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Abstract

Precise control of microbial gene expression resulting in a defined, fast and homogeneous response is
of utmost importance for synthetic bio(techno)logical applications. However, even broadly applied
biotechnological workhorses such as Corynebacterium glutamicum, where induction of recombinant
gene expression commonly relies on the addition of appropriate inducer molecules, perform
moderately in this respect. Light offers an alternative to accurately control gene expression as it allows
for a simple triggering in a non-invasive fashion with unprecedented spatiotemporal resolution. Thus,
optogenetic switches are promising tools to improve the controllability of existing gene expression
systems. In this regard, photocaged inducers, whose activities are initially inhibited by light-removable
protection groups, represent one of the most valuable photoswitches for microbial gene expression.
Here, we report on the evaluation of photocaged IPTG as a light-responsive control element for the
frequently applied tac-based expression module in C. glutamicum. In contrast to conventional IPTG,
the photocaged inducer mediates a tightly controlled, strong and homogeneous expression response
upon short exposure to UV-A light. To further demonstrate the unique potential of photocaged IPTG
for the optimization of production processes in C. glutamicum, the optogenetic switch was finally used

to improve biosynthesis of the growth-inhibiting sesquiterpene (+)-valencene, a flavouring agent and
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aroma compound precursor in food industry. The variation of light-intensity as well as the time point of

light-induction proved crucial for efficient production of this toxic compound.

Importance

Optogenetic tools are light-responsive modules that allow for a simple triggering of cellular functions
with unprecedented spatiotemporal resolution and in a non-invasive fashion. Specifically, light-
controlled gene expression exhibits an enormous potential for various synthetic bio(techno)logical
purposes. Before our study, poor inducibility together with phenotypic heterogeneity was reported for
the IPTG-mediated induction of /ac-based gene expression in Corynebacterium glutamicum. By
applying photocaged IPTG as a synthetic inducer, however, these drawbacks could be almost
completely abolished. Especially for increasing numbers of parallelized expression cultures, non-
invasive and spatiotemporal light induction qualifies for a precise, homogeneous and thus higher-order

control to fully automatize or optimize future biotechnological applications.

Introduction

Corynebacterium glutamicum represents one of the most important biotechnological platform
organisms and massively contributes to the industrial production of amino acids (1-5), but has also
been engineered, for instance, for the production of lower alcohols (6—9), organic acids (10-13),
diamines (14, 15) and carotenoids (16—18). However, currently applied expression setups show only
moderate performance regarding both precise control and expression homogeneity. Population
heterogeneity affecting both growth and expression may strongly impact biotechnological processes
(19). For instance, a distinct population heterogeneity has recently been described for C. glutamicum
cultures producing L-valine (20, 21). While cell-to-cell variations within isogenic populations may
constitute an overall fitness advantage over cohabiting competitors (22, 23) in natural environments,
such heterogeneity is highly unfavorable in biotechnological production processes (19).

Therefore, an emerging need for novel synthetic expression tools exists that enable homogeneous
and higher-order control over gene expression. Optogenetics, originally devised to control cells,
typically neurons, in living tissue, that have been genetically modified to express light-sensitive ion
channels, now also include the light-mediated control and specific triggering of gene expression in a
non-invasive and highly resolving spatiotemporal fashion (24). In contrast to other induction signals,

light involves a seemingly homogeneous signal perception for both photosensory modules (25, 26)

2
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and chemically synthesized phototriggers such as photocaged compounds (27, 28) given that cultures
are uniformly exposed. Photocaged molecules are rendered biologically inactive through the addition
of a photo-removable protection group, also designated as photocaging group or photocage. Specific
functionality can be restored easily and non-invasively (i.e. without exerting manipulations that may
alter the physiology of cells during ongoing cultivation) by light-mediated release (uncaging) of the
bioactive molecule (29, 30).

By means of photocaged IPTG, a conventional /ac promoter-based gene expression system was
recently redirected to enable accurately controlled and homogeneous gene expression by UV-A light
in E. coli (27). Traditional lac-based gene regulation in C. glutamicum, however, has limitations e.g.
due to the absence of a lactose uptake system and poor permeability of the C. glutamicum membrane
for IPTG (31). Therefore, derepression of the /ac/tac promoter using IPTG is often conducted during
inoculation (32-34), which prohibits tight and temporally accurate regulation, so that a precise control
of toxic gene products or metabolic fluxes is distinctly impeded. In a recent study, for instance, the
IPTG-induced production of (+)-valencene, a natural constituent of the essential oils of citrus fruits,
faced serious growth impairment in C. glutamicum (34). Here, only moderate production could be
obtained of this bicyclic sesquiterpenoid, which is used as an additive by the food and beverage
industry, due to its pleasant orange-like odor (35, 36).

Within this work, we demonstrate limitations of IPTG induction in C. glutamicum and how to
circumvent them during /ac-based gene expression by using light-responsive photocaged inducer
molecules. The established optogenetic expression setup was finally applied to improve production of

the sesquiterpene (+)-valencene despite its growth impeding properties.

Materials and Methods

DNA manipulation and construction of plasmids. DNA techniques and molecular biology
methods were basically performed as described previously (37).

Bacterial strains, plasmids and media. All bacterial strains, plasmids and oligonucleotides used in
this study are listed in Table 1. E. coli strains were cultured at 37 °C under constant agitation in
Lysogeny Broth (37) (LB; Luria / Miller from Carl Roth, Karlsruhe, Germany) and supplemented with
kanamycin (50 pg ml'1) and spectinomycin (250 pg mI'1) if required. C. glutamicum ATCC 13032 was

used as wild type strain (38). Cultivations were performed using BHI (brain heart infusion) complex
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medium (DifcoTM, BD, Heidelberg, Germany) or CGXII minimal medium (39, 40). If appropriate, media
were supplemented with 25 g ml” kanamycin and 100 ug ml” spectinomycin.

C. glutamicum EYFP expression cultures. EYFP expression cultures were cultivated (800 pl,
1500 rpm, 85% rel. humidity, and 30 °C) in a BioLector microbioreactor system (m2plabs, Germany)
under constant monitoring of biomass accumulation and EYFP fluorescence development. Expression
cultures were inoculated to cell densities corresponding to an optical density at 600 nm (ODgqo) of 1.0
for CGXIl medium and 0.05 for BHI medium, respectively.

Chemical synthesis of NP-photocaged IPTG. 6-nitropiperonyl (NP)-photocaged IPTG was
synthesized in a one-step reaction from IPTG and 6-nitropiperonal as previously described (27).

Conventional and light induction of gene expression. Conventional IPTG induction was
conducted after 0, 2, 4, 6 or 8 hours of cultivation via small volume pipetting. Light induced expression
cultures were directly supplemented with photocaged IPTG (from DMSO stock solutions just as IPTG)
prior to cultivation and non-invasively exposed to UV-A light (VL-315.BL hand lamp 45 W, Vilber
Lourmat, France; distance to Flowerplate: 1.5 cm, approx. 0.9 mW cm™) at desired time points. Light
exposure was varied by using different exposure times (0-30 minutes) or different light intensities
experimentally created by dimming the reaction wells with varying layers of diffusion foils (White
Diffusion LEE216, LEE Filters, USA). Here, an exposure time of 30 min resulted in full induction. Light
intensities were quantified using a Thermal Power Sensor (S302C, Thorlabs Inc, USA).

(+)-Valencene production cultures. Seed cultures for (+)-valencene production and growth
experiments with C. glutamicum were performed in 10 ml LB supplemented with 50 mM glucose at
30°C and 120 rpm in 100 ml non baffled flasks. For adaptation of the cells to production conditions, a
second seed culture in CGXII minimal medium with 4% glucose monohydrate was inoculated from the
LB seed culture and grown for 5-6 hours (50 ml CGXIl, 500 ml baffled flasks, 30 °C, 120 rpm). Both
the second seed and the main cultures were inoculated to an ODggy of 1. Production and growth
experiments were conducted in 48-well Flowerplates (m2p labs, Germany) in 800 yl CGXIl medium
with 4% glucose monohydrate as carbon source at 30 °C and 1200 rpm offline for production or in a
BioLector system (m2p labs) for online-monitoring of growth. Production was induced with IPTG 0, 2,
4 and 6 h after inoculation and for clPTG-based light induction (vide supra) 4 and 6 h after inoculation
using either 0.1 or 0.25 mM of each compound, respectively. After induction, 200 pl n-dodecane were

added aseptically to the cultures, which were grown for additional 24 h. After cultivation, the n-
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dodecane layer was harvested by centrifugation at 4 °C for 1-2 h at 24.000 x g. Subsequently, the (+)-
valencene content of the n-dodecane phase was determined by GC/MS measurements.

Flow cytometry analysis. Flow cytometry analyses of C. glutamicum (41) were performed with a
FACSAria Il flow cytometer (Becton Dickinson, Heidelberg, Germany) using a blue solid state laser
(Sapphire™ 488-20) with an excitation wavelength of 488 nm. Cytometer set-up and performance
tracking was performed with Cytometer Setup 0026; Tracking Beads [bright (3 mm), mid (3 mm), and
dim (2 mm) beads] labelled with a mixture of fluorochromes (Becton Dickinson). Forward-scatter
characteristics (FSC) and side-scatter characteristics were detected as small-angle and orthogonal
scatters of the 488-nm laser, respectively. EYFP fluorescence was detected using a 502-nm long-pass
and a 530/30-nm band-pass filter set. FACS-Diva software 6.0 was used to record the measurements.
During analyses, thresholding on FSC was applied to remove background noise. Data were analyzed
with the FlowJo V.10.0.8 analysis software (Tree Star, Ashland, USA). To stain dead cells, cells with
an ODgq of approximately 0.05 were incubated with 20 uM propidium iodide (Pl stock solution: 20 mM
in DMSO) (Molecular Probes, Leiden, Netherlands) for 15 min at RT. For validation of the protocol,
intact cells and cells with injured membranes, (treated with 70% isopropyl alcohol for 30 min) were
mixed in different ratios. Afterwards, cells were stained as described above. For the detection of the
fluorescent dye PI, a 595-nm long-pass and a 610/20-nm band-pass filter set were used.

Strain construction. The genes dxs and idi coding for 1-deoxy-D-xylulose-5-phosphate synthase
and IPP isomerase, respectively, were PCR-amplified using oligonucleotides 1-4 (Table 1) from
genomic DNA of C. glutamicum ATCC 13032, which was isolated as previously described (42). For
improved expression, the (+)-valencene synthase CnVS of Callitropsis nootkatensis was codon
optimized for C. glutamicum ATCC 13032 using codon usage as provided by

http://www.kazusa.or.jp/codon/ and synthesized by GeneArt® life technologies™ (Darmstadt,

Germany), yielding the gene oCnVS (Supporting Information). The farnesyl pyrophosphate synthase
ispA was PCR-amplified from genomic DNA of E. coli as described previously (34). All genes were
cloned into the expression vectors pVWEx1 (43) or pEKEx3 (44) by Gibson assembly (45) using the
BamHI restriction site and respective oligonucleotides depicted in Tab. 1. Primers were constructed
such that an artificial ribosomal binding site (AGGAGG) was added 8 bp upstream of the translational
start codon of each gene. The integrity of all inserts was confirmed by sequencing (Sequencing Core

Facility, Bielefeld University).
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GC/MS measurements. The harvested n-dodecane phases of the production cultures were
analyzed using a Thermo Scientific TRACE GC ULTRA connected to a Thermo Scientific ISQ Single
Quadrupole Mass Spectrometer using a TG-5MS column (length: 30 m, I.D.: 0.25 mm, film thickness:
0.25 ym) (Thermo Scientific, Waltham, Massachusetts, USA). After splitless injection of 1 pl, the initial
temperature of 40 °C was increased with 10 °C/min to 160°C then for 15 °C/min to 300 °C with a 2 min
ramp at 300 °C at the end of the measurement with a constant helium gas flow of 1 ml/min. The MS
operating parameters were ionization voltage, 70 eV (electron impact ionization); ion source and
interface temperature were 230 °C. (+)-valencene was identified by the comparison of retention time
and mass spectrum to technical (+)-valencene (Sigma Aldrich, Steinheim, Germany). For quantitative

analysis of (+)-valencene, a calibration curve with technical (+)-valencene was used.

Results

Establishing NP-photocaged IPTG-based light induction in C. glutamicum. In a previous study,
NP-photocaged IPTG (cIPTG) was employed in E. coli to non-invasively control gene expression by
light in a gradual and homogeneous fashion (27). Here, we aimed to transfer the photoswitch to the
biotechnological workhorse C. glutamicum to generate an easily light-addressable induction system
applicable for various biotechnological purposes. The frequently applied IPTG inducible tac promoter-
based pEKEx expression vector (42, 46) was chosen as a target system for cIPTG-mediated light
induction. To characterize light-responsiveness of gene expression in C. glutamicum, the pEKEx2-
EYFP (32) expression vector was employed allowing online monitoring of induction processes in batch
cultures as well as at the single-cell level by means of EYFP reporter fluorescence.

We first determined key systems specifications, namely (i) the inducibility of the tac promoter at
different time points during cultivation, (ii) the maximum expression levels, and (iii) the respective
dynamic range of induction. cIPTG, which efficiently releases IPTG in a two-step photocleavage
reaction (47) upon short UV-A light exposure and subsequent enzymatic hydrolysis of the
photoproduct esters (Fig. 1A), was added to EYFP expression cultures. To test light induction of EYFP
expression at different growth phases of C. glutamicum, cultures were illuminated at different time
points of cell growth (0—8 h) during cultivation in BHI complex and CGXII minimal medium. Moreover,

the irradiation dose was increased stepwise by extending the time of light exposure (0-30 min) in
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order to evaluate the gradual responsiveness of the chosen expression system. The EYFP production
profiles clearly demonstrated that cIPTG can be used as a photoswitch enabling light induction of
gene expression in C. glutamicum in a gradual manner and over a long period of cultivation (Fig. 1B).
In BHI complex medium, full inducibility and maximal dynamic range (i.e. an expression range of 0—
100 %) were obtained by increasing the exposure time after 4—6 h of cultivation (corresponding to the
mid-exponential growth phase; Fig. S1). Induction in the lag or early exponential phase (0-2 h; 0—
80 % expression output) as well as in the late exponential phase (8 h; 0-50 % expression output) still
resulted in a gradual light-response of EYFP expression, but impaired the dynamic range. In CGXII
minimal medium, light induction produced expression outputs corresponding properly to the exposure
time at all monitored induction time points. UV-A light exposure times of 20 to 25 minutes at moderate

intensities (0.9 mW cm'z) were sufficient to fully induce gene expression in BHI and CGXIl medium.

Comparative analysis of EYFP expression in C. glutamicum using conventional IPTG and
clPTG-based light induction. In a next step, cIPTG-based light induction of gene expression was
compared to conventional IPTG induction using the same EYFP reporter system (pEKEx2-EYFP).
EYFP output signals were measured in dependence on different induction time points (0-8 h) over the
course of a following overexpression period (0-20 h) in both BHI and CGXIl medium. To directly
compare conventional with light induction, the EYFP fluorescence ratios determined after cIPTG-
(30 min light exposure, 100 uM) and IPTG-induction (100 uM) are shown as heat maps (Fig. 2). In BHI
medium (Fig. 2A), IPTG induction was similar to or slightly outperformed light-dependent cIPTG
induction in the lag and early exponential growth phase (0-2 h). In contrast, upon induction in the mid-
or late-exponential phase (4-8h), cIPTG outperformed conventional IPTG, particularly after
overexpression periods longer than 8 h. Significant effects were observed for induction after 6 h of
cultivation, where light induction produced an expression output up to six-fold higher compared to
induction with conventional IPTG after 18 h of overexpression. Besides the evaluation of relative
effects, a description of individual absolute fluorescence outputs provides insights into system-inherent
specifications. In this sense, the initial inducibility of the tac promoter in C. glutamicum cultures during
early to late logarithmic growth phases, which has been determined 3 h after induction (Fig. 2B, left),
showed that the velocity of induction increases with ongoing cultivation time for both IPTG and cIPTG.
Here, only a slight improvement of light induction could be observed for mid to late logarithmic growth

phases (6-8 h). For longer expression times (in particular after 20 h of target gene expression),
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however, light-mediated induction of mid- to late-logarithmic C. glutamicum cultures (6-8 h) using
clPTG resulted in much higher EYFP expression compared to conventional induction (Fig. 2B, right).

In CGXII medium (Fig. 2C), light induction can effectively be applied for a broad range of induction
time points from early to late exponential phase and outperformed conventional IPTG induction for
overexpression periods greater than 12 h up to four-fold. For late exponential induction (6-8 h), IPTG
initially performed well, but was outpaced by cIPTG with increasing cultivation times. In contrast to BHI
medium, the expression response in CGXIl medium is significantly slower for both IPTG and cIPTG,
as depicted by low fluorescence levels after 3 h of EYFP overexpression (Fig. 2D, left). After 20 h of
overexpression (Fig. 2D, right), however, a considerable EYFP fluorescence was observed especially
for light induction, which outperformed conventional IPTG induction up to three-fold. Strikingly,
expression outputs for both cIPTG- and IPTG-mediated induction were, contrary to cultivations in BHI
medium, irrespective of the time of induction highest at the end of the experiment (Fig. 2D, right).

Basal background levels (Fig. S2) using non-exposed cIPTG were found to be moderate in BHI
medium (up to 1.5-fold increase in comparison to control strains) and CGXIl medium (up to 2.2-fold).
As reported in literature (48), basal expression levels of the here used system were found to be
elevated in CGXIlI minimal medium and increased with ongoing cultivation times. The dynamic range
of induction, however, was high and comparable in BHI medium, (63-fold for cIPTG and 61-fold for
IPTG). In CGXII minimal medium, light induction was higher than conventional IPTG induction (239-
fold as compared to 46-fold; Fig. S3).

In summary, the comparative analysis of cIPTG and IPTG induction in BHI and CGXIl medium
showed that non-invasive light induction is broadly applicable in C. glutamicum. Particularly, light
induction during mid- to late-exponential growth significantly outperformed conventional IPTG
induction up to six-fold. Moreover, for long overexpression periods of up to 20 h, clPTG persistently
proved as efficient as equimolar amounts of IPTG. Interestingly, despite a slightly delayed induction
response caused by the essential enzymatic cleavage of the photoproducts (Fig. 1A), cIPTG-based
light induction was comparable to IPTG induction in C. glutamicum and temporally even outperformed
the conventional induction response for late induction in BHI and early induction in CGXII medium.

Single-cell analysis of EYFP expression after induction with IPTG and cIPTG. As cIPTG-
dependent light induction was successfully demonstrated for standard bulk cultivations in both BHI
complex and CGXIl minimal medium, light- and IPTG-induced gene expression was next analyzed at

the single-cell level, in order to analyze the homogeneity of expression behavior within C. glutamicum
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batch cultures. To this end, the fluorescence of single cells from conventional and light-induced
cultures was monitored by flow cytometry. Single-cell EYFP fluorescence values for cultures induced
with light after 5h of cultivation (light to deep red colored histograms) showed a homogeneous
distribution after both 3 (Fig. 3A,C) and 20 h (Fig. 3B,D) of overexpression in BHI (Fig. 3A,B) and
CGXIl medium (Fig. 3C,D). For IPTG induction (light to deep blue colored histograms), however, a
heterogeneous fluorescence distribution was observed with increasing expression time in both media.
Surprisingly, the two media differently influenced the expression phenotype of the IPTG-induced
C. glutamicum expression strain. In BHI medium a second population with lower fluorescence
intensities occurred after 20 h of overexpression, whereas prolonged expression in CGXIl medium
obviously resulted in the formation of a second population with increased YFP accumulation. In
principle, expression heterogeneity has recently been described for a similar expression setup in
C. glutamicum (48). Notably, flow cytometric single-cell analysis using propidium iodide based live-
dead staining (41) further suggested that light induction did not affect membrane integrity and thus cell
viability (Fig. S4).

In summary, cIPTG-based light-control of gene expression in C. glutamicum was shown to distinctly
outperform conventional IPTG induction with respect to maximum expression levels, responsiveness,
homogeneity and inducibility especially for longer expression periods.

Employing cIPTG for the production of the toxic sesquiterpene (+)-valencene. As a challenging
task, we tried to apply the light-controlled expression setup to improve the biosynthesis of the bacterial
growth-inhibiting terpenoid (+)-valencene. A C. glutamicum strain producing (+)-valencene was
recently constructed by metabolic engineering (34). Here, we first analyzed, whether (+)-valencene
production could be further elevated via metabolic engineering (Fig. 4A). The initial strain
C. glutamicum VLC3 carries deletions of the crfE and idsA genes to preclude formation of the
undesired geranylgeranyl pyrophosphate (GGPP). Farnesyl pyrophosphate (FPP) was synthesized by
the FPP synthase IspA from E. coli. FPP, in turn, is converted to (+)-valencene via the (+)-valencene
synthase CnVS from Callitropsis nootkatensis (35). In the newly constructed (+)-valencene producer
strain VLC4, the CnVS-encoding gene was expressed after its adaption to the codon-usage of
C. glutamicum. In strain VLC6, the genes coding for IspA and CnVS were combined on a single
vector, allowing the introduction of a second IPTG-inducible vector for overexpression of the genes
encoding for the 1-deoxy-D-xylulose 5-phosphate synthase (dxs) and the isopentenyl pyrophosphate

isomerase (idi) to enhance supply of the precursors isopentenyl pyrophosphate (IPP) and dimethylallyl

ALISHIAINN TTINYOD Aq 9102 ‘T 1snbny uo /610" wse wae//:dny woiy papeojumoq


http://aem.asm.org/

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Microbiology

Microbiology

281

282

283

284

286

287

288

289

290

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

pyrophosphate (DMAPP) (18) and in consequence of FPP. Since CnVS gene expression perturbed
growth, we presumed that the optimization and timing of CnVS expression would be one key aspect to
elevate (+)-valencene production (Fig. 4A) and hence, an appealing target for clPTG based light-
control. Therefore, (+)-valencene accumulation was first monitored in flask cultivations using the
primary VLC3 producer strain as well as our newly constructed producers VLC4-6 (Tab. 1) upon
conventional induction of gene expression after different cultivation times (0-6 h). Cultivation in shake
flasks revealed that the time of induction was crucial for (+)-valencene productivity as (+)-valencene
titers in all four tested strains were largely improved when induced after 4 and 6 h (Fig. 4B). Moreover,
after 6 h of induction VLC4 with the codon-optimized valencene synthase (oCnVS) showed slightly
increased production of (+)-valencene up to 1.5-fold (10.8 + 1.1 mg I') compared to VLC3 (7.2 + 0.6
mg I'1). In contrast, co-expression of ispA and oCnVS genes from a single plasmid in VLC5 showed
only negligible influence on titer (10.5 + 3.5 mg I).

Notably, additional overexpression of dxs and idi in VLC6 led to a 3.8-fold improved (+)-valencene
production (27.1 + 0.6 mg I"). Production of (+)-valencene by VLC6 was further characterized at
microtiter plate scale using 48-well Flowerplates (49, 50). With this approach (+)-valencene production
was further enhanced when induced after 4 h and slightly after 6 h (Fig. 4C). Here, improved
valencene titers could be attributed to the fact that oxygen-unlimited Flowerplate cultivations yielded in
up to twofold higher biomass formation (Tab. S1). Next, we analyzed whether light-mediated induction
with cIPTG could further optimize the (+)-valencene production level by applying different light
regimes, cIlPTG concentrations and induction time points (Fig. 4D, left).

Variable light control of (+)-valencene production led to 1.4-fold elevated (+)-valencene titers
compared to conventional IPTG induction. Optimal productivity was found for full light-induction (i.e.
100 % light intensity = 0.9 mW cm'z) after 4 h of cultivation using 0.1 mM of cIPTG (Fig. 4D, left) and
yielded final titers of 41.0 + 0.1 mg I". During (+)-valencene production, IPTG-induced dxs-idi
overexpression in VLC6 was found to significantly slow down growth rates up to 30 % (Mmax = 0.29 %
0.01 h™") compared to non-induced cultures (Umax = 0.42 + 0.01 h™"). Compared to expression cultures
that have been induced by IPTG, growth impairment could partly be abolished using clPTG (Umax =
0.34 + 0.01 h™). However, cell growth was still hampered by cIPTG-induction since non-induced
cultures still exhibited an approximately 20 % higher growth rate (Fig. S5). Much larger growth

differences of light and IPTG induced production cultures were observed for early induction (Fig. S6).
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By applying cIPTG-based light-controlled screening for optimized expression parameters, we were
able to significantly elevate (+)-valencene titers in C. glutamicum approximately 6-fold from initially 7.2
mg ml” to 41.0 mg I". The combination of metabolic engineering and light-controlled expression
resulted in an about 17-fold improved (+)-valencene production as compared to a titer of 2.4 mg r

reported in our previous study.

Discussion

This study demonstrates optogenetic control of microbial gene expression as a valuable tool for
synthetic bio(techno)logical applications. Photocaged carbohydrates (27, 28), for instance, can be
readily transferred to different biotechnological production hosts and employed to precisely control
gene expression in a straightforward and spatiotemporal fashion. Moreover, photocaged carbohydrate
inducers seem to abrogate native expression heterogeneity because their increased membrane-
permeability may supersede uptake by specific transport systems or by poor diffusion. A
homogeneous expression response was shown here for NP-photocaged IPTG in C. glutamicum as
well as in a recent study employing photocaged arabinose in E. coli (28). Furthermore, the fact that the
strong light induction response was independent of cellular states enables appropriate biomass
production, which is essential for several complex biosynthetic procedures and especially those
leading to the production of toxic compounds. Non-invasive and gradual upregulation of gene
expression by light, moreover, provides a fast and easy option to screen for optimized expression
conditions rendering time-consuming and invasive inducer supplementation obsolete. The established
optogenetic expression modules can thus be applied in novel photomicrobioreactors (51) and single-
cell cultivation platforms (19) to precisely control expression of target genes and thereby fully
automatize the optimization of microbial production processes in a high-throughput fashion. Notably,
the clPTG-based light induction requires elevated expenditures of costs and labor and is further
unsuited for large-scale fermentations where light exposure poses an additional challenge. However,
especially for closed (e.g. anaerobic) systems and increasing numbers of parallelized expression
cultures, non-invasive and spatiotemporal light induction will provide a higher-order control.

For the light-controlled (+)-valencene productions in this study, light induction facilitated the optimal
balance between growth and production (Fig. S6) and provided stronger gene expression levels in
CGXII (Fig. 2D) and thus efficient gene expression for late induction. Noteworthy, those improvements

could not be reproduced by optimizing conventional IPTG induction with respect to inducer

11
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concentration (Fig. S7). Finally, for the light-controlled expression system using the best (+)-valencene
producing strain C. glutamicum VLCS titers of 41.0 mg I and volumetric productivities of 1.46 mg M
' were obtained (Tab. S1). These values are in the same range as obtained with other bacteria and
higher than those obtained with eukaryotic microorganisms. To the best of our knowledge, the highest
titers and volumetric (+)-valencene productivities so far were described for Rhodobacter sphaeroides
expressing the mevalonate operon from Paracoccus zeaxanthinifaciens and the codon optimized (+)-
valencene synthase CnVS which reached a titer of 352 mg I'" with a productivity of 4.88 mg I h' (35).
The yeasts Saccharomyces cerevisiae (1.36 mg I" and 18 ug [ h1), Schizophyllum commune (16.6
mg I and 115 ug I h1) and Pichia pastoris (51 mg I and 1 mg I h1), however, proved suitable for
the in situ conversion of (+)-valencene to more valuable products such as (+)-nootkatone (35, 52, 53).

Future improvements of (+)-valencene production by C. glutamicum might include further engineering
of FPP biosynthesis and process optimization e.g. by fed-batch cultivation with glucose or alternative
carbon sources feeding directly into the MEP pathway. Moreover, the temporal decoupling and thus
independent regulation of FPP and (+)-valencene biosynthetic pathways, e.g. by means of multi-
chromatic optogenetic control (26, 54, 55), might offer potential for de-bottlenecking further optimizing
the metabolic flux towards (+)-valencene biosynthesis. To realize future metabolic flux engineering
and uncoupled just-in-time gene expression, novel molecular tools have to be developed (56, 57).
Here, alternative C. glutamicum expression systems based on anhydrotetracyline, arabinose or

propionate might be interesting targets for future light-controlled expression setups (58—60).
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Oligonucleotides

ispA from E.coli and the codon optimized (+)-valencene synthase gene
oCnVS from Callitropsis nootkatensis

(1) dxs_fwd® CCTGCAGGTCGACTCTAGAGAGGAGGCCCTTCAGATGGGAATTCTGA
ACAG

(2) dxs_rev® CCCTAAGCTTAGACATCTGAAGGGCCTCCTTTATTCCCCGAACAGGG

(3) idi_fwd® CCCTGTTCGGGGAATAAAGGAGGCCCTTCAGATGTCTAAGCTTAGGG

(4) idi_rev CGAGCTCGGTACCCGGGGATCTTACTCTGCGTCAAACGCTTCC

(5) ispA_fwd® CCTGCAGGTCGACTCTAGAGAGGAGGCCCTTCAGATGGACTTTCCGC
AGC

(6) ispA_rev® CGTTGAACATTTCCGCCATATGAAGGGCCTCCTTTATTTATTACGCTG
GATGATG

(7) oCnVS_fwd"

(8) oCnVS_rev

CATCATCCAGCGTAATAAATAAAGGAGGCCCTTCATATGGCGGAAATG
TTCAACG
CGAGCTCGGTACCCGGGGATCTTACGGGATGATCGGTTCCACG

Strains, plasmids and Relevant characteristics or sequence (5'> 3°) References
oligonucleotides
Strains
E. coli DH5a F-, thi-1, endA1, hsdR17(r m), supE44, AlacU169 (®80lacZAM15), recA1,  (61)
gyrA96, relA1
C. glutamicum ATCC 13032 Biotin auxotroph, wild-type strain (38, 62)
C. glutamicum EYFP ATCC 13032 (pEKEx2-EYFP) (32)
C. glutamicum VLC3 ATCC 13032 AcrtE AidsA (pVWEX1-CnVS) (pEKEx3-ispA) (34)
C. glutamicum VLC4 ATCC 13032 AcrtE AidsA (pVWEXx1-0CnVS) (PEKEx3-ispA) This study
C. glutamicum VLC5 ATCC 13032 AcrtE AidsA (pVWEX1) (pEKEx3-ispA-oCnVS) This study
C. glutamicum VLC6 ATCC 13032 AcrtE AidsA (pVWEXx1-dxs-idi) (P EKEx3-ispA-oCnVS) This study
Plasmids
pEKEx2-EYFP Km"; pEKExX2 containing EYFP with an artificial RBS under control of Pis (32)
pVWEX1 KmR; E. colilC. glutamicum shuttle vector for regulated gene expression (43)
(Piac, lacl’, pCG1 oriVe,)
pVWEx1-CnVS pVWEXx1 derivative for IPTG-inducible expression of (+)-valencene (34)
synthase CnVS of Callitropsis nootkatensis containing an artificial ribosome
binding site
pVWEx1-0CnVS pVWEX1 derivative for IPTG-inducible expression of codon optimized (+)- This work
valencene synthase oCnVS from Callitropsis nootkatensis containing an
artificial ribosome binding site
PVWEX1-dxs-idi pVWEX1 derivative for IPTG-inducible expression of 1-deoxy-D-xylulose 5-  This work
phosphate synthase (dxs) and the isopentenyl pyrophosphate isomerase
3 (idi) genes of Corynebacterium glutamicum
_8 pEKEX3 Spec”; E. colilC. glutamicum shuttle vector for regulated gene expression (44)
iz (Puac, lacl, pBL1 oriVeg)
g pEKEX3-ispA pEKEX3 derivative for IPTG-inducible expression of FPP synthase gene (34)
L ispA from E. coli containing an artificial ribosome binding
= pEKEXx3-ispA-oCnVS pEKEX3 derivative for IPTG-inducible expression of FPP synthase gene This work

Artificial ribosome binding site sequences are bolded within Oligonucleotide sequences.
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FIG 1 Light-controlled gene expression in C. glutamicum using clPTG as a photoswitch. A) Two-step release of IPTG from
clPTG by UV-A light-mediated photocleavage and enzymatic hydrolysis of photoproduct esters as described by Young &
Deiters in 2007 (47). B) Gradual upregulation of EYFP expression in C. glutamicum ATCC 13032 (pEKEx-2-EYFP) in
dependence on the time of UV-A light exposure (Ana=365 nm, 0.9 mW cm™) using BHI complex (left) or CGXII-glucose minimal
medium (right) supplemented with 100 uM cIPTG. Relative EYFP fluorescence values originate from biomass-normalized
triplicates and depict low (blue) to high (red) EYFP fluorescence intervals after 20 h of overexpression. Color gradations
represent differential expression outputs obtained by variation of induction time or UV-A light exposure. Maximum biomass-

normalized fluorescence values obtained in both media are means of triplicates and were arbitrarily set to 100 %.
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FIG 2 Comparative analysis of IPTG and cIPTG induction of tac promoter-mediated EYFP expression in C. glutamicum
ATCC 13032 (pEKEx-2-EYFP). Fluorescence ratio intervals of cIPTG- (30 min UV-A, 100 uM) and IPTG-induced (100 uM)
EYFP fluorescence are shown during cultivation in BHI complex (A) and CGXIlI-glucose minimal medium (C) in dependence on
time of induction and on overexpression times. Fluorescence ratios originate from biomass-normalized triplicates and depict low
(blue; superior IPTG induction) to high (red; superior cIPTG induction) ratio intervals in color gradations. Bar plots indicate
individual biomass-normalized fluorescence values as means of triplicates after 3 (left) and 20 h (right) of IPTG- (grey) and
cIPTG-induced (dark gray) EYFP expression in BHI complex (B) and CGXIll-glucose minimal medium (D). Error bars indicate

the respective standard deviations.
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FIG 3 Flow cytometric single-cell analysis of gene expression induced by IPTG and cIPTG in C. glutamicum ATCC 13032
(PEKEx-2-EYFP). Distribution of EYFP fluorescence intensities was plotted against the number of cells (counts). Expression
cultures were compared in BHI complex (A, B) and CGXIll-glucose minimal medium (C, D) and fluorescence measured after 3
(A, C) and 20 h (B, D) of EYFP overexpression and induction with IPTG and light after 5 h of cultivation. For light induction, cells

were exposed to UV-A light (Ans,=365 nm) for 10 and 30 min, respectively, with a light intensity of 0.9 mW cm?.
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FIG 4 Light-controlled (+)-valencene production in C. glutamicum using CGXIll-glucose medium. (A) Biosynthetic route for (+)-
valencene production (3.) based on the MEP pathway (1.) and appropriate isoprenoid pathway gene deletions for improved FPP
precursor supply (2.). To improve the metabolic flux towards FPP, the heterologous gene ispA and, at a later stage, also the
endogenous genes dxs and idi were overexpressed. (B) Screening of engineered C. glutamicum strains VLC3-6 for (+)-
valencene productivity upon IPTG induction (0.1 mM) after different induction time points. (C) (+)-Valencene production upon
IPTG induction (0.1 mM) by strain VLC6 grown for 24 h in flask (light grey) and Flowerplate (dark grey) (D) (+)-valencene
productivity profiles (left) indicating valencene titer intervals from low (blue) to high (red) in mg I'' after 24 h of production with
VLC6 using different times of induction as well as different (c)IPTG concentrations (0.1 and 0.25 mM). Light intensities were
incremented stepwise (100 % here correlates to 0.9 mW cm™?). Results obtained after 4 h induction with 0.1 mM cIPTG marked
with an asterisk are shown in more detail (right). Double asterisks indicate control experiments with IPTG induction. All
averaged data originate from at least three independent biological triplicates. Abbreviations: MEP, methylerythritol phosphate;
IPP, isopentenyl pyrophosphate; DMAPP, dimethylallyl pyrophosphate; GPP, geranyl pyrophosphate; FPP, farnesyl

pyrophosphate; GGPP, geranylgeranyl pyrophosphate. Error bars indicate the respective standard deviations.
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