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Abstract

The quantitative monitoring of intracellular metabolites with in vivo biosensors
provides an efficient means of identifying high-yield strains and observing product
accumulation in real time. In this study, a shikimic acid (SA) biosensor was
constructed from a LysR-type transcriptional regulator (ShiR) of Corynebacterium
glutamicum. The SA biosensor specifically responded to the increase of intracellular
SA concentration over a linear range of 19.5 + 3.6 to 120.9 £ 1.2 fmole at the
single-cell level. This new SA biosensor was successfully used to 1) monitor the SA
production of different C. glutamicum strains; 2) develop a novel result-oriented
high-throughput ribosome binding site screening and sorting strategy that was used
for engineering high-yield shikimate-producing strains; and 3) engineer a whole-cell
biosensor through the co-expression of the SA sensor and a shikimate transporter
shiA gene in C. glutamicum RES167. This work demonstrated that a new intracellular
SA biosensor is a valuable tool facilitating the fast development of microbial SA

producer.

Keywords: shikimic acid biosensor, Corynebacterium glutamicum, transcriptional

regulator, single-cell sorting, high-throughput screening, whole-cell biosensor
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Introduction

Biosensors can be classified into four categories based on their sensing and reporting
mechanisms: 1) transcriptional factor (TF)-based biosensors; 2) riboswitch biosensors;
3) biosensors based on protein interactions (such as fluorescence resonance energy
transfer system); and 4) biosensors based on artificial proteins or proteins with
specific functions'>. Currently, TF-based biosensors are the most widely used due to
the prevalence of prokaryotic TFs that can detect a wide variety of metabolites.
TF-based biosensors have been applied in the high-throughput screening of
engineered bacteria®®, fast selection of desirable mutations® 7 and dynamic regulation
of synthetic pathways® ® °. Recently, such biosensors have also been used in the
adaptive evolution of bacterial strains'® and real-time monitoring of metabolites™**.
Shikimic acid (SA) is a metabolic intermediate of the shikimate pathway (Figure 1), an
important primary metabolic pathway leading to the biosynthesis of aromatic amino
acids and secondary metabolites such as lignin'* and alkaloids'. SA is also used for
the chemical synthesis of Oseltamivir'®. Microbial production of SA has been realized
with engineered strains of Escherichia col'® ', Bacillus subtilis'® °, and
Corynebacterium glutamicum® ?'. Genetic disruption of the shikimate pathway at the
downstream of shikimic acid has been commonly used to generate

shikimate-accumulating strains?*2*

(Figure 1), and further rational engineering of
metabolic networks in shikimate-accumulating strains has been applied to obtain

highly productive strains®® 22, However, the development of productive bacterial

strains using genetic, biochemical or rational engineering strategies is often restricted
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by 1) the limited knowledge of quantitative description of the complex bacterial
physiological status and metabolic network fluxes and 2) the low efficiency of genetic
manipulations and tedious workload required to identify high-yield strains from huge

numbers of mutants® 3¢ !

. Recently, intracellular biosensors have emerged as a
promising tool to overcome these obstacles®, and many TF-based biosensors have

been applied in engineering the production of high-value products such as amino

5, 30 33-35

acids® *°, aromatic compounds®?, organic acids®*°, alcohols®* and other microbial

synthesized chemicals®” %

. Given that SA is a key metabolic intermediate that
networks with many cellular processes and is also a commercially important product,
the development of an SA-specific biosensor is of practical importance.

In this study, a novel SA biosensor was designed and constructed based on the
LysR-type transcriptional regulator ShiR from C. glutamicum®®. The newly constructed
SA biosensor was characterized and used to monitor SA production in C. glutamicum
strains in real time. In combination with a fluorescence-activated cell sorting (FACS)
approach, the SA biosensor was successfully applied in the high-throughput
screening of high-yield SA-producing strains. In addition, this biosensor was further
used to detect extracellular shikimate when a shikimate transporter (shiA) gene was
co-expressed with the SA sensor in C. glutamicum.

Results and Discussion

Design and construction of an SA biosensor based on a LysR-type

transcriptional regulator

The biosensor was designed using a recently reported LysR-family transcriptional
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regulator, ShiR (CgR2524, NCBI Reference Sequence: WP_003863076.1), and its
cognate binding region, i.e., the putative promoter region of the shiA gene (CgR2523,
NCBI Reference Sequence: WP_011897860.1)*. To construct the SA biosensor, the
putative shiA promoter was chemically synthesized and was placed in front of the
eGFP gene. The promoter-eGFP fusion was subsequently cloned into the plasmid
pEC99-lacl* to obtain the biosensor plasmid pSA (Table 1). Considering that the shiR
constitutively expressed in C. glutamicum™®, the shiR gene was not further cloned
onto the pSA for overexpression. The working principle of the intracellular SA
biosensor is illustrated in Figure 2a. In the absence of SA molecules, ShiR binds to
the target promoter region and impedes the transcription of eGFP gene (Figure 2a),
resulting in no fluorescence signal being generated. When the SA exists and binds to
ShiR as an effector, the ShiR-SA complex will activate the transcription of the eGFP
gene, leading to its subsequent translation and the production of fluorescence signals
(Figure 2b). The functionality of biosensor was then tested by microscopy in C.
glutamicum. The pSA was transformed into the SA-accumulating strain AaroK to
obtain the strain LSA and the non-SA-accumulating strain RES167 to obtain the strain
SENSOR, respectively. The shiR on chromosome expressed constitutively in both
strains while the intracellular SA only accumulated constantly in strain LSA. The
fluorescent signals of two strains were detected using a confocal laser scanning
microscopy. As shown in Figure 2c and 2d, the LSA cells displayed much stronger
fluorescence in comparison to the SENSOR cells after incubation for 24 hours,

demonstrating that the biosensor worked well in C. glutamicum as the increase of
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intracellular SA was converted into the enhancement of fluorescent outputs.

The responsive specificity of the SA biosensor was characterized in vivo. Unlike TetR-
or MarR-family TF regulating downstream gene transcription by binding to or
dissociating from cognate DNA sequence in terms of whether the effector is present*”
1 the LysR-family TF binds to its cognate DNA region all the time and regulates gene
transcription by conformational change*?. Therefore, the binding specificity of ShiR, a
LysR-type TF, cannot be characterized using the in vitro EMSA (Electrophoretic
Mobility Shift Assay)*® **. As an alternative, an in vivo approach for characterization of
the biosensor specificity was developed based on the sole-carbon-source culture
experiment performed by Kubota et al*. To identify whether the constructed
biosensor specifically responds to SA, the SENSOR strain was cultured using SA and
its analogues that would present in C. glutamicum during SA production (listed in the
legend of Figure S1) as sole carbon source, and the bacterial growth (ODggonm) as well
as the fluorescence intensity (FI) was monitored during cultivation. As shown in Figure
S1a, though the SENSOR cells grew badly with SA as sole carbon source, the relative
fluorescence intensity (RFI) increased after incubation for 24hours, while for the other
tested chemicals, the SENSOR cells grew well but the RFI did not increase with time.

The results revealed that none of the tested substrates, except for SA, can activate

the fluorescent response of biosensor.

The SA biosensor responded to intracellular SA

To further quantify the functionality of the intracellular biosensor, the plasmid pSA was
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then transformed into a high-SA-accumulating strain C. glutamicum GBTDE?', derived
by introducing a SA synthesis module into AaroK (Table 1), to obtain the new strain
HSA, and the response of SA biosensor to the intracellular shikimate accumulation
was monitored during fermentation. The HSA strain was cultured in Medium B for 13
hours to the late log phase (Figure S2) before the overexpression of SA synthesis
module was initiated by IPTG. The time point when IPTG was added to the culture
was recognized as the starting time for SA fermentation (“hour 0” in Figure 3). The
RFIs and the intracellular SA concentrations were measured with time, and the results
were shown in Figure 3a.The intracellular SA concentration and RFI at time 0 was
19.5 + 3.6 fmole/cell and 212 £ 11 (FI/ODgoonm), respectively. From 0-6 hours, the RFI
increased as the SA accumulated and the intracellular SA concentration reached a
maximum value of 120.9 £ 1.2 fmole/cell at hour 6 and started to decrease drastically
to 36.1 £ 3.1 at hour 11. However, it was surprising to observe that the RFI reached its
peak value of 722 + 27 (FI/ODggonm) at hour 7, one-hour-lagging to the saturation of
intracellular SA. After that, the RFI slightly declined to 635 + 55 at hour 8 and
remained relatively stable from 8 to 11 hours. Further regression analysis revealed
that the RFI linearly responded to the intracellular SA concentration with one-hour lag
(shown in Figure 3b). Namely, the RFls from 1-7 hours linearly responded to the
cytosolic SA accumulation from 0-6 hours and the linear response range of the SA
biosensor to intracellular SA was from19.5 + 3.6 to 120.9 + 1.2 fmole/cell. After that,
though the SA concentration sharply decreased, the RFls remained stable rather than

responded to the SA reduction.
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So far as we know, it was the first time to report such output-delay phenotype of a
TF-based biosensor, of which the causations could be complicated and unclear yet. It
probably related to the existence of rise-time* and transcriptional delay*® in cell
regulation networks, or might be due to the time required for translation and protein
maturation®®. Moreover, it was found that the novel SA biosensor could sensitively
respond to the increase of SA concentration but not to its decrease, which seemed to
be logical since the removal of SA from TF-effector complex and the clearance of
existed transcripts and florescent proteins needed time*” 8 4°.

In summary, the above results suggested that the SA biosensor could be applied for
quantification of the increase of intracellular SA at concentrations ranging from 19.5 +
3.6 to 120.9 £ 1.2 fmole/cell. Noticeably, the detection range of the biosensor to the
intracellular SA is strain-dependent as the 120.9 * 1.2 fmole is the maximum
concentration that the intracellular SA can reach in a C. glutamicum cell and due to
which whether the biosensor responds to SA concentrations higher than 120.9 fmole
cannot be determined in C. glutamicum. If the biosensor will be further used in other

bacteria species, re-characterization of the strain-dependent detection range is

obligatory.

The SA biosensor is applicable for monitoring SA production in C. glutamicum
The applicability of biosensor in real-time monitoring of SA production in SA producers
was validated. The biosensor was transformed into three SA producers to obtain LSA

(low-productivity), MSA (mid-productivity) and HSA (high-productivity), respectively
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(see table 1). Three strains were separately cultured to the late-log phase and the SA
fermentation was initiated by adding 1mM IPTG to the cultures. The culture broth was
sampled regularly since then. As shown in Figure 4a, the final SA titers in medium
broths of LSA, MSA and HSA strains were 1.55 + 0.06, 3.96 + 0.23 and 16.41 + 0.75
mM, respectively. The correlation analysis (Figure 4b) showed that the RFls of the
LSA and MSA strains were linearly correlated with their SA titers over the entire
fermentation period (0-52 hours), whereas for the high-yield strain HSA, the RFls
partially responded to the increase in SA titers from 0 to 7 hours. Specifically, as the
SA titers increased from 0.50 + 0.07 mM at hour 0 to 4.24 + 0.23 mM at hour 7, the
RFls increased correspondingly demonstrating a linear response to the increased SA
titers. After 7 hours, the RFI remained at a constant level without further increase. In
conclusion, the SA biosensor was applicable for real-time monitoring of SA production
in different C. glutamicum producers as long as the titer was below 4.24 + 0.23 mM.

Actually, when we used the biosensor to monitor SA production, we essentially still
monitored the change of intracellular SA concentration within the SA producer, only
that the increase of intracellular SA in cells correlated with the increase of SA titer in
broth. Once the cytoplasmic SA reached the maximum concentration and declined
afterwards, the positive correlation between intracellular and extracellular SA
disappeared, and the fluorescence could not reflect the increase of SA titer anymore.
Given that SA is a key intermediate of the shikimate pathway, which networks with
many cellular processes, the development of an SA-specific, on-line monitoring

approach is of practical importance.
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Application of the SA biosensor in single-cell sorting and high-throughput
screening of an RBS library for a high-yield C. glutamicum strain

In addition to monitoring SA production, we also used the new SA biosensor to screen
for high-yield C. glutamicum strains at the single-cell level. To achieve this, a
high-throughput sorting method based on the SA biosensor was established. The
efficiency of the SA biosensor-based FACS approach was evaluated using a mixture
of HSA and LSA cells. As shown in Figure 5, two distinct cell populations (I and Il)
were separated in terms of fluorescence intensity. Cells with top 50% strongest
fluorescence in population Il were sorted into 96-well plate for cultivation, and their
identities were determined by PCR amplification of a targeted DNA fragment. The
results showed that 94 out of 96 cells were HSA cells, representing a fairly high
sorting accuracy.

The tktA gene encodes a transketolase that catalyzes the formation of E4P, a direct
precursor of the shikimate pathway (see Figure 1), and overexpression of tktA has
been used as an efficient metabolic engineering strategy to improve SA production®.
Gene expression in bacteria is commonly controlled using promoters, besides that, a
relatively overlooked cis element is RBS which has been shown to have a strong
influence on translation strength®" *°. Though increasing studies have used RBS as a
regulatory tool in tuning genetic circuits, precise selection of an optimal RBS from a
large-scale library for the target gene is still a challenge®” °" %2 In this work, the
biosensor-based FACS approach was used to screen a tkt{A RBS library to optimize
gene expression for SA production. To obtain high-yield C. glutamicum strains, the

RLIB cells (strain LSA harboring tkt{A RBS library pRLIB, Table 1) were induced with
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IPTG for 27 hours to overexpress the tktA gene under control of different RBSs and
screened by flow cytometry (Figure 6a). The LSA was used as a negative control, and
the RLIB cells having stronger fluorescence than the control group were considered to
be positive. To reduce false positive cells, two rounds of pre-sorting and a final sorting
step were performed (Figure 6b-6d). The sorted single cells were cultivated in a
96-well plate. After further incubation and induction of these sorted cells, the
fluorescence of each strain was measured, and the results were presented in Figure
6e. Three strains (strains 13, 22 and 23) with the strongest FI were chosen for
scaled-up fermentation in 500-mL flasks. The TKTA strain harboring an
overexpressed tktA gene controlled by a strong RBS (designated as RBS,; Table 1)
was used as the positive reference, while the LSA strain was used as the negative
control. As shown in Figure 6f (the bar chart), strain 22 had the highest SA vyield.
Compared with strain TKTA, the SA titer of strain 22 increased 90% to 3.72 £ 0.35
mM, a more than 2.4-fold improvement over the LSA strain. These results validated
the applicability of the biosensor-based FACS approach in developing an SA
high-yield C. glutamicum strain. Such high-throughput screening strategy enabled fast
selection of high SA production mutants without much concern for the engineering
strategy or workload.

The tktA RBS sequences of strains TKTA, 13, 22, and 23 were listed in Figure 6g, and
the RBS sequence from strain 22 was considered to be the optimal RBS for tktA
overexpression in C. glutamicum for SA production purposes. To quantitatively

characterize the strengths of the obtained RBSs, four plasmids for expression of the
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RBS-tktA-egfp fusion were constructed (designated pRBS,-TE, pRBS;;-TE,
pRBS,,-TE, and pRBS.-TE,). The tktA-egfp fusion without an RBS sequence
(designated pTE) was used as a negative control. The constructed plasmids were
expressed in C. glutamicum RES167, and the RFls were measured and are shown in
the line chart of Figure 6f, which clearly indicated that the strength of RBS,; and
RBS,; was one-fifth of the RBS,’s , while the RBS,, was one-third of RBS,. As we
known, the optimal RBS for a specific gene should have a ribosome-recruiting rate
identical to (or slightly below) the slowest rate at which the ribosomes pass through
the codons of mRNA®: ®* 5 Therefore, translational over-initiation mediated by
over-strong RBS would cause an additional burden or detriment to cells, and should
be prevented during RBS engineering. The biosensor-based FACS method was
validated to be an effective and precise strategy for RBS optimization, as it enabled
the result-oriented in situ screening of the best-fit RBS sequence for the target gene in
consideration of the complex cellular physiology and orthogonality of the genetic
networks. A similar top-down screening strategy may also work for the selection of
optimal promoters, terminators and other regulatory parts. In fact, due to the
complexity of physiology, the traditional bottom-up design-based engineering strategy
runs into a stone wall at times. Alternatively, the biosensor-based high-throughput
engineering strategy enabled the optimal combination of genetic parts to be achieved
without comprehensive knowledge of each individual part, which was obviously more

efficient®® %.
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Construction of a whole-cell biosensor for extracellular SA detection by
engineering the in vivo SA biosensor

According to the results of the biosensor-specificity experiment (Figure S1a), the
SENSOR strain hardly grew with the supplemented SA as sole carbon source.
Bioinformatics analysis of the C. glutamicum ATCC13032 genome revealed that this
parent strain of RES167 lacked a shiA gene, which was found in other strains as C.
glutamicum R* to encode a shikimate transporter for transportation of extracellular
SA into the cytoplasm. Considering this, a shiA expression cassette was constructed
and inserted into the pSA plasmid to obtain the novel plasmid pWCSA (Figure 7). The
pWCSA plasmid was then transformed into C. glutamicum RES167 to obtain the
strain WCSENSOR, which was further characterized by its response to extracellular
SA as well as other carbon sources. As shown in Figure S1b, the WCSENSOR was
able to grow well using SA as sole carbon source and response specifically to SA.
Then, the dose response of WCSENSOR cells to extracellular SA concentrations of 0
to 900 mM (pH 7.4) was characterized. The responsive range of WCSENSOR cells to
the supplemented SA concentration was from 0 to 500 mM, while the RFI of
WCSENSOR cells began to decrease when the SA concentration exceeded 500 mM
(Figure S3). Further regression analysis of the response curve revealed that the RFls
of WCSENSOR cells logarithmically correlated with extracellular SA concentrations
ranging from 0 to 500 mM (Figure 8a), while the linear detection range of the
whole-cell biosensor was further experimentally determined to be between 1 and 100
mM as shown in Figure 8b. In summary, by introducing a shikimate transporter into

the SA biosensor plasmid, the C. glutamicum cells harboring the modified biosensor
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could respond to external SA and thus, can be used as a whole-cell biosensor to
detect extracellular SA over a wide dynamic range, which can be further applied in
many research fields, such as environment monitoring and bioengineering®”°.

A most recent publication reported an Escherichia coli-based whole-cell SA biosensor
constructed by mutagenesis of the uric acid-responsive regulatory protein, which was
successfully applied in analyzing and engineering the metabolic flux of shikimate
pathway in E. col®'. However, there are many differences between our work and
theirs, regarding the biosensor-constructing strategy, detection range, screening
approach, bacterial chassis and applicable fields. Firstly, we constructed an
intracellular biosensor that specifically responded to intracellular SA and then
developed an additional whole-cell biosensor to sense extracellular SA based on it,
while the reported biosensor was a whole-cell biosensor; Secondly, our novel
whole-cell biosensor has a way boarder detection range (0-500 mM) in comparison to
the reported one of which the responsive range to external SA was 0-20 mM; Thirdly,
our intracellular SA biosensor enabled a high-throughput FACS-based single cell
screening approach, while the recent published work screened mutants by visually
comparing the color variations among colonies. Given that the number of single
colony on one plate is generally about 100-1,000 (only the colonies on the same plate
are comparable) while over 10,000 single cell can be screened by FACS per minute
and over 10° cells were collected in each sorting step, the FACS-based screening

approach is apparently a more high-throughput and time-saving screening strategy;

Fourthly, instead of E. coli, we used the C. glutamicum as the chassis for
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characterization and proof-of-principle application of biosensor, because the C.
glutamicum, as an important GRAS (Generally Recognized as Safe) industrial
bacterium, is a more promising SA producer deserving more attention and further
improvement; Finally, besides of metabolic engineering of shikimate pathway, our
study has broadened the applicable fields of SA biosensor to fast development of SA
high-yield strain, resulted-orientated optimization of regulatory parts such as RBS,

real-time monitoring of SA production, and environmental SA detection.

Methods

Bacterial strains, media and growth conditions

The bacterial strains and plasmids used in this study are listed in Table 1. E. coli and
C. glutamicum were cultivated as previously described”. When needed,
chloramphenicol and kanamycin were used at final concentrations of 10 and 25
Mg/mL, respectively. The SA production of different C. glutamicum strains was carried
out in 500-mL flasks containing 100 mL of medium B?'. Each strain was inoculated
and incubated for 13 hours to reach a late-log phase and (if necessary) 1 mM of
isopropyl B-D-1-thiogalactopyranoside (IPTG) was added to the culture to initiate the
overexpression of SA synthesis modules as pGBTDE and pGBD9, the tkiA RBS
library pRLIB or other targeted genes as tktAs and tktA-eGFP fusions under control of
different RBSs. The time point when the IPTG was added to the culture was
recognized as the starting time for fermentation or SA production. The RBS strength

assay and dose-response experiments of the SA whole-cell biosensor were
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performed in MS medium? with or without 0.2% sucrose. Competent cells were
prepared and electro-transformed following a previously reported protocol®.

DNA manipulations

The plasmid pEC99-/ac/ was derived from pEC-XK99E?' by replacing the promoter
P, the rrnB T1T2 terminator and the /lacl® promoter with the Biobrick adapter63 by
PCR (primer pair: P_99-lac/" F and P_99-lac/* R, Table 1) and Gibson assembly
(NEB, the United Kingdom). The promoter region to which ShiR binds (see Table 1),
eGFP (NCBI accession number: AFA52654.1 ), and the rrnB T1T2 terminator region,
designed to carry the standard Biobrick cutting sites, were synthesized (GENEWIZ
Inc., China) and ligated into pEC99-/ac/® using Biobrick assembly® to obtain the pSA
plasmid (Figure 1). The pBiobrick19 vector was derived from pXMJ19%' by replacing
the expression cassette (promoter Py, the rrnB T1T2 terminator) with the Biobrick
adapter using PCR (primer pair: P_ pB19_F and P_ pB19_R, Table 1) and Gibson
assembly (NEB, the United Kingdom). The tktA sequence (NCgl1512, NCBI
accession number: NP_600788.1) was synthesized to retain the Biobrick adapter and
a strong RBS sequence (AAAGGAGTTGCTT) and was subsequently cloned into
pBiobrick19 to obtain the pTKTA plasmid. The plasmid pWCSA was constructed by
the insertion of a shiA expression cassette, containing a synthesized shiA gene (NCBI
Reference Sequence: WP_011897860.1) under regulation of the constitutive
promoter P45 (the sequence is shown in Table 1) with a terminator (the sequence is
shown in Table 1), into the pSA plasmid.

Confocal laser scanning microscopy
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The glass slabs with bacteria were examined using a LEICA TCS SP8 confocal
microscope (Leica Microsystems, Germany) with a 60 x oil objective. The emission
wavelengths were from 499-542 nm, and the excitation wavelength used was 488 nm.
The images were taken under one X-Y plane.

Measurement of fluorescence intensity of C. glutamicum cells

To measure the fluorescence intensity (Fl), the C. glutamicum cells were suspended
in MS medium?' and transferred into a 96-well plate, then were scanned using a
BioTek® synergy H4 Hybrid Reader (BioTek Instruments, Inc, USA) with an excitation
wavelength of 488 nm, an emission wavelength of 509 nm and a sensitivity parameter
of 75. In addition, the 96-well plate was also scanned at 600 nm to determine the
optical density (OD) of the cell samples. Relative fluorescence intensity represents
the fluorescence intensity per unit optical density of cells (FI/ ODggonm)- All the values
shown were the means of duplicates.

Characterization of the intracellular biosensor specificity

The specificity assay was developed from the previous reported sole-carbon-source
culture experiment®. The strain SENSOR or WCSENSOR was incubated in MS
medium with 20 mM of quinic acid (QA), protocatechuate (PCA), 3-dehydroshikimate
(DHS), 3-dehydroquinate (DHQ), shikimic acid (SA) or sucrose (SUC) as sole carbon
source, cells incubated in MS medium without carbon source was used as negative
control (BLK). Samples were taken after incubation for O hour, 24 hours and 48 hours,
and the ODgqonm as well as the Fl was measured with the method mentioned above.

Measurement of intracellular SA concentration in C. glutamicum
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The C. glutamicum strain HSA was inoculated in medium B with an inoculum size of
1.5% v/v, and incubated for 13 hours to enable the cells to reach a late log phase.
Then SA fermentation was started by adding 1 mM IPTG to each culture to induce the
expression of shikimate synthesis module pGBTDE. Two milliliter cultures were
sampled every hour after fermentation for 0 to 12 hours. Immediately after sampling,
the cell pellets were collected by centrifugation at 13,000 rpm for 30 seconds at 4 °C
and re-suspended with 100 pl of pre-cooled 20 mM pH 7.4 This-HCI buffer. The cells
were then re-collected using a previous reported silicon oil centrifugation approach®
by replaced the 20% perchloric acid with 50 ul of 20% sucrose solution. The collected
cells were stored at -80 °C to cease the cell metabolic activities. To quantify the
intracellular SA concentration of cells, each cell sample was re-suspended in 500 pl of
20 mg/ml lysozyme (Amresco, USA), and the cell suspension was treated with
ultrasonication for 10 min (set: 20% power, work for 3 s, and stop for 5 s). The cellular
lysates were centrifuged at 13000 rpm for 2 min at 4 °C, and the supernatant was
collected for further measurement of SA concentration using an HPLC system as
described previously?'. The number of cells was calculated by the plate counting
method®®. Each experiment was performed three times for duplicates.

Monitoring SA production in C. glutamicum cultures

The shikimate-producing C. glutamicum strains HSA, MSA and LSA were incubated
and fermented as depicted previously, and the cultures were sampled regularly during
cell growth and fermentation. Samples were centrifuged at 10,000 rpm for 1 min, and

the supernatants were stored to measure SA titers using HPLC-based approach?".
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The harvested cells were washed twice with and re-suspended in MS medium. Then,
200 pL of cell suspensions were taken for measurements of Fl and ODggonm values
using the method described in the previous section. Each experiment was performed
three times for duplicates.

Construction of an RBS library for optimization of tktA translation during SA
production

The tktA RBS library (pRLIBs) was synthesized (GENEW!IZ, Inc., China) by random
mutation of the last eight bases of the reported tktA RBS sequence
(AAAAGGNNNNNNNN)?" and was cloned into plasmid pBiobrick19. The RBS library
was then transformed into LSA cells to prepare the RLIB cell library for further
screening. The RLIB cells were cultivated in BHI medium?' at 30 °C, at 200 rpm for 4
hours and then inoculated into BHI containing 10 pg/mL chloramphenicol and 25
pMg/mL kanamycin for overnight cultivation. To ensure that the RFI of each single cell
was comparable, the screening was performed using cells in which the SA
concentration was below SA cytoplasmic saturation concentration. Therefore, the
proper induction time was determined experimentally. The RLIB cultures were
induced with IPTG for set times (from 8 to 40 hours) to determine the optimal
induction time. The fluorescence of non-induced cells was defined as the reference,
and the enhanced fluorescence from the induced cells was considered to be positive.
For each incubation period, 5%10° cells were recorded by flow cytometry and the rate
of positive fluorescent cells was analyzed. As shown in Figure S4, the proper

induction time for the RLIB strain was experimentally determined to be 27 hours since
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the highest percentage of positive fluorescent sorted cells was at this time point.
Single-cell sorting with flow cytometry

High-throughput cell screening and sorting was achieved by flow cytometry using a
FACS Aria Il (BD Biosciences, San Jose, USA), with the excitation and detection
wavelengths set at 488 and 530 nm, respectively. The four-way purity mode was used

for cell sorting to exclude impurities and non-targeted particles. The threshold rate

was 5000 events per second, and sterilized PBS buffer®® was used as the sheath fluid.

The LSA strain was used as a negative control in all flow cytometry experiments. Cells
were sorted based on fluorescence enhancement compared to the parental strain.
Data were analyzed with the FlowJo FC analysis software 7.6.1.

For single-cell sorting, two rounds of pre-sorting and one round of single-cell sorting
were performed to reduce the influence of false positives and random error. The LSA
strain was used as a negative control, and RLIB cells with enhanced fluorescence
readouts were considered to be positive. For the pre-sorting steps, the RLIB cells,
which were pre-induced for a sufficient time in BHI medium, were diluted to 10’
cells/mL and analyzed by flow cytometry. Approximately 10° cells with the top 20%
highest fluorescence (10% for the second round of pre-sorting) were separated and
collected with 1.5 mL-Eppendorf tubes containing 200 yL of BHI medium. The
collected cells were then transferred into a 10-mL glass tube containing 1 mL of BHI
medium with kanamycin and chloramphenicol for a 48-hour enrichment growth. The
two-round pre-sorted cells were then used for the single-cell sorting. In the final round

of sorting, single cells with top 5% highest fluorescence intensities were successively
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spotted into a 96-well plate containing 200 uL of BHI medium for a 48-hour cultivation.
The single cell in each well of the 96-well plate was cultivated and then inoculated into
two 48-well plates with 800 pL of fresh medium B in each well for fermentation. The
fermentation cultures were transferred into a 96-well plate for fluorescence screening
with the microplate reader mentioned above. Several strains with relatively strong FI
were selected for further testing of SA production in 500-mL flasks.

Extracellular SA supplementation experiments

To characterize the response of the biosensor to different concentration of SA
supplemented in growth medium, the C. glutamicum strains SENSOR and
WCSENSOR was inoculated in MS Medium with 2% sucrose and cultured overnight
at 30 °C. The overnight culture was then separated into several equal portions
according to the SA concentrations designed for dose-response experiments. Each
portion of cells was harvested by centrifugation at 6000 rpm for 5 min and was
re-suspended in the same volume of MS medium containing a specific concentration
of SA (0-900 mM) as the sole carbon source. Three parallel samples were prepared
for each SA concentration. The new cultures were aliquoted into a 96-well plate and
incubated at 30 °C at 800 rpm for 4 hours. The 96-well plate was scanned with a

microplate reader and the RFls were determined as described above.

Supporting Information

Supplementary Figure S1. The responsive specificity of the constructed biosensor to

SA and the growth ability of strain SENSOR and WCSENSOR using SA as sole
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carbon source.

Supplementary Figure S2. The growth curves of strain RES167, LSA, MSA and HSA
incubated in Medium B.

Supplementary Figure S3. The ODggonm Values and the Fls used for characterization
of the RFI that responded to the intracellular SA concentrations.

Supplementary Figure S4. The dose response of WCSENSOR cells to extracellular
SA concentrations ranging from 0 to 900 mM.

Supplementary Figure S5. FACS-based analysis of the RLIB cultures induced for a

different time.
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a) Table 1. Bacterial strains, plasmids and primers used in this study

Strains/plasmids/ Source/refer-
Primers Relevant characteristics ence/notes
Strains

F endA1thi-1 recA1 relA1 gyrA96deoR®80dlacA(lacZ)
E. coli DH5a M15 A(lacZYA-argF)U169hsdR17(r«_, m ") A" supE44 Transgene

C. glutamicum
RES167

AaroK

GBD9
GBTDE
SENSOR
WCSENSOR
LSA

MSA

HSA

RLIB

TKTA

Plasmid

pXMJ19

pBiobrick19

pEC-XK99E

pEC99-lacl™

pSA
pWCSA
pGBD9

pGBTDE
pRLIB

pTKTA

phoA

Restriction-deficient mutant of C. glutamicum ATCC
13032, lacking the restriction-modification locus and a
large fragment of CGP3 prophage

C. glutamicum RES167 with deletion of a fragment of DNA
encoding for aroK

AaroK harboring pGBD9

AaroK harboring pGBTDE

RES167 harboring pSA

RES167 harboring pWWCSA

AaroK harboring pSA

GBD9 harboring pSA

GBTDE harboring pSA

LSA harboring pRLIB

AaroK harboring pTKTA

C. glutamicum/E. coli shuttle vector (Cam', Py, lacl®, pBL1
0riVe g, PK18 0oriVe coii)

Derived from pXMJ19 by replacing the expression
cassette with Biobrick adapters

C. glutamicum/E. coli shuttle vector (KanR, P, lacl®,
pGAT1 per gene)

Derived from pEC-XK99E by replacing the promoter Py,
the rrnB T1T2 terminator and the /lac/® with Biobricks
adapters

pEC99-lacl* carrying eGFP gene under the control of the
ShiR cognate promoter region

pSA carrying the shiA gene controlled by constitutive
promoter P g5

pBiobrick19 carrying a heterogeneous shikimate synthesis
module

pXMJ19 carrying RBS-optimized shikimate synthesis
module

pBiobrick19 carrying tktA gene with saturated RBS library
pBiobrick19 carrying tktA gene with recognized strong
RBS,*
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University of
Bielefeld ®"

21

This study
21

This study
This study
This study
This study
This study

This study
This study

University of
Bielefeld

This study
University of
Bielefeld
This study
This study

This study

This study

21

This study

This study
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pTE pXMJ19 carrying tktA-eGFP fusion gene without RBS

pXMJ19 carrying tktA-eGFP fusion gene controlled by
pRBS,-TE

RBS,*

pXMJ19 carrying tktA-eGFP fusion gene controlled by
pRBS13-TE

RBSy5*

pXMJ19 carrying tktA-eGFP fusion gene controlled by
pRBSQQ-TE

RBS,,*

pXMJ19 carrying tktA-eGFP fusion gene controlled by
pRBSzyTE

RBS,5*
Primers Sequence
P_99-lacl®_F CATGAATTCGAGCTCGGTACCCGGGGAT
P_99-lacl™_R CATGAATTCGTGTCAACGTAAATGCATGCCGCTTC
P_pB19 F GCAGAATTCGCGGCCGCITCTAGAG
P_pB19 R

GATGAATTCCTCAGGGCCAGGCGGTGAAGGGCAATC

Sequence ID Sequence
GCAGAATTCGCGGCCGCTTCTAGACAAAAGAGGCCTA
AAAATTAGGGGGAAATTAGGTCTCAAACAGAGATTTTT
TCAATTAGTTTTGTGGTGTTTTCACACGGCTTCACACT

shiA promoter CTCAATAGTTTCTATTTACAAAGGTTAACGCCATAAAAG
region (ShiR TGGCCTCCACTACATAATTAAGTCAAAATCTTACTTAAA
cognate promoter GAATGTGGAATTGCGCATTTCTCTTACAAAGTGATCCG
region) CCATATAGTTCATTCCATTGGTATCCAGCTCACAGTTTA

GGTTCCAAACGGATAGCCACTTGACCTAAATACCCATT
CCTTTGAGAGGGAATACGACTAGTAGCGGCCGCCTG
CAGGCT

Synthesized

constitutive TTGACAAATAAGGTTGTATGTGCTATAATGGACC

promoter P45
AGCTTGGCTGTTTTGGCGGATGAGAGAAGATTTTCAG
CCTGATACAGATTAAATCAGAACGCAGAAGCGGTCTG
ATAAAACAGAATTTGCCTGGCGGCAGTAGCGCGGTGG
TCCCACCTGACCCCATGCCGAACTCAGAAGTGAAAC
GCCGTAGCGCCGATGGTAGTGTGGGGTCTCCCCATG
CGAGAGTAGGGAACTGCCAGGCATCAAATAAAACGAA
AGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTATCTG
TTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAAT
CCGCCGGGAGCGGATTTGAACGTTGCGAAGCAACGG
CCCGGAGGGTGGCGGGCAGGACGCCCGCCTCTACA
AACTCT

Terminator
sequence

This study

This study

This study

This study

This study

This study
This study

This study
This study

39

69

21

*the sequence of each RBS is shown in Figure 6g.
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Figure caption

Figure 1. Schematic diagram of shikimate pathway in C. glutamicum. GAP:
glyceraldehyde-3-phosphate, PEP: phosphoenolpyruvate, E4P:
erythrose-4-phosphate, DAHP: 3-deoxy-D-arabinoheptulosonate-7-phosphate, DHQ:
3-dehydroquinate, DHS: 3-dehydroshikimate, SA: shikimic acid, S3P:
shikimate-3-phosphate, EPSP: 5-enolpyruvyl-shikimate  3-phosphate, CHA:
chorismate, PCA: protocatechuate, QA: quinic acid; aroG: DAHP synthase, aroB:
DHQ synthase, aroD: DHQ dehydratase, aroE: SA dehydrogenase, aroK: SA kinase,
aroA: EPSP synthase, aroC: CHA synthase, qsuB: DHS dehydratase, gqsuD: QA
dehydrogenase, tktA: transketolase, TCA cycle: tricarboxylic acid cycle;
Shikimate-accumulating strain AaroK was derived by disrupting the arok gene of C.
glutamicum RES167. This figure was adapted from?",

Figure 2. Construction and verification of the intracellular SA biosensor. (a, b) the
schematic diagram of the biosensor. In panel a, ShiR binds to the promoter region and
impedes the expression of the eGFP gene in the absence of SA. In panel b, SA binds
to ShiR and causes a protein conformational change, which initiates the synthesis of
eGFP and generates fluorescence signals in C. glutamicum. (c, d) the confocal laser
scanning microscopic images of non-SA-accumulating strain SENSOR (c) and
SA-accumulating strain LSA (d). The shiR on the chromosome expressed
constitutively in both strains, while SA only accumulated in LSA. The LSA cells
displayed much stronger fluorescence in comparison to SENSOR cells after

incubation for 24 hours.
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Figure 3. The dose response of the biosensor-derived RFI to the intracellular SA
concentrations during the fermentation of the HSA strain. (a) The changing curves of
the RFI and the intracellular SA concentrations over time. The SA synthesis module
pGBTDE was induced with IPTG for overexpression after the HSA cells were cultured
to a late log phase, and the time point when 1mM IPTG was added to the culture was
recognized as induction time 0; Circle: RFI (FI/ODggnm), triangle: intracellular SA
concentration (fmole/cell). (b) The linear correlation between RFIs and intracellular SA.
The regression analysis revealed that the RFI was linearly respond to the intracellular
SA concentration with one-hour lag, R?=0.92.

Figure 4. Production (a) and monitoring (b) of the SA titer with the C. glutamicum
strains LSA (circle), MSA (triangle) and HSA (square). In panel a, the time point when
IPTG was added to the culture was recognized as fermentation time O; In panel b, the
solid line indicates the linear response of biosensor-derived RFI to the SA titer;
(R?=0.97, R,?=0.96, R3?>=0.91).

Figure 5. Cell sorting of the C. glutamicum HSA and LSA mixed culture using flow
cytometry. The contour plots (a) and histogram (b) of the SSC signal and the eGFP
fluorescence. In panel a, the sorting gate is framed by a trapezoid to separate cells
with the top 50% highest fluorescence from population 1.

Figure 6. Flow diagram of the biosensor-based screening of the tktA RBS library and
selection of high-yield C. glutamicum strain at the single-cell level with FACS. (a-d)
The trapezoidal gate indicates the positive threshold. Cells distributed on the right

side of the gate were considered to be fluorescence positive. The rectangle gate
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indicates the sorting gate. (a) FACS of the LSA strain, used as a negative control. The
positive rate for the control strain was set at 0%. (b) First-round pre-sorting of RLIB

cells. The positive rate was 6.4% and the top 20% of the positive cells were collected.

(c) Second-round pre-sorting of RLIB cells collected from the first-round of pre-sorting.

A total of 26.5% of counted cells were positive, of which the top 10% cells were
collected. (d) Final-round single-cell sorting of RLIB cells derived from the
second-round pre-sorting. Approximately 46% of the cells were fluorescence positive,
and the top 5% of positive cells were targeted for single-cell separation in a 96-well
plate. (e) The fluorescence screening of sorted cells with a microplate reader. The Fls
were exhibited using color gradation chart. The Fl was proportional to the intensity of
color. (f) Strains 13, 22 and 23 were selected for further fermentation in 500-mL flasks.
The SA titer of each strain after 48-hour fermentation was exhibited in the bar chart;
the strength of each RBS sequence, characterized using the RFI of TktA-eGFP fusion
after induction for 27 hours, was shown in the line chart. (g) The RBS sequences in
each strain are indicated.

Figure 7. Construction of the pWCSA plasmid by insertion of a shiA expression
cassette into pSA plasmid.

Figure 8. The response of whole-cell SA biosensor to SA concentrations in culture
medium. (a) The RFI of WCSENSOR cells logarithmically correlated with extracellular
SA concentration from 0 to 500 mM (R;?=0.94); while from 0-100 mM, the RFI and
extracellular SA had a linear correlation trend as shown in the enlarged figure at the

lower right corner (R;°=0.85). (b) The linear detection range of the whole-cell
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747  biosensor for SA was between 1 and 100 mM (R;*=0.99).
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New intracellular shikimic acid biosensor for monitoring shikimate synthesis in

Corynebacterium glutamicum
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