bPACy cells compared to wild-type 
(WT) cells due to repressed PKA activity (Fig. 1B).

Quantification of WT and bPACy cell growth in liquid cultures under different light 
conditions revealed a complex growth phenotype of bPACy cells. The bPACy strain 
exhibited no observable growth in darkness, whereas WT cultures proliferated robustly 
irrespective of illumination conditions. Optimal growth of the bPACy strain was achieved 
at low fluxes of 0.5 and 1 µmol m−2 s−1, with a modest reduction at 5 µmol m−2 s−1 and 
severely impaired proliferation at high flux, i.e., 30 µmol m−2 s−1 blue light photons (Fig. 
1C). Overall, the absence of illumination did not sustain growth of bPACy, arguing for 
insufficient cAMP production, whereas excessive, non-physiological levels of cAMP, as 
generated by high light flux, apparently impair growth.

The bPACy strain enabled us to examine how variations of blue light intensity 
translate into variations of intracellular cAMP levels. For that, we designed a two-phase 
cultivation protocol: an initial 12-hour growth-promoting period under low-intensity 
blue light (465 nm, 1 µmol m−2 s−1) was followed by 12 h of either darkness or con­
tinued incubation at varying light fluxes, with regular sampling of cells and culture 
supernatant (Fig. 2A). This cultivation protocol was necessary to obtain enough cells 

FIG 1 Fully light-controlled cAMP production in S. cerevisiae. (A) Scheme illustrating the isolation of PKA from nutritional signals and implementation of 

light control. In bPACy cells, the activity of the adenylyl-cyclase (AC) domain is regulated by a blue light using FAD (BLUF) domain, while the endogenous 

gene encoding the adenylyl-cyclase Cyr1 has been removed. This isolates cAMP production and PKA activity from endogenous regulatory inputs such as the 

Gpr1/Gpa3 module and the Ras proteins that regulate Cyr1 activity. Remaining is the influence of phosphodiesterases Pde1 and 2, which hydrolyze cAMP to AMP. 

(B) Iodine vapor staining of WT (YCR75) and bPACy cells (YSEB38). A darker color indicates lower PKA activity, resulting in higher storage carbohydrate levels. 

Strains were grown in patches on the same YPD-plate for 48 h with blue light illumination (1 µmol m−2 s−1) and were kept for an additional 24 h in darkness before 

iodine vapor staining. Pictures of the patches were taken before and after the staining procedure. (C) Growth curves for WT (YCR75) and bPACy cells (YSEB38) 

exposed to different blue light intensities as indicated. OD600 measurements were performed to obtain the curves (n = 3; error bars standard error of the mean). 

Cells were diluted to an OD600 of 0.1 into fresh LFM medium at the beginning of the experiment.
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for metabolomic and proteomic analyses. Intracellular cAMP levels in the bPACy strain 
responded dynamically to illumination over time, achieving up to 55 µM at high fluxes of 
10 µmol m−2 s−1, whereas cAMP in WT cells remained mostly constant around an average 
concentration of 2 µM, regardless of incubation in darkness or under 1 µmol m−2 s−1 

of blue light photons (Fig. 2B). During the lag phase, i.e., within the first 4 h of growth 
after illumination change, cAMP levels in bPACy cells underwent some fluctuations that 
were more pronounced than in the WT strain. Unexpectedly, intracellular cAMP levels of 
bPACy cells exposed to a low flux of 1 µmol m−2 s−1 photons, resulting in 2–5 µM cAMP, 
were consistently lower by roughly 50% than in bPACy cells kept in darkness (4–8 µM, Fig. 
2C). To account for this counterintuitive discrepancy, we also assessed extracellular cAMP 
concentrations in the medium, as a pool of extracellular cAMP may affect intracellular 
levels by a transport process into the cell. Indeed, we found high cAMP levels of up 
to 4 µM at a photon flux of 10 µmol m−2 s−1 in the medium of bPACy cultures. These 
cAMP levels in the medium of bPACy cells exposed to higher light fluxes were steadily 
rising over time (Fig. 2D). At low flux (1 µmol m−2 s−1 photons), cAMP amounts in bPACy 
medium were already twice as high as in WT medium (Fig. 2E) and elevated by ~20% 
compared to bPACy cells in darkness. At 12 h of incubation, the intracellular cAMP level 
of bPACy cells in darkness dropped by a factor of two (Fig. 2C), with a concomitant rise 
in the extracellular cAMP level (Fig. 2E), hinting at a loss of intracellular cAMP to the 
extracellular pool. Summing both pools resulted in mostly stable total cAMP levels over 
time in WT cells and slightly fluctuating, as well as slightly increasing, cAMP levels in 
the bPACy cells (Fig. S1A). In accordance with the intracellular and extracellular cAMP 
levels, we observed growth of WT and bPACy cells under all conditions during the 
experiment, even in the bPACy strain shifted to darkness, although at a much lower rate 

FIG 2 (A) Scheme illustrating the illumination regimen to measure intra- and extracellular cAMP levels. Cells were kept in the same medium during the 24 h of 

incubation. (B) Intracellular cAMP concentrations in bPACy (YSEB38) cells incubated in darkness and at light fluxes of 1, 5, and 10 µmol m−2 s−1 blue light (465 

nm; bPACy-D; bPACy-L-1; bPACy-L-5; bPACy-L-10). (C) Intracellular cAMP concentrations in WT (YCR75) and bPACy (YSEB38) cells incubated in darkness (WT-D; 

bPACy-D) or at 1 µmol m−2 s−1 blue light (465 nm; WT-L-1; bPACy-L-1). (D) Extracellular cAMP concentrations in the medium of the strains used in panel B. (E) 

Extracellular cAMP concentrations in the medium of the strains used in panel C. (F) The adenylate energy charge (AEC) was calculated to assess the cellular 

energetic state. The formula (ATP + 0.5⋅ADP)/(ATP + ADP + AMP) was used to calculate the AEC. (B–F) Mean values of three independent biological replicates are 

shown; error bars indicate standard deviation.
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than in the WT strain (Fig. S1B). A viability staining after the 12-hour time point did not 
reveal pronounced cell death in the bPACy strain exposed to darkness (Fig. S1C). The 
difference in viability between the WT and bPACy strains was 10% and was not found to 
be statistically significant.

Given the uncoupling of nutrient response from cAMP due to the ΔCYR1 background, 
we also quantified intracellular and extracellular concentrations of ATP, ADP, and AMP. 
After the lag phase, intracellular ATP, ADP, and AMP levels changed differently between 
the strains (Fig. S1D through F). In WT, ATP was rising to ~1.5 mM after 12 h with 
concomitant drops of ADP and AMP to 500–700 µM and 100–300 µM, respectively. In the 
bPACy strain, ATP concentrations were consistently lower than in WT (roughly 50%), but 
roughly two-fold higher for AMP after 12 h.

The adenylate energy charge (AEC), defined as ([ATP] + 0.5[ADP]) / ([ATP] + [ADP] 
+ [AMP]) (41), indicates the cellular energy status, with values of 0.8–0.9 typical of 
growing yeast (42). Within the first hours of condition change, we found a strong 
fluctuation of the AEC in the bPACy and WT strains, with AECs getting as low as 0.2–
0.3, which recovered after 12 h to values <0.6 for bPACy, while that of the WT strain 
was raising to ~0.8, consistent with normal growth behavior (Fig. 2F; Fig. S1G). AEC 
values of <0.6 are known to indicate yeast cells starved of their primary carbon source, 
for example, directly after a diauxic shift, while values of <0.3 have been predicted to 
cause metabolic instability (43) and are otherwise inducible in yeast only by transient 
starvation or PKA suppression. In bPACy cells at all investigated illumination conditions 
(darkness, 1, 5, 10 µmol m−2 s−1 blue light), the lowered AEC, ATP/AMP ratios of <1, and 
an absolute ATP concentration of <1 mM imply metabolic stress due to cAMP/glucose 
uncoupling by exchanging Cyr1 for bPAC. The lowered AEC values for bPACy explain the 
growth impairment of this strain compared to the WT, even under optimal illumination 
conditions (Fig. 1C).

In contrast, extracellular ATP and ADP levels (~40 nM, <10 nM) were indistinguishable 
between WT and bPACy cells when exposed to low blue light fluxes (1 µmol m−2 s−1, Fig. 
S1E and F). Notably, after 12 h, the dark-arrested bPACy strain showed enhanced leakage 
for all adenylyl species, as noted before for cAMP (Fig. S1D through F), while extracellular 
AMP levels increased only slightly in the medium of WT cells under both conditions 
and in the medium of bPACy cells exposed to low photon flux (Fig. S1F). In bPACy cells 
exposed to higher light fluxes (5 and 10 µM m−2 s−1), intracellular ATP and ADP levels were 
somewhat fluctuating, whereas extracellular levels decreased and then increased again 
(Fig. S2A and B). Intracellular AMP levels decreased over time, whereas extracellular AMP 
levels increased over time (Fig. S2C).

Overall, the bPACy strain allows robust growth under low to medium light flux 
conditions, despite showing an energy-starved metabolic state indicated by a lowered 
AEC during the observation period. Apparently, the ability of S. cerevisiae to respond 
dynamically to nutrient changes, e.g., during a diauxic shift from glucose to ethanol, 
allows this organism to tolerate a wider range of AEC for growth.

Next, we investigated the proteome in detail to analyze the effects of uncoupling 
glucose sensing from intracellular cAMP levels using optogenetic bPAC control (44). 
To elucidate the thereby caused differences between WT and bPACy, we first used 
dark conditions. Proteomic profiling was performed with a trapped ion mobility mass 
spectrometer (timsTOF) resulting in 1,883 protein abundances and 630 differentially 
abundant proteins (DAPs) (Fig. 3A; Table S1). Gene ontology (GO) term enrichment 
analysis revealed that 310 of the 630 DAPs matched to the generic GO term “catalytic 
activity,” with the main pathways being connected to ribosome biogenesis and RNA 
metabolism, and with additional upregulation of parts of the tricarboxylic acid cycle 
and changes in central metabolism pathways (Fig. 3A; Table S2). Moreover, Acs1, which 
produces acetyl-CoA as a precursor of β-carotene synthesis, was more abundant in the 
bPACy strain than in the WT strain under dark conditions (Table S1). Acs1 stands out with 
a roughly five-fold increased abundance, which was among the highest 10% abundance 
differences observed within the experiment. Additionally, in the biosynthesis pathway 
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FIG 3 Proteomic profiling of WT and bPAC-expressing S. cerevisiae under light and dark conditions. Bottom-up proteomics experiments were performed using 

timsTOF Pro on protein extracts from WT and bPACy cells grown in LFM medium at 30°C and 80 rpm. Cultures were pre-grown for 12 h under blue light (465 nm) 

at a light flux of 1 μmol m⁻² s⁻¹ and maintained under continuous illumination for an additional 12 h (WT light, bPACy light) or shifted to darkness for 12 h

(Continued on next page)
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downstream of FPP toward ergosterol biosynthesis, the abundance of Erg1 was found to 
be increased in the bPACy strain compared to the WT strain under restrictive conditions, 
whereas the abundances of Erg4, Erg5, Erg28, and Erg29 were decreased. Interestingly, 
we found the low-affinity phosphodiesterase Pde1 downregulated in bPACy (dark) 
compared to WT (dark) (Table S1). The protein kinase Yak1 was found to be more 
abundant under these conditions, which is in agreement with the well-characterized 
changes in Yak1 abundance upon lowered PKA activity due to Msn2/4 activation (35, 45). 
Also, the Adr1 and Gis1 target genes Fox2 and Ape3 (respectively) were increased in the 
bPAC strain under dark conditions, which matches expectations for low PKA activity due 
to relieved inhibition of the transcription factors (35, 45).

Moreover, we also compared the metabolomes of WT and bPACy cells during 
proliferation-competent conditions of a light flux of 1 µmol m−2 s−1. Here, 2,190 proteins 
were detected above threshold, and 1,041 DAPs were identified. Again, we found 
DAPs mainly connected to ribosome biogenesis and other processes connected to RNA 
metabolism (Fig. 3B; Table S3). Again, we found the low-affinity phosphodiesterase Pde1 
to be downregulated in bPACy cells under these conditions (Table S1).

Then, we compared the metabolome of bPACy cells in darkness with the metabolome 
of bPACy cells exposed to a blue light flux of 1 µmol m−2 s−1. We measured peptides 
of 2,058 proteins above threshold, and 759 DAPs were identified (Fig. 3C). Striking 
differences for the two conditions were connected to ribosome biogenesis and RNA 
metabolism (Fig. 3C; Table S4). We performed a clustering analysis of the proteomics 
results of all strains. As expected, this revealed a close relationship of the WT strain 
under both dark and light conditions, indicating that blue light exposure does not 
trigger a major stress response and causes only minor proteomic changes (Fig. S4). The 
proteome profile of bPACy under dark conditions is closer to the WT proteome than to 
the bPACy proteome under blue light conditions (Fig. 1C; Fig. S4). To gain more insight, 
a principal component analysis (PCA) was performed on log₂-transformed label-free 
quantification (LFQ) intensities obtained from biological triplicates of the WT and bPACy 
strains under dark or illuminated conditions (Fig. 3D). The plot displays the first two 
principal components, with PC1 explaining 49.1% and PC2 explaining 23.3% of the 
total variance. Separation along PC1 primarily distinguishes the two strains, indicating 
substantial strain-specific differences in global proteome composition. Along PC2, bPACy 
samples segregate according to illumination, with bPACy-L and bPACy-D forming distinct 
clusters, demonstrating a pronounced light-dependent proteomic response. In contrast, 
the WT replicates cluster closely together, regardless of illumination condition. Together, 
these results highlight the strong impact of optogenetic cAMP control on the bPACy 
proteome, while the WT background remains largely unaffected by the illumination 
regime.

To assess the strain differences between bPACy and WT strains in higher detail, we 
compared protein abundance changes in darkness under less stringent conditions, i.e., 
at changes of a factor of 1.2 or higher, and compared them to the changes observable 
with an abundance change of 1.5 (Table S5). This revealed a higher number of changes 
in the central metabolism (Fig. S3A and B). Enzymes of the tricarboxylic acid cycle 
and the oxidative phosphorylation showed increased abundances. We mapped the 641 

Fig 3 (Continued)

(WT dark, bPACy dark), in both cases resulting in a total cultivation time of 24 h. Differentially expressed proteins were identified by volcano plot analysis (cutoffs: 

−0.58 > log₂FC > 0.58, P < 0.05). For each comparison, the volcano plots (left) display the distribution of protein fold changes, with significantly upregulated 

proteins highlighted in red and downregulated proteins in blue, while the corresponding gene ontology (GO) enrichment analyses (right) summarize the 

functional categories most affected. GO analysis was conducted using GOATOOLS in Python (criteria: −0.58 > log₂FC > 0.58, P < 0.05, p_fdr_bh < 0.01) and 

visualized in R. (A) Proteome changes between WT (dark) and bPACy (dark). (B) Same as panel A for WT (light) and bPACy (light). (C) Same as panel A for 

bPACy (dark) and bPACy (light). (D) Principal component analysis (PCA) of proteomic profiles from WT and bPACy strains under light and dark conditions. PCA 

was performed on log₂-transformed label-free quantification (LFQ) intensities obtained from biological triplicates of WT and bPACy strains under darkness or 

illumination conditions. The scores plot displays the first two principal components, with PC1 explaining 49.1% and PC2 explaining 23.3% of the total variance. 

Each point represents the mean of technical duplicates from one biological replicate; samples are colored by strain and shaped according to condition.
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upregulated DAPs onto KEGG pathways and found 135 upregulated DAPs connected to 
metabolic pathways. The most striking pathways were again the ribosome and ribosome 
biogenesis, as well as carbon metabolism (Fig. 4A; Table S6). Similarly, we found 495 DAPs 
with lower abundances. Connected to metabolic pathways were 127 DAPs; the most 
striking pathways were purine and pyrimidine metabolism, as well as glycolysis/gluco­
neogenesis with its key enzymes of the central energy metabolism (Fig. 4B; Table S7).

Next, we investigated whether uncoupling of cAMP from glucose sensing favors 
the production of certain heterologous compounds. We used the production of the 
compound β-carotene as a model for the biosynthesis of heterologous products via the 
mevalonate pathway (Fig. 5A). Expression of the β-carotene pathway in bPACy and WT 
cells exposed to different illumination conditions revealed that the highest produc­
tion levels were observed in bPACy cells incubated in darkness (Fig. 5B). Quantitative 
high-pressure liquid chromatography (HPLC) analysis revealed that we obtained more 

FIG 4 KEGG pathway analysis with DAPs obtained by a comparison of WT (dark) and bPACy (dark) using 

less stringent abundance criteria. (A) A list of proteins obtained with a less stringent abundance criterion 

(>20% abundance increase) was compared with the KEGG pathway database using ShinyGO. FDR cutoff 

was set to 0.05. (B) Same as in panel A, but a list of proteins with lower abundance (>20% abundance 

decrease) was used.
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than twice the amount of β-carotene in the bPACy strain incubated in darkness 
compared to the corresponding WT strain when normalized against dry weight mass 
or culture volume (Fig. 5C through E). Please note that in both β-carotene experiments, 
a preceding growth phase under low amounts of blue light ensured the viability of the 
bPACy cells for the duration of the incubation period in darkness.

Next, we investigated whether production of other products can also be influenced 
by optogenetic manipulation of the PKA pathway. We implemented the biosynthesis 
pathway of cordycepin in yeast. The pathway starts with 3′-AMP, which is available 
through RNA degradation in Saccharomyces cerevisiae, and the enzymes Cns1 and Cns2 
from Cordyceps militaris then produce cordycepin (Fig. 6A) (26, 46, 47). We overproduced 
Cns1 and Cns2 with a blue light-activated gene expression system (Fig. 6A) that was 
modified from an existing tool (26). Thus, we used a fully heterologous expression system 
that is not influenced by any regulatory mechanism inherent in yeast. To concomitantly 
achieve a reduction of cAMP levels and PKA activity, we added a photo-sensitive degron 
module to destabilize the yeast adenylyl cyclase Cyr1 upon blue light illumination (18, 
48). Accordingly, blue-light illumination induces expression of Cns1 and Cns2 as well 

FIG 5 Increased β-carotene production by optogenetic control of protein kinase A (PKA) activity. (A) The heterologous 

β-carotene biosynthesis pathway from Xanthophyllomyces dendrorhous and its deviation from the yeast mevalonate pathway. 

The generation of Acetyl-CoA precursors by Acs1 using acetate, ATP, and coenzyme A (CoA) is indicated. (B) Dose-response 

curve for β-carotene production in WT (YCR75) and bPACy cells (YSEB38). Both strains were carrying pUDE269 expressing the 

β-carotene biosynthesis pathway from Xanthophyllomyces dendrorhous. Cells were grown overnight, illuminated with 1 µmol 

m−2 s−1 blue light (456 nm), diluted into fresh medium, and incubated for another 2 h with these conditions. Then, cells were 

illuminated with blue light (465 nm, light intensity as indicated) or incubated in darkness for 5 h before samples were taken. 

Flow cytometry was used to obtain the data (n = 5; error bars: standard error of the mean). (C) Biosynthesis of β-carotene in 

WT (YCR75) and bPACy cells (ySEB38) in darkness. Cells were grown for 24 h, illuminated with 1 µmol m−2 s−1 blue light (456 

nm), and then shifted into darkness for another 24 h before samples were taken. The β-carotene amounts were quantified by 

HPLC analysis and normalized to culture volume (n = 9). Samples with known concentrations were used to quantify β-carotene 

amounts. (D) Measurement as in panel C, but normalized to yeast dry mass. (E) Diagram exemplifying β-carotene from WT and 

bPACy cells measured by HPLC. These are single measurements from the data shown in panel C.
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as a reduction in intracellular cAMP levels in this strain (Fig. 6A and B). Reduced PKA 
activity after blue light exposure of the cells was indicated by a darker color of light-
exposed cyr1-psdAS cells due to iodine vapor staining compared to WT cells (Fig. S5A). 
Mass spectrometry analysis demonstrated that cordycepin production was increased 
in Cns1/Cns2-Cyr1-psdAS cells exposed to blue light compared to the corresponding 
Cns1/Cns2 strain without light-dependent cAMP control (Fig. 6C). As expected, much 
lower amounts of cordycepin were produced in darkness. A time-resolved analysis of 
cordycepin production revealed that cordycepin production reached a plateau after 24 h; 
no further increase of cordycepin levels was found in cells of the Cns1/Cns2 strain or the 
Cns1/Cns2-Cyr1-psdAS cells (Fig. 6C). The viability of the Cyr1-psdAS cells was comparable 
with WT cells, although slightly reduced after 72 h exposed to blue light illumination. 
This prolonged blue light exposure also affected WT cell viability (Fig. S5B).

DISCUSSION

Efforts to elevate intracellular cAMP levels in microbes have traditionally relied on 
activating endogenous adenylyl cyclases through tailored medium composition or 
specific cultivation conditions (49–51). In Saccharomyces cerevisiae, classical metabolic 
engineering has generated strains with up to 30-fold higher cAMP concentrations by 
targeting the PKA regulatory subunit Bcy1 and its catalytic subunits Tpk1, Tpk2, and 
Tpk3, thereby constitutively elevating PKA activity (52). PKA activity controls stress 
resistance in response to the availability of fermentable carbon sources, nitrogen, 
phosphate, osmotic stress, and the heat shock response (53–57). Accordingly, the 
cAMP–PKA axis of Saccharomyces cerevisiae has been recognized before as an attrac­
tive engineering target in biotechnology, e.g., in biofuel production utilizing xylose as 
carbon source from a regenerative feedstock under anaerobic fermentation conditions 

FIG 6 Characterization of cordycepin production in yeast. (A) Heterologous biosynthesis of cordycepin in yeast by expression 

of Cns1 and Cns2 from Cordyceps militaris. (B) Blue light-dependent destabilization of Cyr1 with a photo-sensitive degron 

(psd). (C) Quantification of cordycepin production after 24 h by yeast strains YBP3 (Cns1, Cns2) and YJT42 (cyr1-psdAS, Cns1, 

Cns2). Cordycepin was extracted from the culture medium (n = 4; error bars: standard error of the mean). Cells were grown 

for 12 h in darkness and then incubated for another 12 h in darkness or exposed to blue light (465 nm; 30 µmol s−1 m−2). 

(D) Quantification of cordycepin production over time. Cells were grown overnight in darkness and then incubated for 72 h 

exposed to blue light (465 nm; 30 µmol s−1 m−2). Samples were collected at the indicated time-points after the illumination 

shift (n = 3; error bars: standard deviation).
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(58, 59). Besides implementing xylose metabolism genes, strain development required 
the additional manipulation of three intertwined signaling pathways that collectively 
govern growth and stress-resistance responses, namely the RAS/cAMP/PKA, Snf1, and 
high-osmolarity glycerol (HOG) pathways (60). During high carbon-intake processes 
such as biofuel production, S. cerevisiae cells encounter osmotic stress conditions 
imposed by high sugar concentrations. PKA modulates this response by controlling the 
stress-responsive transcription factor Msn2, yet the HOG pathway also influences this 
regulation (57). Moreover, industrial biofuel production requires robust thermotolerance, 
which depends on PKA activity as well (61, 62). Notably, hyperactive PKA signaling 
has been exploited in secondary fermentations for sparkling wine, where it promotes 
autolysis and flavor development (63).

In biotechnological contexts, precise exogenous control of the cAMP–PKA path­
way has emerged as a desirable yet previously unattainable feature. The optogenetic 
platform presented here, placing the entire cAMP–PKA axis under direct, non-invasive 
photocontrol by bPAC, therefore addresses this task by providing dynamic, growth-
phase-independent modulation of the cAMP–PKA axis. However, metabolic characteriza­
tion of the bPACy strain revealed two striking features: firstly, the bPACy strain showed 
light-dependent increase of not only intracellular but also extracellular cAMP levels, 
which reach ~10- and ~90-fold increases for intra- and extracellular cAMP at high photon 
flux (10 µmol m−2 s−1), respectively (Fig. 2). Secondly, the bPACy strain exhibited, during 
the observation window, a low adenylate energy charge under all conditions, whether 
in darkness or in light. S. cerevisiae is renowned for its remarkable tolerance of low 
adenylate energy charge compared to most bacteria and higher eukaryotes, e.g., during 
the diauxic shift. The AEC levels in bPACy cells indicate a nutrient starvation-like state, 
despite being proliferation-competent when exposed to light and replete nutrients.

Synthetic manipulation of cAMP levels is not without its caveats, as a tool like bPAC 
can easily produce much more cAMP than is intracellularly necessary. Superfluous cAMP 
seems to be secreted from cells and may constitute a cAMP source for yeast that is used 
during lowered intracellular production.

According to our data, yeast growth relies on the intimate coupling between 
glycolysis/glucose availability and cAMP, but not on cAMP levels alone as observed 
in the bPACy strain. Notably, glycolysis in yeast cells is known to oscillate (64), where 
the oscillations with periods of about one minute are caused by allosteric regula­
tion of phosphofructokinase. Besides being a potential pacemaker for other meta­
bolic processes, cAMP oscillations can be induced by the fructose-1,6-bisphosphate/
Cdc25/Ras/Cyr1 route (65). We suggest that this coupled cAMP dynamics is required 
for a detailed downstream balancing of energy metabolism and its involved enzymatic 
components. An absence of this coupling results in much stronger cAMP level variations 
over time and distorted growth behavior. Here, the protein kinase Snf1 may realize the 
feedback required for coupling, as Snf1 inhibits Cyr1 by phosphorylation (66) and is in 
turn inactivated by PKA via the protein kinase Sak1 (67). Despite belonging to the type 
of AMP-activated protein kinases, Snf1 is activated by ADP (68) as a signal for a low 
energy charge. This feedback between Snf1 and Cyr1 is broken in the bPACy strain and 
is expected to cause an overshooting Snf1 activation, which lowers the concentration 
of fructose-2,6-bisphosphate via phosphorylation-induced degradation of Pfk27 and 
thereby the glycolytic flux (69).

Finally, other non-cAMP-dependent effects on PKA, such as subcellular localization 
(70) and post-translational modifications, e.g., (auto)phosphorylation, also affect the 
cAMP–PKA axis, thus further complicating this regulatory network. Last but not least, 
different PKA activity levels cause differences in PKA target phosphorylation; thus, 
modulation of PKA activity transmits response changes (71).

Proteomic changes were found to underlie the AEC changes of the bPACy strain 
relative to wild type by a marked downregulation of all glycolysis enzymes except 
phosphoglucoisomerase, the latter not being subject to strong regulation in S. cere­
visiae (72). Light exposure of bPACy emphasizes this downregulation relative to the 
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dark state for several enzymes, e.g., for the gatekeeper gluco(hexo-)kinase isozymes 
of yeast. Interestingly, two minor isoforms of pyruvate decarboxylase, Pdc5 and Pdc6, 
are upregulated in bPACy. Pdc6 is part of the sulfur-sparing response of yeast due to 
its low cysteine/methionine content (73). The sulfur-sparing response is mediated by 
the master activator Met4, which is 34-fold increased in bPACy upon illumination but 
non-detectable in the wild-type strain. As part of this response, Met4 induces enzymes 
of the cysteine biosynthesis pathway (Fig. 3) and is transcriptionally upregulated by the 
starvation factor Gcn4 using a cAMP-dependent activation mode (74). Another indicator 
of a starvation-like state in bPACy that promotes availability of carbon sources in the 
cytosol is the lowered abundance of Fas1 and Fas2 and the α- and β-subunits of the 
fatty acid synthase, as well as the down- and upregulation of the mitochondrial/peroxi­
somal citrate synthases Cit1 and Cit2. Accordingly, other isozymes of the tricarboxylic 
acid cycle, such as succinyl-DH and isocitrate-DH, were found to be downregulated. 
Whereas the observed proteomic shifts in energy metabolism appear counterintuitive in 
bPACy-expressing cells, considering the elevated cAMP levels, ribosome biogenesis, an 
essential prerequisite for cellular growth, is clearly stimulated by the cAMP–PKA axis (Fig. 
3). In concert with the TORC1 pathway (75), protein kinase A activity is known to promote 
the synthesis of ribosomal proteins and to coordinate ribosome biogenesis via control of 
the Fhl1/Ifh1/Crf1 complex in the nucleolus (76).

As counterparts of adenylyl cyclases, the cAMP-dependent phosphodiesterases Pde1 
and Pde2 are crucial as an important regulatory part in PKA signaling. Hydrolysis of 
cAMP to AMP is required to decrease PKA activity after an activation burst through 
the Ras/cAMP/PKA pathway (32). Levels of the low-affinity phosphodiesterase 1 (KM 
~20–250 µM) are diminished in bPACy cells under dark and light conditions (Table S1). 
Unlike Pde1, which is under a very strong, nutrient-dependent control on the mRNA, 
but not protein level, the constitutive high-affinity Pde2 (KM ~ 0.2 µM) controls the basal 
cAMP concentration. Here, PKA activity has been reported to affect Pde2 localization and 
overall protein levels (39). Interestingly, Pde2 levels in bPACy cells were also reduced by 
~24% in darkness (Table S1). Overall, the PCA of bPACy and WT proteomes showed that 
the bPACy strain in darkness differs from the bPACy strain exposed to 1 µmol m−2 s−1, 
and both are different from the WT states, which cluster irrespective of the illumination 
conditions. This indicates that quite different PKA signaling states were implemented by 
replacing Cyr1 with bPAC.

As detailed above, the cAMP–PKA axis represents a highly promising target for 
engineering Saccharomyces cerevisiae cell factories toward enhanced heterologous 
overproduction of target compounds. Our findings reveal that decoupling this path­
way from carbon metabolism, particularly from the glucose/glycolysis-derived signal 
transduced via Cyr1 and the Snf1-mediated feedback, triggered substantial changes. 
These can prove detrimental, as evidenced by reduced AEC, dysregulated sulfur 
metabolism, and impaired proliferative capacity. However, we obtained improved 
production of β-carotene and cordycepin, at least under specific conditions. This 
exemplifies the potential that synthetic control of the cAMP–PKA axis has for biotechnol­
ogy applications.

In summary, our results demonstrate that the Cyr1-mediated integration of the 
cAMP–PKA axis into core carbon metabolism is essential for maintaining robust 
metabolic performance in Saccharomyces cerevisiae, which becomes markedly changed 
upon uncoupling of cAMP production from glucose sensing. Nevertheless, our results 
indicate that exactly under these conditions some heterologous compounds are 
produced in higher amounts. Further investigations will be required to elucidate the 
underlying mechanisms of this dynamic interplay, a phenomenon that cannot be fully 
captured by static, time-averaged cAMP measurements, as observed in the context of 
bPAC-mediated control.
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MATERIALS AND METHODS

Yeast strains, growth conditions, and plasmids

All Saccharomyces cerevisiae strains were derivatives of the S288C strains, YJT23, and 
YJT24 (77), as well as the SK1 strains YCR75 and YCR76 (78). Strains are listed together 
with their relevant genotypes in Table S8. Standard preparations of media were used to 
grow cells (79). Low-fluorescence medium (LFM) was used to grow yeast cells in liquid 
cultures (80). Petri dishes were incubated at 30°C in darkness or exposed to blue light 
(465 nm, 30 µmol m−2 s−1). Chromosomal tagging of genes was performed with PCR 
products as described (81); yeast strains containing genes modified with the psd module 
were obtained similarly (82). The lithium acetate method was used for yeast transforma­
tions (83). Yeast cells were illuminated with blue light using high power LED stripes (465 
nm; revoART, Borsdorf, Germany), StrawHat LED clusters (6 clusters of 42 LEDs, 465 nm; 
revoART, Borsdorf, Germany), or RGB LEDs (5,050 RGB LEDs; revoART, Borsdorf, Germany); 
each set equipped with a dimmer to select an appropriate light flux (0-30 μmol m−2 s−1). 
The light flux was checked before the experiment at the level of the yeast cells with an 
optometer (P2000, equipped with light-detector PD-9306-2, Gigahertz-Optik, Türkenfeld, 
Germany). Plasmids were constructed by standard procedures and are listed in Table S9; 
details and sequences of the used vectors are available on request.

Flow cytometry measurements and statistics

Flow cytometry measurements were done as described in reference 26. Briefly, cells 
were grown in LFM medium to logarithmic growth phase, treated with sodium azide 
(10 µM end concentration) after sampling, diluted 1:10, and transferred to a multi-well 
plate. Fluorescence measurements were performed with an Attune NxT (ThermoFisher) 
equipped with an autosampler using a blue laser (488 nm) for excitation and to 
determine forward (FSC) and sideward scatter (SSC); a bandpass filter (530/30 nm) was 
used for detection of fluorescence in the green/yellow spectrum; a yellow laser (561 nm) 
was used for excitation; and a bandpass filter (620/15 nm) was used for fluorescence 
detection in the red spectrum. Height (FSC-H) versus area (FSC-A) plots were used to 
gate on single events. Additionally, gating was used to remove signals that accumulated 
on an axis. The fluorescence intensities were background-corrected using autofluores-
cence measurements of wild-type cells. Mean fluorescence measurements were used to 
assemble the graphs; graph generation was done with the software LibreOffice Calc; 
and error bars show the SEM or SD (as indicated in figure legends). Statistical analysis 
(two-sided unpaired Student’s t-test) was done with the software LibreOffice Calc.

β-Carotene quantification from cell extracts by HPLC

β-Carotene quantification was done as described in reference 26. Briefly, S. cerevisiae 
cultures in 50 mL LFM medium were spun (2000 rpm, RT, 5 min), freeze-dried overnight 
in a Concentrator plus lyophilizer (Eppendorf), and weighed. The cells were lysed with 
glass beads in 1 mL of 50% MeOH, 50% acetonitrile (CAN) using a FastPrep-24 homoge­
nizer (MP 370 Biomedicals, 6.5 m/s, 40 s). Suspensions were spun (13,000 rpm, RT, 5 min), 
and supernatants were transferred to fresh reaction cups. This process was repeated until 
the supernatant was colorless, and extracts from the same sample were pooled. Cell 
extracts were analyzed using an Agilent 1260 HPLC Infinity system (Agilent Technologies) 
equipped with an EC 250/4 NUCLEOSIL 100-5 C18 column (MACHEREY-NAGEL). From 
each sample, 25 μL was injected onto the column and separated using 50% MeOH 
and 50% ACN as eluent (1 mL/min, 25°C). β-Carotene was detected at λ = 450 nm 
and quantified using standards (TCI). Obtained chromatograms were processed with 
OpenLab CDS ChemStation Edition (Agilent Technologies).

Cordycepin quantification from culture media samples by LC-MS/MS

Cordycepin quantification was done as described in reference 26. Briefly, 50 mL cultures 
were incubated for 12 h in darkness (30 °C, 90 rpm, 12 h) and afterward exposed to blue 
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light (465 nm, 30 μmol m⁻² s⁻¹, 30 °C, 90 rpm, 12 h) or incubated further in darkness. 
Cultures were spun (4,000 rpm, 5 min), and 1 mL of each supernatant was heated (90°C, 
10 min), spun (14,000 rpm, 5 min), and transferred to fresh reaction cups. Samples 
were analyzed using an LTQ-FT Ultra (Thermo Scientific) mass spectrometer equipped 
with an Agilent 384 1100 quaternary pump and an EC 150/2 NUCLEODUR 100-3 C18 
(MACHEREY-NAGEL) column. Here, 20 μL was injected onto the column and separated by 
a linear gradient of ACN, 0.05% FA, and ddH2O, 0.05% FA (from 5 to 95% organic in 20 
min). Cordycepin was detected in positive ion mode by the ICR cell at m/z = 252.1091 
± 3 ppm and quantified using standards. Chromatograms were processed with Xcalibur 
v2.2 (Thermo Scientific).

Proteomics sample preparation

WT and bPACy strain were inoculated to OD = 0.1 from an overnight culture and 
incubated for 12 h in LFM medium under blue light illumination (465 nm) at a flux 
rate of 1 μmol m−2 s⁻¹ (30°C, 80 rpm). After the initial growth phase, one set of cultures 
was shifted to arrest conditions (darkness) for 12 h, while the other set of cultures was 
incubated under blue light illumination (465 nm) at a flux rate of 1 μmol m−2 s⁻¹ for 12 
h. The same medium was kept for the entire 24 h. After the 24-hour incubation period, 
the cells were harvested (2,000 rpm, 4°C, 10 min) and resuspended in 0.9% NaCl. One 
milliliter of each suspension was transferred to FastPrep vials and centrifuged (2,800 rpm, 
4°C, 10 min). To the 8 M urea, 0.1 M NH4HCO3 was added for a total volume of 1 mL. Five 
hundred microliters of glass beads was added, and cells were lysed using a FastPrep-24 
homogenizer (6.5 m/s, 6× 60 s, 2 min on ice after each run). The samples were spun to 
dissolve foam (14,000 rpm, 4°C, 45 min), and cell debris was gently resuspended. Full 
proteome peptide samples were prepared following an adaptation of a protocol applied 
for routine proteome analysis by the mass spectrometry facility of Philipps-University 
Marburg. Lysed cells equivalent to 200 μg protein were diluted with 8 M urea in 0.1 
M NH4HCO3 to 40 μL, and pH was controlled for a value between 7 and 9. Samples 
were reduced with 1 μL of 0.2 M TCEP in 0.1 M NH4HCO3 using a thermal mixer (1,000 
rpm, 37°C, 1 h) and alkylated in the dark with 1 μL of 0.4 M IAA (500 rpm, 25°C, 30 
min). The reaction was quenched with 1 μL of 0.5 M NAC in 0.1 M NH4HCO3 (500 rpm, 
25°C, 10 min), and samples were diluted with 10.3 μL of 0.1 M NH4HCO3 to 6 M urea. 
In preparation for proteolytic digestion, sample pH was controlled and adjusted to 8–9 
if necessary. Alkylated protein samples were treated for 4 h at 37°C with protease Lys-C 
(2.5 μL, 0.2 μg/μL in 50 mM NH4HCO3, mprotease/mprotein = 1/400), diluted with 145.2 
μL of 0.1 M NH4HCO3, and treated O/N at 37°C with trypsin (4 μL, 0.5 μg/μL in 50 mM 
NH4HCO3, mprotease/mprotein = 1/100). After adjusting the pH to <2 with TFA, the samples 
were centrifuged (13,000 rpm, RT, 1 min), and the supernatant was transferred to fresh 
reaction cups. Peptide samples were desalted using Chromabond C18 spin columns (100 
μg peptide capacity) equilibrated with 150 μL ACN (2,000 rpm, RT, 30 s) and 3 × 150 µL 
0.1% TFA in ddH2O (2,400 rpm, RT, 30 s). Columns were transferred to fresh reaction cups, 
and 100 μL sample solution diluted with 100 μL of 0.1% TFA in ddH2O was loaded onto 
the column (2,000 rpm, RT, 30 s). The flow-through was reapplied (2000 rpm, RT, 30 s), 
and bound peptides were washed with 3 × 150 µL of 5% ACN, 0.1% TFA in ddH2O (2400 
rpm, RT, 30 s). Peptides were eluted into fresh reaction cups with 2 × 150 µL of 50% 
ACN, 0.1% TFA in ddH2O, dried at 45°C using a Concentrator plus vacuum centrifuge, and 
resuspended in 30 μL of 10% ACN, 0.1% TFA in ddH2O. Resulting peptide concentrations 
were determined using a NanoDrop spectrometer in 1 mg/mL mode, and concentrations 
were adjusted to 0.1 mg/mL with 10% ACN, 0.1% TFA in ddH2O for subsequent timsTOF 
analysis.

Proteomics data analysis and visualization

The timsTOF data were analyzed using MaxQuant version 2.1.3. Protein sequence 
information for Saccharomyces cerevisiae (strain ATCC 204508/S288c; Baker’s yeast), 
comprising 6,742 entries, was retrieved from the UniProt database. For label-free 
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quantification (LFQ) analysis, MaxQuant parameters were configured as follows: a 
maximum peptide mass of 4,000 Da, allowance of up to three modifications per peptide, 
up to three missed cleavages, requirement of MS/MS spectra for LFQ comparisons, 
and activation of the “match between runs” feature; all other parameters were kept 
at default settings. Protein abundances from biological triplicates of the wild-type and 
bPAC strains were compared using a two-tailed Student’s t-test (P < 0.05). Volcano plots 
were generated by plotting the log₂ fold change in protein abundance on the x-axis 
against the –log₁₀(P-value) on the y-axis. Plots were created in Python using the pandas 
library for data handling (84), NumPy for numerical computations (85), and matplotlib for 
figure generation (86). Automated label placement in volcano plots was achieved using 
the adjustText package (87) to visualize proteomic changes in relation to their statistical 
significance. Gene ontology (GO) enrichment analysis was performed on the sets of 
significantly changed proteins (P < 0.05) with log₂ fold change < −1 or > 1 from each 
comparison using the GOATOOLS library (version 1.2.3) (88). Statistical significance of 
the GO enrichment was assessed using the Benjamini–Hochberg procedure with a false 
discovery rate (FDR) threshold of P = 0.01. GO term annotations specific to S. cerevisiae 
(strain ATCC 204508/S288c) were used. Visualization of the GO analysis was carried out 
in R, where the x-axis represented the protein ratio, the y-axis represented the GO terms, 
bubble size indicated the number of proteins, and bubble color corresponded to the FDR 
P-value. Furthermore, the filtered list of proteins was mapped onto a metabolic network 
provided by the Kyoto Encyclopedia of Genes and Genomes (KEGG database) (89). A list 
of proteins generated with reduced stringency (1.2-fold abundance change, Student’s 
t-test P < 0.05) was used to assess metabolism shifts using ShinyGO (FDR cutoff 0.05) and 
KEGG database pathways as output (89, 90).

Metabolomics sample preparation for the detection of cAMP, ATP, ADP, and 
AMP

The initial growth of the samples was performed as described for the proteomics sample 
preparation. For intracellular metabolite extraction, a protocol adapted from standard 
endometabolome analysis was used. Samples were taken under red-light illumination to 
avoid activation of bPAC by ambient light. One milliliter aliquots of yeast cultures were 
rapidly quenched by mixing with 1 mL of 70% methanol (vol/vol) pre-cooled to –80°C 
in pre-chilled 2 mL Eppendorf tubes, followed by centrifugation at 13,000 × g for 10 min 
at –9°C to collect the cell pellets. After removal of the supernatant, pellets were stored 
at –80°C until extraction, which was carried out using a biphasic system consisting of 
methanol/TE buffer (1:1, vol/vol; 10 mM TRIS, 1 mM EDTA, pH 7.0) and chloroform, with 
extraction volumes adjusted based on biovolume calculations derived from OD₆₀₀ (e.g., 
200 µL extraction fluid per 1 mL culture at OD₆₀₀ = 1), after which frozen pellets were 
resuspended in the calculated volumes of extraction fluid and chloroform, vortexed, 
incubated for 2 h at low temperature, and centrifuged (max speed, 10 minutes, –9°C, 
fixed-angle rotor) to separate the phases. The upper aqueous phase, containing polar 
metabolites such as cAMP, ATP, ADP, and AMP, was carefully collected, filtered, and stored 
at –80°C until LC-MS analysis.

For quantification of extracellular nucleotides, samples were collected at the same 
time as for intracellular samples. At each time point, 0.50 mL of culture was taken and 
immediately transferred to a pre-chilled 1.5 mL microtube, using a 0.2 µm syringe filter 
(Fisherbrand PTFE Syringe Filter) to remove cells. The resulting filtrates were stored at 
–80°C until LC–MS analysis.

Viability assay by methylene blue staining

Cell viability was determined by methylene blue staining. Briefly, yeast strains were 
cultivated in LFM medium at 30°C and 80 rpm with or without illumination until 
sampling. Samples were collected and mixed 1:1 (vol/vol) with methylene blue solution 
(0.01% methylene blue, 2% sodium citrate) and incubated for 10 min at room 
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temperature. Living and dead cells were counted using a Thoma counting chamber 
(depth 0.02 mm, grid area 0.0025 mm² per square) under a light microscope. Viable 
cells were identified as unstained (colorless), whereas non-viable cells appeared blue. 
Viability was calculated as the percentage of unstained cells relative to the total number 
of counted cells.

ACKNOWLEDGMENTS

We thank Daniela Störmer for her excellent technical assistance, Stefan Petschak for his 
experimental support, Jules Beekwilder for providing constructs, and Alfred Batschauer 
and Uwe Linne for their generous sharing of equipment and advice. C.T. thanks Ilona 
Renken-Olthoff and the entire team of the Health and Medical University Erfurt for their 
support.

This work was supported by DFG grants TA320/7-1 (to C.T.), ES152/16-1 (to L.-O.E.), the 
BMBF grant 031B0358A (to C.T. and L.-O.E.), the Graduate Research College 'Nucleotide 
Metabolism in Microbes' (GRK 2937,DFG; L.-O.E.), and open access funding provided by 
the Open Access Fund of Philipps-Universität Marburg.

AUTHOR AFFILIATIONS

1Unit for Structural Biochemistry, Department of Chemistry, Philipps-University Marburg, 
Marburg, Germany
2Department of Biology/Genetics, Philipps-University Marburg, Marburg, Germany
3Max Planck Institute for Terrestrial Microbiology, Marburg, Germany
4Department of Medicine, Health and Medical University Erfurt, Erfurt, Germany

AUTHOR ORCIDs

Lars-Oliver Essen  http://orcid.org/0000-0003-4272-4026
Christof Taxis  http://orcid.org/0000-0001-5952-7091

FUNDING

Funder Grant(s) Author(s)

Deutsche Forschungsgemeinschaft ES152/16-1 Lars-Oliver Essen

Deutsche Forschungsgemeinschaft TA320/7-1 Christof Taxis

Bundesministerium für Bildung, Wissenschaft und 
Forschung

031B0358A Lars-Oliver Essen

Christof Taxis

AUTHOR CONTRIBUTIONS

Mohamed Watad, Investigation | Jonathan Trauth, Investigation | Filipp Bezold, 
Investigation | Ammar Baker, Investigation | Bastian Pook, Investigation | Johannes 
Scheffer, Investigation | Sophia Hasenjäger, Investigation | Nicole Paczia, Formal analysis, 
Investigation | Lars-Oliver Essen, Formal analysis, Project administration, Supervision | 
Christof Taxis, Conceptualization, Project administration, Supervision, Visualization.

DATA AVAILABILITY

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 
Consortium via the PRIDE partner repository (91) with the dataset identifier PXD046730.

ADDITIONAL FILES

The following material is available online.

Full-Length Text Applied and Environmental Microbiology

June 2026  Volume 92  Issue 6 10.1128/aem.02498-2516

http://orcid.org/0000-0003-4272-4026
http://orcid.org/0000-0001-5952-7091
http://dx.doi.org/10.13039/501100001659
http://dx.doi.org/10.13039/501100001659
http://dx.doi.org/10.13039/501100013699
https://www.ebi.ac.uk/pride/archive/projects/PXD046730
https://doi.org/10.1128/aem.02498-25
https://doi.org/10.1128/aem.02498-25


Supplemental Material

Supplemental figures (AEM02498-25-s0001.pdf). Figures S1 to S5.
Table S1 (AEM02498-25-s0002.xlsx). Proteomics data.
Table S2 (AEM02498-25-s0003.xlsx). GO term analysis WT darkness vs bPACy darkness.
Table S3 (AEM02498-25-s0004.xlsx). GO term analysis WT vs bPACy, both strains 
exposed to a light flux of 1 µmol m-2 s-1 blue light (465 nm).
Table S4 (AEM02498-25-s0005.xlsx). GO term analysis bPACy strain incubated in 
darkness vs bPACy strain exposed to a light flux of 1 µmol m-2 s-1 blue light (465 nm).
Table S5 (AEM02498-25-s0006.xlsx). DAPs with higher and lower abundance (at least 
1.2-fold change) WT (dark) vs bPACy (dark).
Table S6 (AEM02498-25-s0007.xlsx). KEGG pathway enrichment upregulated pathways 
WT (dark) vs bPACy (dark).
Table S7 (AEM02498-25-s0008.xlsx). KEGG pathway enrichment downregulated 
pathways WT (dark) vs bPACy (dark).
Table S8 (AEM02498-25-s0009.docx). Yeast strains used in this study.
Table S9 (AEM02498-25-s0010.docx). Plasmids used in this study.

REFERENCES

1. Nielsen J, Keasling JD. 2016. Engineering cellular metabolism. Cell 
164:1185–1197. https://doi.org/10.1016/j.cell.2016.02.004

2. Skjoedt ML, Snoek T, Kildegaard KR, Arsovska D, Eichenberger M, 
Goedecke TJ, Rajkumar AS, Zhang J, Kristensen M, Lehka BJ, Siedler S, 
Borodina I, Jensen MK, Keasling JD. 2016. Engineering prokaryotic 
transcriptional activators as metabolite biosensors in yeast. Nat Chem 
Biol 12:951–958. https://doi.org/10.1038/nchembio.2177

3. Petzold CJ, Chan LJG, Nhan M, Adams PD. 2015. Analytics for metabolic 
engineering. Front Bioeng Biotechnol 3:135. https://doi.org/10.3389/fbio
e.2015.00135

4. Huang M, Bao J, Hallström BM, Petranovic D, Nielsen J. 2017. Efficient 
protein production by yeast requires global tuning of metabolism. Nat 
Commun 8:1131. https://doi.org/10.1038/s41467-017-00999-2

5. Lee SY, Kim HU, Chae TU, Cho JS, Kim JW, Shin JH, Kim DI, Ko YS, Jang 
WD, Jang YS. 2019. A comprehensive metabolic map for production of 
bio-based chemicals. Nat Catal 2:18–33. https://doi.org/10.1038/s41929-
018-0212-4

6. Lee SY, Kim HU. 2015. Systems strategies for developing industrial 
microbial strains. Nat Biotechnol 33:1061–1072. https://doi.org/10.1038/
nbt.3365

7. Luo X, Reiter MA, d’Espaux L, Wong J, Denby CM, Lechner A, Zhang Y, 
Grzybowski AT, Harth S, Lin W, Lee H, Yu C, Shin J, Deng K, Benites VT, 
Wang G, Baidoo EEK, Chen Y, Dev I, Petzold CJ, Keasling JD. 2019. 
Complete biosynthesis of cannabinoids and their unnatural analogues 
in yeast. Nature 567:123–126. https://doi.org/10.1038/s41586-019-0978-
9

8. Yu T, Zhou YJ, Huang M, Liu Q, Pereira R, David F, Nielsen J. 2018. 
Reprogramming yeast metabolism from alcoholic fermentation to 
lipogenesis. Cell 174:1549–1558. https://doi.org/10.1016/j.cell.2018.07.0
13

9. Brockman IM, Prather KLJ. 2015. Dynamic metabolic engineering: new 
strategies for developing responsive cell factories. Biotechnol J 10:1360–
1369. https://doi.org/10.1002/biot.201400422

10. Da Silva NA, Srikrishnan S. 2012. Introduction and expression of genes 
for metabolic engineering applications in Saccharomyces cerevisiae. 
FEMS Yeast Res 12:197–214. https://doi.org/10.1111/j.1567-1364.2011.00
769.x

11. Hartline CJ, Schmitz AC, Han Y, Zhang F. 2021. Dynamic control in 
metabolic engineering: theories, tools, and applications. Metab Eng 
63:126–140. https://doi.org/10.1016/j.ymben.2020.08.015

12. Figueroa D, Rojas V, Romero A, Larrondo LF, Salinas F. 2021. The rise and 
shine of yeast optogenetics. Yeast 38:131–146. https://doi.org/10.1002/y
ea.3529

13. Krauss U, Drepper T, Jaeger KE. 2011. Enlightened enzymes: strategies to 
create novel photoresponsive proteins. Chemistry A European J 
17:2552–2560. https://doi.org/10.1002/chem.201002716

14. Wang X, Chen X, Yang Y. 2012. Spatiotemporal control of gene 
expression by a light-switchable transgene system. Nat Methods 9:266–
269. https://doi.org/10.1038/nmeth.1892

15. Pouzet S, Banderas A, Le Bec M, Lautier T, Truan G, Hersen P. 2020. The 
promise of optogenetics for bioproduction: dynamic control strategies 
and scale-up instruments. Bioengineering (Basel) 7:151. https://doi.org/1
0.3390/bioengineering7040151

16. Gramazio S, Trauth J, Bezold F, Essen LO, Taxis C, Spadaccini R. 2022. 
Light-induced fermenter production of derivatives of the sweet protein 
monellin is maximized in prestationary Saccharomyces cerevisiae 
cultures. Biotechnol J 17:2100676. https://doi.org/10.1002/biot.2021006
76

17. Di Ventura B, Kuhlman B. 2016. Go in! Go out! Inducible control of 
nuclear localization. Curr Opin Chem Biol 34:62–71. https://doi.org/10.10
16/j.cbpa.2016.06.009

18. Renicke C, Schuster D, Usherenko S, Essen LO, Taxis C. 2013. A LOV2 
domain-based optogenetic tool to control protein degradation and 
cellular function. Chem Biol 20:619–626. https://doi.org/10.1016/j.chem
biol.2013.03.005

19. Shimizu-Sato S, Huq E, Tepperman JM, Quail PH. 2002. A light-switchable 
gene promoter system. Nat Biotechnol 20:1041–1044. https://doi.org/10.
1038/nbt734

20. Zhao W, Pferdehirt L, Segatori L. 2018. Quantitatively predictable control 
of cellular protein levels through proteasomal degradation. ACS Synth 
Biol 7:540–552. https://doi.org/10.1021/acssynbio.7b00325

21. Weber AM, Kaiser J, Ziegler T, Pilsl S, Renzl C, Sixt L, Pietruschka G, 
Moniot S, Kakoti A, Juraschitz M, Schrottke S, Lledo Bryant L, Steegborn 
C, Bittl R, Mayer G, Möglich A. 2019. A blue light receptor that mediates 
RNA binding and translational regulation. Nat Chem Biol 15:1085–1092. 
https://doi.org/10.1038/s41589-019-0346-y

22. Hepp S, Trauth J, Hasenjäger S, Bezold F, Essen L-O, Taxis C. 2020. An 
optogenetic tool for induced protein stabilization based on the 
Phaeodactylum tricornutum aureochrome 1a light-oxygen-voltage 
domain. J Mol Biol 432:1880–1900. https://doi.org/10.1016/j.jmb.2020.0
2.019

23. Zhao EM, Zhang Y, Mehl J, Park H, Lalwani MA, Toettcher JE, Avalos JL. 
2018. Optogenetic regulation of engineered cellular metabolism for 
microbial chemical production. Nature 555:683–687. https://doi.org/10.1
038/nature26141

24. Zhao EM, Lalwani MA, Lovelett RJ, García-Echauri SA, Hoffman SM, 
Gonzalez CL, Toettcher JE, Kevrekidis IG, Avalos JL. 2020. Design and 
characterization of rapid optogenetic circuits for dynamic control in 
yeast metabolic engineering. ACS Synth Biol 9:3254–3266. https://doi.or
g/10.1021/acssynbio.0c00305

25. Benisch M, Benzinger D, Kumar S, Hu H, Khammash M. 2023. Optoge­
netic closed-loop feedback control of the unfolded protein response 
optimizes protein production. Metab Eng 77:32–40. https://doi.org/10.1
016/j.ymben.2023.03.001

26. Bezold F, Scheffer J, Wendering P, Razaghi-Moghadam Z, Trauth J, Pook 
B, Nußhär H, Hasenjäger S, Nikoloski Z, Essen LO, Taxis C. 2023. 
Optogenetic control of Cdc48 for dynamic metabolic engineering in 

Full-Length Text Applied and Environmental Microbiology

June 2026  Volume 92  Issue 6 10.1128/aem.02498-2517

https://doi.org/10.1016/j.cell.2016.02.004
https://doi.org/10.1038/nchembio.2177
https://doi.org/10.3389/fbioe.2015.00135
https://doi.org/10.1038/s41467-017-00999-2
https://doi.org/10.1038/s41929-018-0212-4
https://doi.org/10.1038/nbt.3365
https://doi.org/10.1038/s41586-019-0978-9
https://doi.org/10.1016/j.cell.2018.07.013
https://doi.org/10.1002/biot.201400422
https://doi.org/10.1111/j.1567-1364.2011.00769.x
https://doi.org/10.1016/j.ymben.2020.08.015
https://doi.org/10.1002/yea.3529
https://doi.org/10.1002/chem.201002716
https://doi.org/10.1038/nmeth.1892
https://doi.org/10.3390/bioengineering7040151
https://doi.org/10.1002/biot.202100676
https://doi.org/10.1016/j.cbpa.2016.06.009
https://doi.org/10.1016/j.chembiol.2013.03.005
https://doi.org/10.1038/nbt734
https://doi.org/10.1021/acssynbio.7b00325
https://doi.org/10.1038/s41589-019-0346-y
https://doi.org/10.1016/j.jmb.2020.02.019
https://doi.org/10.1038/nature26141
https://doi.org/10.1021/acssynbio.0c00305
https://doi.org/10.1016/j.ymben.2023.03.001
https://doi.org/10.1128/aem.02498-25


yeast. Metab Eng 79:97–107. https://doi.org/10.1016/j.ymben.2023.06.0
13

27. Stierl M, Stumpf P, Udwari D, Gueta R, Hagedorn R, Losi A, Gärtner W, 
Petereit L, Efetova M, Schwarzel M, Oertner TG, Nagel G, Hegemann P. 
2011. Light modulation of cellular cAMP by a small bacterial photoacti­
vated adenylyl cyclase, bPAC, of the soil bacterium Beggiatoa. J Biol 
Chem 286:1181–1188. https://doi.org/10.1074/jbc.M110.185496

28. Jansen V, Alvarez L, Balbach M, Strünker T, Hegemann P, Kaupp UB, 
Wachten D. 2015. Controlling fertilization and cAMP signaling in sperm 
by optogenetics. eLife 4:e05161. https://doi.org/10.7554/eLife.05161

29. Stewart-Ornstein J, Chen S, Bhatnagar R, Weissman JS, El-Samad H. 2017. 
Model-guided optogenetic study of PKA signaling in budding yeast. Mol 
Biol Cell 28:221–227. https://doi.org/10.1091/mbc.E16-06-0354

30. Pilkis SJ, Granner DK. 1992. Molecular physiology of the regulation of 
hepatic gluconeogenesis and glycolysis. Annu Rev Physiol 54:885–909. h
ttps://doi.org/10.1146/annurev.ph.54.030192.004321

31. Beebe SJ. 1994. The cAMP-dependent protein kinases and cAMP signal 
transduction. Semin Cancer Biol 5:285–294.

32. Thevelein JM, de Winde JH. 1999. Novel sensing mechanisms and 
targets for the cAMP-protein kinase A pathway in the yeast Saccharomy­
ces cerevisiae. Mol Microbiol 33:904–918. https://doi.org/10.1046/j.1365-
2958.1999.01538.x

33. Beavo JA, Brunton LL. 2002. Cyclic nucleotide research -- still expanding 
after half a century. Nat Rev Mol Cell Biol 3:710–718. https://doi.org/10.1
038/nrm911

34. Ryu M-H, Moskvin OV, Siltberg-Liberles J, Gomelsky M. 2010. Natural and 
engineered photoactivated nucleotidyl cyclases for optogenetic 
applications. J Biol Chem 285:41501–41508. https://doi.org/10.1074/jbc.
M110.177600

35. Conrad M, Schothorst J, Kankipati HN, Van Zeebroeck G, Rubio-Texeira 
M, Thevelein JM. 2014. Nutrient sensing and signaling in the yeast 
Saccharomyces cerevisiae. FEMS Microbiol Rev 38:254–299. https://doi.or
g/10.1111/1574-6976.12065

36. Vandamme J, Castermans D, Thevelein JM. 2012. Molecular mechanisms 
of feedback inhibition of protein kinase A on intracellular cAMP 
accumulation. Cell Signal 24:1610–1618. https://doi.org/10.1016/j.cellsig
.2012.04.001

37. Busti S, Coccetti P, Alberghina L, Vanoni M. 2010. Glucose signaling-
mediated coordination of cell growth and cell cycle in Saccharomyces 
cerevisiae. Sensors (Basel) 10:6195–6240. https://doi.org/10.3390/s10060
6195

38. Zaman S, Lippman SI, Schneper L, Slonim N, Broach JR. 2009. Glucose 
regulates transcription in yeast through a network of signaling 
pathways. Mol Syst Biol 5:245. https://doi.org/10.1038/msb.2009.2

39. Hu Y, Liu E, Bai X, Zhang A. 2010. The localization and concentration of 
the PDE2-encoded high-affinity cAMP phosphodiesterase is regulated 
by cAMP-dependent protein kinase A in the yeast Saccharomyces 
cerevisiae. FEMS Yeast Res 10:177–187. https://doi.org/10.1111/j.1567-13
64.2009.00598.x

40. Zaman S, Lippman SI, Zhao X, Broach JR. 2008. How Saccharomyces 
responds to nutrients. Annu Rev Genet 42:27–81. https://doi.org/10.114
6/annurev.genet.41.110306.130206

41. Chapman AG, Atkinson DE. 1977. Adenine nucleotide concentrations 
and turnover rates. Their correlation with biological activity in bacteria 
and yeast. Adv Microb Physiol 15:253–306. https://doi.org/10.1016/s006
5-2911(08)60318-5

42. Ball WJ, Atkinson DE. 1975. Adenylate energy charge in Saccharomyces 
cerevisiae during starvation. J Bacteriol 121:975–982. https://doi.org/10.1
128/jb.121.3.975-982.1975

43. De la Fuente IM, Cortés JM, Valero E, Desroches M, Rodrigues S, Malaina 
I, Martínez L. 2014. On the dynamics of the adenylate energy system: 
homeorhesis vs homeostasis. PLoS One 9:e108676. https://doi.org/10.13
71/journal.pone.0108676

44. Roosen J, Engelen K, Marchal K, Mathys J, Griffioen G, Cameroni E, 
Thevelein JM, De Virgilio C, De Moor B, Winderickx J. 2005. PKA and Sch9 
control a molecular switch important for the proper adaptation to 
nutrient availability. Mol Microbiol 55:862–880. https://doi.org/10.1111/j.
1365-2958.2004.04429.x

45. Smith LM, Robbins LG, Kennedy A, Magee PT. 1988. Identification and 
characterization of mutations affecting sporulation in Saccharomyces 
cerevisiae. Genetics 120:899–907. https://doi.org/10.1093/genetics/120.4
.899

46. Xia Y, Luo F, Shang Y, Chen P, Lu Y, Wang C. 2017. Fungal cordycepin 
biosynthesis is coupled with the production of the safeguard molecule 

pentostatin. Cell Chem Biol 24:1479–1489. https://doi.org/10.1016/j.che
mbiol.2017.09.001

47. Huang H, Kawamata T, Horie T, Tsugawa H, Nakayama Y, Ohsumi Y, 
Fukusaki E. 2015. Bulk RNA degradation by nitrogen starvation-induced 
autophagy in yeast. EMBO J 34:154–168. https://doi.org/10.15252/embj.
201489083

48. Hasenjäger S, Trauth J, Hepp S, Goenrich J, Essen L-O, Taxis C. 2019. 
Optogenetic downregulation of protein levels with an ultrasensitive 
switch. ACS Synth Biol 8:1026–1036. https://doi.org/10.1021/acssynbio.8
b00471

49. Liu Y, He J, Xu Q, Zhang C, Chen N, Xie X. 2015. Enhanced adenosine 
production by Bacillus subtilis at condition with comprehensively 
controlled dissolved oxygen and pH during fermentation. Lect Notes 
Electr Eng 332:439–452. https://doi.org/10.1007/978-3-662-45657-6_46

50. Yajko DM, Zusman DR. 1978. Changes in cyclic AMP levels during 
development in Myxococcus xanthus. J Bacteriol 133:1540–1542. https://
doi.org/10.1128/jb.133.3.1540-1542.1978

51. Notley-McRobb L, Death A, Ferenci T. 1997. The relationship between 
external glucose concentration and cAMP levels inside Escherichia coli: 
implications for models of phosphotransferase-mediated regulation of 
adenylate cyclase. Microbiology (Reading, Engl) 143:1909–1918. https://
doi.org/10.1099/00221287-143-6-1909

52. Fu X, Hong K. 2025. Engineering baker’s yeast for efficient cAMP 
synthesis via regulation of PKA activity. Foods 14:1533. https://doi.org/1
0.3390/foods14091533

53. Thevelein JM, Beullens M, Honshoven F, Hoebeeck G, Detremerie K, Den 
Hollander JA, Jans AWH. 1987. Regulation of the cAMP level in the yeast 
Saccharomyces cerevisiae: intracellular pH and the effect of membrane 
depolarizing compounds. Microbiology (Reading, Engl) 133:2191–2196. 
https://doi.org/10.1099/00221287-133-8-2191

54. Rolland F, De Winde JH, Lemaire K, Boles E, Thevelein JM, Winderickx J. 
2000. Glucose‐induced cAMP signalling in yeast requires both a G‐
protein coupled receptor system for extracellular glucose detection and 
a separable hexose kinase‐dependent sensing process. Mol Microbiol 
38:348–358. https://doi.org/10.1046/j.1365-2958.2000.02125.x

55. Donaton MCV, Holsbeeks I, Lagatie O, Van Zeebroeck G, Crauwels M, 
Winderickx J, Thevelein JM. 2003. The Gap1 general amino acid 
permease acts as an amino acid sensor for activation of protein kinase A 
targets in the yeast Saccharomyces cerevisiae. Mol Microbiol 50:911–929. 
https://doi.org/10.1046/j.1365-2958.2003.03732.x

56. Barraza CE, Solari CA, Marcovich I, Kershaw C, Galello F, Rossi S, Ashe MP, 
Portela P. 2017. The role of PKA in the translational response to heat 
stress in Saccharomyces cerevisiae. PLoS One 12:e0185416. https://doi.or
g/10.1371/journal.pone.0185416

57. Galello F, Bermúdez-Moretti M, Martínez MCO, Rossi S, Portela P. 2024. 
The cAMP-PKA signalling crosstalks with CWI and HOG-MAPK pathways 
in yeast cell response to osmotic and thermal stress. Microb Cell 11:90–
105. https://doi.org/10.15698/mic2024.03.818

58. Sun D, Wu L, Lu X, Li C, Xu L, Li H, He D, Yu A, Yu T, Zhao J, Tang H, Bao X. 
2025. Engineering transcriptional regulatory networks for improving 
second-generation fuel ethanol production in Saccharomyces cerevisiae. 
Synth Syst Biotechnol 10:207–217. https://doi.org/10.1016/j.synbio.2024.
10.006

59. Myers KS, Riley NM, MacGilvray ME, Sato TK, McGee M, Heilberger J, 
Coon JJ, Gasch AP. 2019. Rewired cellular signaling coordinates sugar 
and hypoxic responses for anaerobic xylose fermentation in yeast. PLoS 
Genet 15:e1008037. https://doi.org/10.1371/journal.pgen.1008037

60. Wagner ER, Gasch AP. 2023. Advances in S. cerevisiae engineering for 
xylose fermentation and biofuel production: balancing growth, 
metabolism, and defense. J Fungi (Basel) 9:786. https://doi.org/10.3390/j
of9080786

61. da Silva Fernandes F, de Souza ÉS, Carneiro LM, Alves Silva JP, de Souza 
JVB, da Silva Batista J. 2022. Current ethanol production requirements 
for the yeast Saccharomyces cerevisiae. Int J Microbiol 2022:7878830. htt
ps://doi.org/10.1155/2022/7878830

62. Satomura A, Miura N, Kuroda K, Ueda M. 2016. Reconstruction of 
thermotolerant yeast by one-point mutation identified through whole-
genome analyses of adaptively-evolved strains. Sci Rep 6:23157. https://
doi.org/10.1038/srep23157

63. Tabera L, Muñoz R, Gonzalez R. 2006. Deletion of BCY1 from the 
Saccharomyces cerevisiae genome is semidominant and induces 
autolytic phenotypes suitable for improvement of sparkling wines. Appl 
Environ Microbiol 72:2351–2358. https://doi.org/10.1128/AEM.72.4.2351
-2358.2006

Full-Length Text Applied and Environmental Microbiology

June 2026  Volume 92  Issue 6 10.1128/aem.02498-2518

https://doi.org/10.1016/j.ymben.2023.06.013
https://doi.org/10.1074/jbc.M110.185496
https://doi.org/10.7554/eLife.05161
https://doi.org/10.1091/mbc.E16-06-0354
https://doi.org/10.1146/annurev.ph.54.030192.004321
https://doi.org/10.1046/j.1365-2958.1999.01538.x
https://doi.org/10.1038/nrm911
https://doi.org/10.1074/jbc.M110.177600
https://doi.org/10.1111/1574-6976.12065
https://doi.org/10.1016/j.cellsig.2012.04.001
https://doi.org/10.3390/s100606195
https://doi.org/10.1038/msb.2009.2
https://doi.org/10.1111/j.1567-1364.2009.00598.x
https://doi.org/10.1146/annurev.genet.41.110306.130206
https://doi.org/10.1016/s0065-2911(08)60318-5
https://doi.org/10.1128/jb.121.3.975-982.1975
https://doi.org/10.1371/journal.pone.0108676
https://doi.org/10.1111/j.1365-2958.2004.04429.x
https://doi.org/10.1093/genetics/120.4.899
https://doi.org/10.1016/j.chembiol.2017.09.001
https://doi.org/10.15252/embj.201489083
https://doi.org/10.1021/acssynbio.8b00471
https://doi.org/10.1007/978-3-662-45657-6_46
https://doi.org/10.1128/jb.133.3.1540-1542.1978
https://doi.org/10.1099/00221287-143-6-1909
https://doi.org/10.3390/foods14091533
https://doi.org/10.1099/00221287-133-8-2191
https://doi.org/10.1046/j.1365-2958.2000.02125.x
https://doi.org/10.1046/j.1365-2958.2003.03732.x
https://doi.org/10.1371/journal.pone.0185416
https://doi.org/10.15698/mic2024.03.818
https://doi.org/10.1016/j.synbio.2024.10.006
https://doi.org/10.1371/journal.pgen.1008037
https://doi.org/10.3390/jof9080786
https://doi.org/10.1155/2022/7878830
https://doi.org/10.1038/srep23157
https://doi.org/10.1128/AEM.72.4.2351-2358.2006
https://doi.org/10.1128/aem.02498-25


64. Danø S, Sørensen PG, Hynne F. 1999. Sustained oscillations in living cells. 
Nature 402:320–322. https://doi.org/10.1038/46329

65. Gonzales K, Kayıkçı O, Schaeffer DG, Magwene PM. 2013. Modeling 
mutant phenotypes and oscillatory dynamics in the Saccharomyces 
cerevisiae cAMP-PKA pathway. BMC Syst Biol 7:40. https://doi.org/10.118
6/1752-0509-7-40

66. Nicastro R, Tripodi F, Gaggini M, Castoldi A, Reghellin V, Nonnis S, 
Tedeschi G, Coccetti P. 2015. Snf1 phosphorylates adenylate cyclase and 
negatively regulates protein kinase a-dependent transcription in 
Saccharomyces cerevisiae. J Biol Chem 290:24715–24726. https://doi.org/
10.1074/jbc.M115.658005

67. Barrett L, Orlova M, Maziarz M, Kuchin S. 2012. Protein kinase A 
contributes to the negative control of Snf1 protein kinase in Saccharo­
myces cerevisiae. Eukaryot Cell 11:119–128. https://doi.org/10.1128/EC.0
5061-11

68. Mayer FV, Heath R, Underwood E, Sanders MJ, Carmena D, McCartney 
RR, Leiper FC, Xiao B, Jing C, Walker PA, Haire LF, Ogrodowicz R, Martin 
SR, Schmidt MC, Gamblin SJ, Carling D. 2011. ADP regulates SNF1, the 
Saccharomyces cerevisiae homolog of AMP-activated protein kinase. Cell 
Metab 14:707–714. https://doi.org/10.1016/j.cmet.2011.09.009

69. Benanti JA, Cheung SK, Brady MC, Toczyski DP. 2007. A proteomic screen 
reveals SCFGrr1 targets that regulate the glycolytic-gluconeogenic 
switch. Nat Cell Biol 9:1184–1191. https://doi.org/10.1038/ncb1639

70. Griffioen G, Anghileri P, Imre E, Baroni MD, Ruis H. 2000. Nutritional 
control of nucleocytoplasmic localization of cAMP-dependent protein 
kinase catalytic and regulatory subunits in Saccharomyces cerevisiae. J 
Biol Chem 275:1449–1456. https://doi.org/10.1074/jbc.275.2.1449

71. Plank M, Carmiol N, Mitri B, Lipinski AA, Langlais PR, Capaldi AP. 2024. 
Systems level analysis of time and stimuli specific signaling through PKA. 
Mol Biol Cell 35:ar60. https://doi.org/10.1091/mbc.E23-02-0066

72. Green JBA, Wright APH, Cheung WY, Lancashire WE, Hartley BS. 1988. 
The structure and regulation of phosphoglucose isomerase in 
Saccharomyces cerevisiae. Mol Gen Genet 215:100–106. https://doi.org/1
0.1007/BF00331310

73. Fauchon M, Lagniel G, Aude JC, Lombardia L, Soularue P, Petat C, 
Marguerie G, Sentenac A, Werner M, Labarre J. 2002. Sulfur sparing in 
the yeast proteome in response to sulfur demand. Mol Cell 9:713–723. ht
tps://doi.org/10.1016/s1097-2765(02)00500-2

74. Marbach I, Licht R, Frohnmeyer H, Engelberg D. 2001. Gcn2 mediates 
GCN4 activation in response to glucose stimulation or UV radiation not 
via GCN4 translation. J Biol Chem 276:16944–16951. https://doi.org/10.1
074/jbc.M100383200

75. Plank M. 2022. Interaction of TOR and PKA signaling in S. cerevisiae. 
Biomolecules 12:210. https://doi.org/10.3390/biom12020210

76. Martin DE, Soulard A, Hall MN. 2004. TOR regulates ribosomal protein 
gene expression via PKA and the Forkhead transcription factor FHL1. 
Cell 119:969–979. https://doi.org/10.1016/j.cell.2004.11.047

77. Pook B, Goenrich J, Hasenjäger S, Essen L-O, Spadaccini R, Taxis C. 2021. 
An optogenetic toolbox for synergistic regulation of protein abundance. 
ACS Synth Biol 10:3411–3421. https://doi.org/10.1021/acssynbio.1c0035
0

78. Renicke C, Allmann AK, Lutz AP, Heimerl T, Taxis C. 2017. The mitotic exit 
network regulates spindle pole body selection during sporulation of 
Saccharomyces cerevisiae. Genetics 206:919–937. https://doi.org/10.1534
/genetics.116.194522

79. Sherman F. 2002. Getting started with yeast. Methods Enzymol 350:3–
41. https://doi.org/10.1016/s0076-6879(02)50954-x

80. Usherenko S, Stibbe H, Muscò M, Essen LO, Kostina EA, Taxis C. 2014. 
Photo-sensitive degron variants for tuning protein stability by light. BMC 
Syst Biol 8:128. https://doi.org/10.1186/s12918-014-0128-9

81. Janke C, Magiera MM, Rathfelder N, Taxis C, Reber S, Maekawa H, 
Moreno-Borchart A, Doenges G, Schwob E, Schiebel E, Knop M. 2004. A 
versatile toolbox for PCR-based tagging of yeast genes: new fluorescent 
proteins, more markers and promoter substitution cassettes. Yeast 
21:947–962. https://doi.org/10.1002/yea.1142

82. Lutz AP, Renicke C, Taxis C. 2016. Controlling protein activity and 
degradation using blue light, p 67–78. In KianianmomeniA (ed), 
Methods in molecular biology. Vol. 1408. Humana Press, New York, NY.

83. Gietz D, St Jean A, Woods RA, Schiestl RH. 1992. Improved method for 
high efficiency transformation of intact yeast cells. Nucleic Acids Res 
20:1425. https://doi.org/10.1093/nar/20.6.1425

84. McKinney W. 2010. Data structures for statistical computing in python. 
Python in Science Conference, Austin, Texas. SciPy Proceedings. https://d
oi.org/10.25080/Majora-92bf1922-00a

85. Harris CR, Millman KJ, van der Walt SJ, Gommers R, Virtanen P, 
Cournapeau D, Wieser E, Taylor J, Berg S, Smith NJ, et al. 2020. Array 
programming with NumPy. Nature 585:357–362. https://doi.org/10.1038
/s41586-020-2649-2

86. Hunter JD. 2007. Matplotlib: a 2D graphics environment. Comput Sci Eng 
9:90–95. https://doi.org/10.1109/MCSE.2007.55

87. GitHub - Phlya/adjustText: a small library for automatical adjustment of 
text position in matplotlib plots to minimize overlaps. Online. Available 
from: https://github.com/Phlya/adjustText. Retrieved 15 Dec 2025.

88. Klopfenstein DV, Zhang L, Pedersen BS, Ramírez F, Warwick Vesztrocy A, 
Naldi A, Mungall CJ, Yunes JM, Botvinnik O, Weigel M, Dampier W, 
Dessimoz C, Flick P, Tang H. 2018. GOATOOLS: a python library for gene 
ontology analyses. Sci Rep 8:10872. https://doi.org/10.1038/s41598-018-
28948-z

89. Kanehisa M, Goto S. 2000. KEGG: kyoto encyclopedia of genes and 
genomes. Nucleic Acids Res 28:27–30. https://doi.org/10.1093/nar/28.1.2
7

90. Ge SX, Jung D, Yao R. 2020. ShinyGO: a graphical gene-set enrichment 
tool for animals and plants. Bioinformatics 36:2628–2629. https://doi.org
/10.1093/bioinformatics/btz931

91. Perez-Riverol Y, Bai J, Bandla C, García-Seisdedos D, Hewapathirana S, 
Kamatchinathan S, Kundu DJ, Prakash A, Frericks-Zipper A, Eisenacher M, 
Walzer M, Wang S, Brazma A, Vizcaíno JA. 2022. The PRIDE database 
resources in 2022: a hub for mass spectrometry-based proteomics 
evidences. Nucleic Acids Res 50:D543–D552. https://doi.org/10.1093/nar
/gkab1038

Full-Length Text Applied and Environmental Microbiology

June 2026  Volume 92  Issue 6 10.1128/aem.02498-2519

https://doi.org/10.1038/46329
https://doi.org/10.1186/1752-0509-7-40
https://doi.org/10.1074/jbc.M115.658005
https://doi.org/10.1128/EC.05061-11
https://doi.org/10.1016/j.cmet.2011.09.009
https://doi.org/10.1038/ncb1639
https://doi.org/10.1074/jbc.275.2.1449
https://doi.org/10.1091/mbc.E23-02-0066
https://doi.org/10.1007/BF00331310
https://doi.org/10.1016/s1097-2765(02)00500-2
https://doi.org/10.1074/jbc.M100383200
https://doi.org/10.3390/biom12020210
https://doi.org/10.1016/j.cell.2004.11.047
https://doi.org/10.1021/acssynbio.1c00350
https://doi.org/10.1534/genetics.116.194522
https://doi.org/10.1016/s0076-6879(02)50954-x
https://doi.org/10.1186/s12918-014-0128-9
https://doi.org/10.1002/yea.1142
https://doi.org/10.1093/nar/20.6.1425
https://doi.org/10.25080/Majora-92bf1922-00a
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.1109/MCSE.2007.55
https://github.com/Phlya/adjustText
https://doi.org/10.1038/s41598-018-28948-z
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1093/bioinformatics/btz931
https://doi.org/10.1093/nar/gkab1038
https://doi.org/10.1128/aem.02498-25

	Global impact on metabolic capacity of yeast cell factories by optogenetic control of the cAMP–PKA axis
	RESULTS
	DISCUSSION
	MATERIALS AND METHODS
	Yeast strains, growth conditions, and plasmids
	Flow cytometry measurements and statistics
	β-Carotene quantification from cell extracts by HPLC
	Cordycepin quantification from culture media samples by LC-MS/MS
	Proteomics sample preparation
	Proteomics data analysis and visualization
	Metabolomics sample preparation for the detection of cAMP, ATP, ADP, and AMP
	Viability assay by methylene blue staining



