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Abstract

The xylose oxidative pathway (XOP) is continuously gaining prominence as an alternative for the traditional pentose assimilative
pathways in prokaryotes. It begins with the oxidation of D-xylose to D-xylonic acid, which is further converted to o-ketoglutarate
or pyruvate + glycolaldehyde through a series of enzyme reactions. The persistent drawback of XOP is the accumulation of D-
xylonic acid intermediate that causes culture media acidification. This study addresses this issue through the development of a
novel pH-responsive synthetic genetic controller that uses a modified transmembrane transcription factor called CadCA. This
genetic circuit was tested for its ability to detect extracellular pH and to control the buildup of D-xylonic acid in the culture media.
Results showed that the pH-responsive genetic sensor confers dynamic regulation of D-xylonic acid accumulation, which adjusts
with the perturbation of culture media pH. This is the first report demonstrating the use of a pH-responsive transmembrane
transcription factor as a transducer in a synthetic genetic circuit that was designed for XOP. This may serve as a benchmark for the
development of other genetic controllers for similar pathways that involve acidic intermediates.
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Introduction substrate. D-xylose is advantageous over other sugars as it

mainly comprises the pentose content (up to 35%) of ligno-
In recent years, there has been an increasing interest in the  cellulosic biomasses as promising renewable resources which
development of microbial cell factories using D-xylose as a  do not compete with food crops (Girio et al. 2010). Moreover,
the unconventional D-xylose oxidative pathway (XOP) has
been successfully employed as the main biosynthetic pathway
for the production of many renewable and valuable com-
pounds (Valdehuesa et al. 2018). Such biological platforms
involved industrial microbial hosts like Saccharomyces
cerevisiae, Klebsiella pneumoniae, Pseudomonas putida,
and Corynebacterium glutamicum that were engineered either
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an antifreeze agent and as a precursor for poly (ethylene
terephthalate).

The XOP begins with the oxidation of D-xylose to D-
xylonic acid by an NAD"-dependent xylose dehydrogenase.
This is followed by dehydration of D-xylonic acid into 2-keto-
3-deoxy-D-pentonate (KDX) by a xylonate dehydratase.
KDX may go through (1) the Weimberg route (Weimberg
1961), wherein it is dehydrated and then oxidized to form o-
ketoglutarate or (2) Dahms route (Dahms 1974), wherein it
undergoes aldol cleavage between carbon 3 and 4 to form
pyruvate and glycolaldehyde. These two XOP routes have
one persistent problem — the extracellular accumulation of
D-xylonic acid (Banares et al. 2019). Traditional metabolic
engineering strategies have been implemented to address this
issue, such as pathway optimization by identifying bottle-
necks and selection of the best enzymes for the downstream
conversions (Valdehuesa et al. 2015; Sun et al. 2016;
Cabulong et al. 2017; Cabulong et al. 2018a), promoter mod-
ifications (Cabulong et al. 2017), and maintenance of redox
homeostasis (Wang et al. 2018; Cabulong et al. 2018b).
Synthetic biology tools have also been used for the improve-
ment of XOP as exemplified by the development of an auto-
inducible system using quorum sensing mechanism for the
production of 1,4-butanediol in E. coli (Liu and Lu 2015).
This was done to control the flux of D-xylose as a sole carbon
source for 1,4-butanediol production and LB medium for cel-
lular growth and maintenance. Recently, a D-xylonate-
responsive promoter was employed to directly regulate the
xylose dehydrogenase expression (Bafiares et al. 2019).
These strategies have, to a certain degree, minimized D-
xylonic acid accumulation while improving the titer of a target
compound.

Earlier works have shown that secretion of excess D-
xylonic acid causes culture media acidification, which is det-
rimental to the cell growth and re-assimilation of the same
metabolite (Liu et al. 2012; Valdehuesa et al. 2014). These
changes in the extracellular pH are detected by E. coli through
its several pH sensing systems. One of the extensively studied
pH-responsive systems is the transmembrane one-component
regulator called the CadC (Fig. 1). It is a membrane-integrated
one-component bitopic protein with a periplasmic sensor do-
main and an intracellular winged helix-turn-helix DNA-
binding domain (Jung et al. 2018). This transcriptional regu-
lator is activated by low extracellular pH and lysine (Neely
and Olson 1996). Its periplasmic domain directly senses the
decrease in extracellular pH (less than 6.8) through a patch of
acidic amino acids (D198, D200, E461, E468, and D471),
which undergo protonation when exposed to low pH resulting
in dimerization of the periplasmic domain, triggering receptor
activation (Jung et al. 2018; Dell et al. 1994; Haneburger et al.
2011; Eichinger et al. 2011; Lindner and White 2014).
However, the pH sensitivity of CadC can only be activated
upon destabilization of its interaction with the lysine permease
(LysP). The CadC complex with LysP is relieved in the pres-
ence of extracellular lysine at a concentration greater than
0.5 mM (Tetsch et al. 2008; Fritz et al. 2009). The signal from
both stimuli then promotes the interaction between the DNA-
binding domain and the cadBA promoter, which activates the
expression of the lysine decarboxylase CadA and the lysine/
cadaverine antiporter (CadB). CadA converts lysine to cadav-
erine, while CadB secretes cadaverine, which triggers feed-
back inhibition toward CadC (Watson et al. 1992; Takayama
etal. 1994; Dell et al. 1994; Fritz et al. 2009; Haneburger et al.
2012). Its mode of signal transduction is rare as the full-length
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Fig. 1T Mechanism for the one-component bacterial transmembrane sig-
naling system CadC for the transcriptional activation of lysine decarbox-
ylase (CadA) and lysine/cadaverine antiporter triggered by extracellular
acidification and lysine accumulation. In the absence of lysine and neutral
pH, the lysine transporter LysP binds to the transmembrane domain of
CadC and deactivates transcription. The accumulation of lysine causes
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LysP to dissociate from CadC upon importing lysine into the cell. In
conjunction with LysP dissociation, the extracellular lysine also causes
acidification which leads to expression of CadB and CadA. The former
converts lysine to cadaverine while the latter secretes cadaverine. Finally,
cadaverine accumulates and acts as a feedback inhibitor to CadC
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membrane-integrated receptor binds to cadBA promoter with-
out proteolytic cleavage (Fritz et al. 2009; Haas et al. 2015).

CadC variants that bypass the requirement for the
lysine-mediated stimuli and rely solely on pH sensing
have been described previously (Neely et al. 1994;
Tetsch et al. 2008). One mutant of particular interest is
the CadCA in which the heptapeptide chain at position
159 to 165 has been removed (Tetsch et al. 2008). This
deletion rendered the CadCA independent from lysine.
Noting that D-xylonic acid buildup causes media acidifi-
cation and that CadCA is exclusively pH-sensitive, a pH-
responsive genetic sensor for the regulation of D-xylonic
acid accumulation is proposed in this study. Reporter gene
assays were initially performed to verify the pH-
responsive activity of CadCA in a culture media that
was acidified using an inorganic acid. The genetic sensor
was then tested in E. coli BL21 strain that purposely ac-
cumulates D-xylonic acid to confirm the role of CadCA
in mediating the regulation of xylose dehydrogenase and
xylonolactonase expression encoded by xdh and xyIC, re-
spectively. Finally, the pH-responsive genetic sensor was
integrated into E. coli W3110 strain that utilizes D-xylose

through the Dahms route of the XOP to demonstrate its
ability to control the buildup of D-xylonic acid. Fed-batch
experiments were also performed to show the dynamic
response of the genetic sensor.

Materials and method
DNA manipulations

The plasmids and strains used in this study are listed in
Table 1. Standard techniques were used in all genetic ma-
nipulation experiments (Green and Sambrook 2012),
while the Gibson assembly technique was used for the
construction of recombinant plasmids (Gibson et al.
2009). All PCR reactions were carried out using Phusion
High-Fidelity DNA Polymerase using appropriate oligo-
nucleotides (Table S1). Plasmid transformation was per-
formed using the one-step transformation and storage so-
lution protocol (Chung et al. 1989). The sfGFP was
cloned from sfGFP-pBAD, which was generously provid-
ed by Michael Davidson and Geoffrey Waldo (Addgene

Table 1  Plasmids and strains names used in this study

Plasmids Relative characteristics Reference

pACM4 pACYC-Duet derivative; with ePathBrick feature; Pr7; Cm® (Xu et al. 2012)

PRSET-A pUC ori, Pr7, Amp® Invitrogen

pRT7 pRSET-A carrying sfGFP under T7 promoter This work

pRCadCA pRSET-A carrying sfGFP under cadBA promoter; cadCA under T7 promoter This work

pRBC pRSET-A carrying codon-optimized xy/B and xy/C from C. crescentus under T7 promoter This work

pRBCPH pRSET-A carrying codon-optimized xy/B and xy/C from C. crescentus under T7 promoter, /acl under This work
cadBA promoter, and cadCA under laclg promoter

pAB PACM4 without lacl carrying yjgB from E.coli under laclg promoter This work

Strains

E. coli DH5x F endAl ginV44 thi-1 recAl relAl gyrA96 deoR nupG purB20 @80dlacZAM15 A(lacZYA-argF)U169, Enzynomics
hsdR17(rg mg*), N

BL21(DE3) F ompT hsdSB(rg mg") gal dem (DE3) Invitrogen

BL21(DE3) AxyIAB BL21 (DE3) with deletion in xy/AB genes This work

E. coli W3110 (DE3)

F mcrA merB IN(rnD rmE) 1A (DE3); ATCC No.27325; with xy/AB deletion

(Liuet al. 2012)

IAB
E. i?l}i W3110 F mcrA merB IN(rrnD rnE) 1A (DE3); ATCC 27325; with deletion in xy/A, xy/B, yjgB and aldA genes  (Cabulong et al.
AxyIABAyjgBAaldA 2017)
BLC BL21(DE) pRSET-A This work
BLT7 BL21(DE) pRT7 This work
BLPH BL21(DE) pRCadCA This work
BLXA BL21(DE3) AxyIAB pRBC This work
BLXAPH BL21(DE3) AxyI/AB pRBCPH This work
EWXA E. coli W3110 (DE3) pRBC This work
EWXAPH E. coli W3110 (DE3) pRBCPH This work
EWEG E. coli W3110 AxylABAyjgBAaldA pRBC pAB This work
EWEGPH E. coli W3110 AxylABAyjgBAaldA pRBCPH pAB This work
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plasmid #54519) (Pédelacq et al. 2006). The cadBA pro-
moter, the yjgB gene, and the DNA fragments used to
construct the cadC derivative, CadCA (Table S2), were
amplified from the genome of E. coli W3110. The xdh
gene was cloned from pX (Cabulong et al. 2018a), while
the xyIC gene was synthesized by Macrogen, Korea. The
rrnB terminator and the /acq promoter were both ampli-
fied from the vector pTrcHis2A, while the T7 terminator
was derived from pRSET-A plasmid. The full details of
the cloning experiments were discussed in SI File 1. The
sequence fidelity of all the constructed plasmids was con-
firmed by DNA sequencing.

Culture conditions

Propagation and maintenance of recombinant plasmids were
done using E. coli DH5x grown on LB broth or agar supple-
mented with appropriate antibiotics (50 ug mL ™' kanamycin
or 100 ug mL™" ampicillin). Modified M9 (MM9) medium
containing 33.7 mM Na,HPOy,, 22.0 mM KH,POy,, 8.55 mM
NaCl, 9.35 mM NH,CI, 1.0 mM MgSO,, 0.5 g L™ yeast
extract, and 1.0 g L™' peptone was used throughout the study.
For the fluorescence analysis, MM9-1 media was used which
consists of the MM9 media and 2.5 g L' D-glucose. For the
fermentation experiments, MM9-2 media was used which
consists of the MM9 media with the addition of 2 g L™!
casamino acid, 1.0 mM thiamine HCI, 0.1 mM CaCl,, 0.4%
glycerol (v/v), and 4 g L' D-xylose. The fed-batch experi-
ments also used MM9-2 media, while the appropriate volume
of feed added every 36 h contained concentrated MM9-2 me-
dia sufficient to compensate for the culture volume loss due to
sampling. All batch (shake flask) and fed-batch fermentation
runs were agitated at 200 rpm and incubated at 37 °C.

Fluorescence analysis

One mL aliquot of an overnight culture of the constructed
E. coli strains in LB broth was washed with sterile MM9
media and then inoculated in MM9-1 media at pH 7.0.
Upon reaching an optical density of 0.6 units (ODgoonm)s
expression of sfGFP was induced by lowering the media
pH to 5.8 using 2 M sulfuric acid, while the control group
was maintained at pH 7.0. The media pH was monitored
throughout the experiment using Orion 4 Star benchtop
pH meter with Orion 8102BN pH probe (Thermo
Scientific, Korea). The bacterial cells were collected by
centrifugation at 13,000 rpm for 2 min and resuspended
in sterile deionized water. The fluorescence was then mea-
sured using FluoroMate FS-2 fluorescence spectrometer
(Scinco, Korea) using the following parameters for
sfGFP: 485 nm excitation, 507 nm emission.
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Biomass and metabolite quantification

The dry cell weight (DCW) and metabolite concentrations
were quantified using the same methods and conditions that
were described previously (Liu et al. 2013). Briefly, the stan-
dard curve of DCW correlated to ODggonm Was 0.32 g L
DCW. On the other hand, the substrate and metabolite con-
centrations were quantified using HPLC equipped with a Bio-
Rad Aminex HPX-87H column maintained at 55 °C. The
eluent used was 5 mM H,SO, at a constant flow rate of
0.4 mL min~', and peaks were detected using Waters 2414
refractive index detector.

Enzyme activity assay

The xylose dehydrogenase activity was measured from
crude cell extracts according to the method reported pre-
viously (Berghill et al. 2007; Liu et al. 2012). The cells
were collected from the samples by centrifugation,
washed with Tris HCI (50 mM, pH 8.0), and then resus-
pended in the same buffer. Cell lysis was done by incu-
bation with 1 mg mL™" of lysozyme for 30 min followed
by sonication. The cell debris was removed by centrifu-
gation, and the protein concentration of the crude lysate
was determined using Bradford assay (Bradford 1976).
The assay mixture contains Tris HC1 (50 mM, pH 8.0),
NAD* (100 mM), and an appropriate amount of crude
lysate. The mixture was pre-incubated at 37 °C for
30 min; then the reaction was initiated by addition of
10 mM D-xylose. The generation of NADH was moni-
tored 340 nm using 8453 Agilent UV-VIS spectrophotom-
eter. One unit of D-xylose dehydrogenase activity is de-
fined as the amount of enzyme that converted 1 pmol D-
xylose to D-xylonic acid per minute, and the specific ac-
tivity was calculated as enzyme activity per mg protein.

Gene accession numbers

The following are the gene accession numbers (Gene ID) of
the genes cloned in this work: cadC (948653), codon-
optimized xy/B or simply referred as xdh (MF872191),
codon-optimized xyIC (7329903), lacl (945007), and yjgB
(also known as ahr, 948,802).

Results

Construction of lysine-independent pH-responsive
genetic sensor

A lysine-independent variant of CadC (Protein ID:
KYO73866), named CadCA, was constructed based on earli-
er work (Tetsch et al. 2008). CadCA carries a deletion of
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seven amino acid residues in its transmembrane helix at
159th—165th positions, which contain a cluster of aromatic
amino acids, “FWVWFFF.” This modification converted
CadCA into a lysine-independent transcription factor since
the aforementioned polypeptide is essential for LysP binding
(Fig. 2A). Regarding the role of cadaverine, there is no evi-
dence that feedback inhibition was still true for this variant
(Tetsch et al. 2008), and this was not explored further as it is
beyond the scope of this study.

The CadCA was then integrated into a simple AND gate
(Boolean logic) synthetic genetic circuit wherein two ON in-
put signals are required to generate an output signal (Fig. 2B).
Input 1 is a constant ON signal since CadCA is constitutively
expressed, while input 2 is dependent on the extracellular pH
and is ON below its threshold value of 6.8. The expected
output is the expression of the green fluorescence protein
sfGFP, which is placed under the control of cadBA promoter
that is recognized by CadCA.

The prototype synthetic genetic circuit was then introduced
and tested in E. coli BL21 (Fig. 2C). Results reveal a fivefold
increase of fluorescence signal after 12 h incubation at pH 5.8.
This indicates that the pH genetic sensor effectively responds
to the decrease in pH. Meanwhile, the slight increase of sfGFP
expression at pH 7.0 after 12 h incubation may be attributed to
the slight decrease in pH which was triggered by the accumu-
lation of trace amounts of acetate from D-glucose. To avoid
this, glycerol was chosen as the supplementing carbon source
in the subsequent experiments. It is interesting to note that the
acidification of the culture media can negatively affect the
signal brightness of sfGFP due to its pH sensitivity (Roberts
et al. 2016). This was observed when sfGFP was expressed
using IPTG wherein the fluorescence signal (brightness) de-
creased by 36% at pH 5.8 compared to pH 7.0 (Fig. S2).
Hence, the sfGFP signal intensity resulting from the CadCA
transcription activation (Fig. 2C) may not be representative of
the actual activation strength of CadCA at low pH; i.e., more
sfGFP proteins may be present despite its lower apparent/
quantified signal intensity.

a pH<6.8

periplasm

cytoplasmic
membrane

cytoplasm

PT7 \ P cadBA
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Fig.2 Overview of mechanism for CadCA and its use in sensing low pH
to express green fluorescent protein sfGFP in strain BLPH (E. coli BL21
pRCadCA). A Mechanism for the lysine-independent CadCA to detect
low pH and trigger expression of sfGFP. B An AND gate Boolean logic
diagram for the reporter gene assay using CadCA. C Reporter gene assay
results for BLPH. The cells were pre-cultured at pH 7.0 for 12 h in MM9-

pH genetic sensor response to D-xylonic acid
accumulation in vivo

The constructed pH genetic sensor employing CadCA was
then tested in E. coli BL21 which is incapable of assimilating
D-xylonic acid (Valdehuesa et al. 2018). The premise is that
D-xylonic acid accumulation will cause a drop in pH which
cascades into a feedback signal that will block the expression
of Xdh and XylC, thus preventing further D-xylonic acid ac-
cumulation (Fig. 3A). The resulting strain, BLXAPH, carries
the complete synthetic genetic circuit that consists of the fol-
lowing parts: (1) a constitutively expressed CadCA, (2) the
repressor protein Lacl that is expressed under the control of
cadBA promoter, and (3) the polycistronic expression of Xdh
and XylC under a Lacl-repressible promoter. As a control
strain, BLXA was also constructed to constitutively express
Xdh and XylC through the plasmid pRBC (Table 1 and Fig.
S1).

BLXA and BLXAPH were cultivated in shake flasks for
72 h to monitor cell growth, medium pH, substrate consump-
tion, and metabolite levels (Fig. 3B-F). Without the pH ge-
netic sensor, BLXA completely consumed D-xylose and ac-
cumulated up to 3.80 g L™" D-xylonic acid (Fig. 3B and C).
The pH after 12 h was 5.7, while the final pH after 72 h was
5.6 (Fig. 3D). This has negatively affected the growth of
BLXA which only reached a maximum DCW of 1.0 g L™
(Fig. 3E). Meanwhile, BLXAPH behaved differently as the
final pH of the culture medium after 72 h was 6.1 (pH 6.4 after
12 h) and the final D-xylonic acid concentration was at
3.2 gL', This was due to the arrested D-xylose consumption
which was observed after 12 h of cultivation. Interestingly,
BLXAPH displayed better growth which may be due to the
less stressful environment brought by the marginal decrease of
extracellular pH (Fig. 3D and E). Overall, the results demon-
strate that the pH genetic sensor effectively responded to the
extracellular acidification. The presence of excess D-xylonic
acid actively caused culture medium acidification (pH < 6.8)
which then stimulated the CadCA to activate the expression

C

1000 Qohn **
2 @ 12h
O 750
Q
o 500 *
9 250 [
1))

0_

pH7.0 pH5.8

1 media. To trigger CadCA-mediated sfGFP expression, the pH was
adjusted to 5.8 using 2 M H,SO,. [*p <0.05; **p <0.001; Student T-
test was used with n>3]. Note: the constitutive expression for CadCA
was mediated by the high basal/leaky activity of the T7 promoter in the
absence of its cognate repressor, Lacl

@ Springer



Appl Microbiol Biotechnol

Fig. 3 Implementation of sensing
and control of D-xylonic acid
accumulation in E. coli BL21
strains BLXA and BLXAPH. A
Schematic diagram of CadCA for
controlling D-xylonic acid
accumulation. B D-xylose
consumption, C D-xylonic acid
accumulation, D extracellular pH,
E biomass concentration; DCW
dry cell weight, and F glycerol
consumption. BLXA carries
constitutive expression of xy/C
and xdh; BLXAPH carries the
sensor genetic circuit which
regulates the expression of xy/C
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of the Lacl repressor. Consequently, the production of Lacl
effectively blocked Xdh and XylC expressions which
prevented further D-xylonic acid accumulation. This observa-
tion validated the premise stated above.

pH genetic sensor for the Dahms pathway

The pH genetic sensor was then integrated into E. coli
W3110 strain that is capable of assimilating D-xylonic
acid through the Dahms Pathway (Valdehuesa et al.
2018). The mechanics in the EWXAPH strain is similar
to BLXAPH with the added capability to re-assimilate
any excess D-xylonic acid for growth and production of
ethylene glycol or glycolic acid (Fig. 4). Xdh and XyIC
are initially expressed for the conversion of D-xylose to
D-xylonic acid. Eventually, D-xylonic acid accumulates
which triggers two events: (1) acidification of the culture
media that leads to the depletion of enzymes that pro-
duces D-xylonic acid (Fig. 4A) and (2) the native acti-
vation of the expression of downstream enzymes for D-
xylonic acid catabolism (Fig. 4B). The synergy of these
two events is expected to result in the consumption of D-
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xylonic acid and pH neutralization of the culture media.
As a control, EWXA was also constructed which consti-
tutively expresses Xdh and XylC through the plasmid
pRBC (Table 1 and Fig. S1).

EWXA and EXAPH were cultivated in shake flasks for
72 h to monitor the cell growth, Xdh activity, medium pH,
as well as the levels of substrates, metabolites, and prod-
ucts (Fig. 5). For EWXA, D-xylose and glycerol were
completely consumed after 24 h (Fig. 5A and B). The rapid
conversion of D-xylose resulted in the accumulation of
3.5 g L' D-xylonic acid after 12 h (Fig. 5C) which caused
severe media acidification at pH 5.4 (Fig. 5D). Similar to
BLXA, EWXA also reached 1.0 g L' DCW after 24 h
which coincided with the time point for substrate depletion
(Fig. SE). However, biomass concentration was slightly
higher, which can be attributed to the D-xylonic acid re-
assimilation phase after 24 h of cultivation. This is also the
time point when ethylene glycol and glycolic acid are pro-
duced (Fig. 5F and G). Interestingly, the transient accumu-
lation of 0.81 g L™ glycolic acid after 36 h was not strong
enough to affect the media pH since D-xylonic acid accu-
mulation already caused severe media acidification.
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Fig. 4 The use of CadCA pH genetic sensor for ethylene glycol
production in E. coli W3110. A An AND-NOT-AND Boolean logic
diagram of the pH sensor for the control of D-xylonic acid accumulation

On the other hand, EWXAPH has a slightly different D-
xylose consumption profile compared to EWXA. After 6 h,
0.6 g L' D-xylose was consumed, and the accumulation of
0.5 g L ™" D-xylonic acid was observed (Fig. 5C). This concen-
tration of D-xylonic acid already caused a significant drop in the
extracellular pH which plunged below the 6.8 threshold for
CadCA activation. At this juncture, the pH genetic circuit is
actively blocking further expression of Xdh and XylC as evi-
denced by the decrease in Xdh activity within 12 h (Fig. SH).
This resulted in a slower D-xylose conversion at only 2.0 g L™
after 12 h (Fig. 5A) and the secretion of 2.0 g L™! D-xylonic acid
(Fig. 5C). Complete consumption of D-xylose was also ob-
served after 24 h, which is the same point when the D-xylonic
acid concentration peaked at 2.2 g L' (Fig. 5C) and the extra-
cellular pH was lowest at 6.2 (Fig. 5D). Meanwhile, the biomass
concentration of EWXAPH was significantly higher by 40%
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Fig. 5 Substrates, biomass, metabolites, products, pH, and enzyme
activity measurements for E. coli W3110 strains EWXA and EWXAPH
during conversion of D-xylose to ethylene glycol. A D-xylose consump-
tion, B glycerol consumption, C D-xylonic acid concentration, D extra-
cellular pH, E biomass concentration; DCW dry cell weight, F ethylene
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compared to EWXA (Fig. 5E). Ethylene glycol production
was slightly improved, whereas glycolic acid accumulation
was lower compared to EWXA (Fig. 5F and G). Interestingly,
the extracellular pH reverted to near-neutral conditions during
the re-assimilation of the secreted D-xylonic acid (at 24 to 36 h).
Xdh activity also showed recovery during this period (Fig. SH)
which indicates that the synthetic genetic circuit is capable of
switching back to its original state, thus, demonstrating great
potential for dynamic regulation.

pH-dependent dynamic regulation of D-xylonic acid
accumulation

To demonstrate the dynamic regulation of D-xylonic ac-
id accumulation through the pH genetic sensor, the
strain EWXAPH was tested in fed-batch conditions
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glycol concentration, G glycolic acid concentration, D xylose dehydro-
genase, Xdh activity. EWXA carries constitutive expression of xy/C and
xdh; EWXAPH carries the sensor genetic circuit which regulates the
expression of xy/C and xdh. MM9-2 was used as the culture media. At
least two independent trials were performed for both strains
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without any external pH controller (i.e., maintaining me-
dia pH by addition of inorganic acid or base was omit-
ted). The EWXA strain was also used as the control.
Initial test cultures using 24 h feeding intervals were
performed but were unsuccessful since the response lead
time for the pH genetic sensor did not match the time
required to achieve extracellular pH homeostasis, which
is dependent on the D-xylonic acid re-assimilation (Fig.
S3). Based on the batch cultures of EWXAPH (Fig. 5),
a minimum of 36 h is required to complete one cycle.
Hence, 36 h was used as a standard interval for the fed-
batch experiments.

Results showed that the control strain EWXA has the
same substrate consumption profiles throughout the three
cycles (Fig. 6A). The biomass accumulation increased
during the first cycle and remained at 2.2 g L' until
the end of the third cycle. Additionally, extracellular
pH drastically dropped to 5.2 within the first 12 h of
cultivation (Fig. 6B), the same period when the concen-
tration of D-xylonic acid was highest at ~3.8 g L™ (Fig.
6C). Since EWXA does not carry the pH genetic sensor,
the Xdh activity remained constant at ~0.6 U mg™'
throughout the experiment (Fig. 6B), which led to the
accumulation of D-xylonic acid at >3.0 g L' after every
feeding cycle. The pH was also not able to revert to its
neutral state after the complete re-assimilation of D-
xylonic acid at 36 h (and at the end of the experiment),
a similar behavior observed in the batch experiments for
EWXA (Fig. 5C and D). Furthermore, the titer for eth-
ylene glycol did not improve after 120 h compared to the
batch culture (Fig. 5F and Fig. 6C). Overall, the lack of
pH genetic sensor in EWXA caused the D-xylonic acid
to accumulate, which led to severe media acidification.
This may have triggered the expression of pathways or
enzymes involved in coping with acid-induced cellular
stress and may have also negatively affected the expres-
sion or activity of downstream enzymes for ethylene gly-
col production.

The performance of EWXAPH was significantly better
than EWXA (Fig. 7). The substrate consumption profile was
consistent at every cycle, and the biomass concentration was
23% higher (Fig. 7A). The extracellular pH dropped margin-
ally to ~6.2 (Fig. 7B), which coincided with the highest D-
xylonic acid concentration for each cycle at 12, 48, and 84 h
(Fig. 7C). The pH genetic sensor appears to regulate Xdh and
XylC expressions as evidenced by the rise and fall of Xdh
activity which also occurred simultaneously with the extracel-
lular pH oscillation (Fig. 7B). This demonstrates the ability of
the pH genetic sensor to dynamically regulate D-xylonic acid
accumulation via the pH-sensitive CadCA. The EWXAPH
also showed enhanced ethylene glycol production at
2.3 g L' which is 170% higher compared to
EWXA(Fig. 7C).
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Discussion

Currently, there are a limited number of reports describing
synthetic genetic circuits that integrated pH-responsive
genetic parts. For example, the YGP1 promoter from
yeast was engineered to improve its low pH sensitivity
and then was used as a benchmark to convert the unrelat-
ed CCW14 promoter to be pH-sensitive for lactic acid
production at low pH conditions (Rajkumar et al. 2016).
The pH-responsive promoter P, from E. coli was used in
the construction of complex genetic circuits designed to
produce either an ON or OFF signal depending on the
temperature and external pH (Hoynes-OConnor et al.
2017). The same pH-responsive promoter was employed
in developing a pH-mediated kill switch for an effective
bacterial containment system in E. coli (Stirling et al.
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2019). Aside from promoters, riboregulators such as the 207-
nucleotide pH-responsive RNA element (PRE) that regulates
the expression of alx gene in E. coli were used in a genetic
controller and applied in evolutionary engineering experi-
ments (Pham et al. 2017). These studies demonstrate that
pH-dependent regulatory systems are useful tools in develop-
ing robust synthetic genetic sensors for different applications.

In the present study, a modified transmembrane one-
component receptor protein, CadCA, was used in devel-
oping a pH-responsive sensor for the dynamic control of a
pathway intermediate accumulation in E. coli. The activa-
tion mechanism of CadCA is straightforward — the peri-
plasmic domain senses the low pH and promotes overall
structural changes which allow the DNA-binding domain
to interact and activate the cadBA promoter. The simplic-
ity of this genetic circuit makes it a versatile tool for

developing a pH sensor coupled to a direct or indirect
controller device to prevent the buildup of any compound
that causes extracellular pH perturbation. Furthermore,
CadCA has a good acidic pH sensitivity range that begins
at 6.8 and peaks at 5.8 (Slonczewski et al. 1987; Watson
et al. 1992), whereas the P, system requires lower pH
values at 4.0 to 4.5 to achieve maximum induction
(Seputiené et al. 2004) while the PRE system is activated
at pH 8.0 (Nechooshtan et al. 2009).

Other CadC variants such as the R265C or F165A sin-
gle mutants have also been demonstrated to be completely
pH-dependent (Neely et al. 1994; Tetsch et al. 2008).
These mutants were not considered for this study since
the said amino acid replacements do not directly block
LysP binding; rather, they induce long-range structural
and conformational changes to the whole receptor protein
that make it less susceptible to LysP interaction (Tetsch
et al. 2008). Any perturbation in the cells carrying these
single mutants may lead to the loss of their altered
tertiary/quaternary structures, especially that they retain
a moderate degree of vulnerability in conditions where
LysP is overexpressed (Tetsch et al. 2008). Aside from
using CadC variants, an alternative pH-dependent genetic
sensor may be constructed from an lysP knockout strain
(Neely et al. 1994). The lack of LysP transporter in this
strain can bring about the conversion of the native CadC
system in E. coli into an exclusively pH-dependent sig-
naling module. However, the CadC receptor protein re-
quires overexpression since the natural expression of
CadC only produces up to 3—5 molecules per cell (Jung
et al. 2018).

Taken altogether, the results of the study demonstrated
for the first time a functional prototype biological circuit
that incorporates a pH-responsive regulatory protein in a
synthetic genetic controller for D-xylonic acid accumula-
tion (Fig. 3). Unlike any metabolite-responsive transcrip-
tion factors that interact directly to a specific pathway
intermediate (Xu 2018), the CadCA protein detects
changes in the extracellular pH which is directly influ-
enced by the secreted D-xylonic acid. The response of
CadCA then cascades into a feedback control signal
which inhibits further buildup of the afore-mentioned me-
tabolite. This genetic controller is not compound-specific;
hence, it can be customized for other pathways that in-
volve sugar acid degradation such as D-gluconic acid and
D-galactonic acid, as well as the DeLey-Doudoroff path-
way (Fraenkel and Levisohn 1967; Wong and Yao 1994;
Deacon and Cooper 2001). Additionally, this genetic con-
troller eliminates the need to use inorganic acid or base to
maintain the culture media pH during fermentation. On
the other hand, the main limitation for this pH-
responsive genetic circuit may be in its application in
metabolic pathways with organic acids as end products
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or when the pathway secretes more than one acidic inter-
mediate compound. Under these conditions, the media
acidification caused by more than one compound compli-
cates the system. Recruiting other compound-specific bio-
sensors for each target metabolite may be necessary to
create discrete modular controls over the accumulation
of each compound. However, if the acidic pathway inter-
mediate or by-product is nonessential, blocking its forma-
tion through gene knockout may be sufficient, provided
that the protein product of the inactivated gene does not
play a critical role in maintaining cell viability or fitness.
In the case of the Dahms pathway, glycolic acid can con-
tribute to the media acidification; hence, blocking its for-
mation was considered (Fig. S4). However, the deletion of
aldA in EWEGPH resulted in a poor strain phenotype
compared to its parent strain EWXAPH. The same obser-
vation was reported in an earlier work that focused on
improving the production of ethylene glycol (Liu et al.
2013). This behavior may be attributed to the role of
AldA in the oxidative stress response of E. coli, wherein
it mediates the detoxification (oxidation) of methylglyoxal
(Baldoma and Aguilar 1987; Lee and Park 2017).

To summarize, the pH genetic sensor that utilizes a
lysine-independent and pH-sensitive CadCA receptor pro-
tein was effective in providing dynamic regulation of D-
xylonic acid accumulation through the detection of extra-
cellular pH fluctuations. It has achieved the goal of min-
imizing the transient buildup of D-xylonic acid which is
the bottleneck of the Dahms pathway or the XOP in gen-
eral. The genetic sensor also positively affected the for-
mation of ethylene glycol, while the accumulation of
glycolic acid was still observed in the model strain.
Ultimately, the CadCA genetic circuit presented in this
study can be considered a great addition to the limited
number of DNA chassis in the pH-sensing toolbox avail-
able for synthetic biologists.
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