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Abstract

The capability of Escherichia coli to catabolize D-xylonate is a crucial component for building and optimizing the Dahms pathway. It
relies on the inherent dehydratase and keto-acid aldolase activities of £. coli. Although the biochemical characteristics of these enzymes
are known, their inherent expression regulation remains unclear. This knowledge is vital for the optimization of D-xylonate assimilation,
especially in addressing the problem of D-xylonate accumulation, which hampers both cell growth and target product formation. In this
report, molecular biology techniques and synthetic biology tools were combined to build a simple genetic switch controller for D-
xylonate. First, quantitative and relative expression analysis of the gene clusters involved in D-xylonate catabolism were performed,
revealing two D-xylonate-inducible operons, yagEF and yjhlHG. The 5'-flanking DNA sequence of these operons were then subjected
to reporter gene assays which showed P, to have low background activity and wide response range to D-xylonate. A P,;,~driven
synthetic genetic switch was then constructed containing feedback control to autoregulate D-xylonate accumulation and to activate the
expression of the genes for 1,2,4-butanetriol (BTO) production. The genetic switch effectively reduced D-xylonate accumulation,
which led to 31% BTO molar yield, the highest for direct microbial fermentation systems thus far. This genetic switch can be further
modified and employed in the production of other compounds from D-xylose through the xylose oxidative pathway.
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Introduction the traditional D-xylose isomerase or reductase pathways, the
Dahms and Weimberg pathways begin with the oxidation of
The Dahms and Weimberg pathways have been gaining atten-  D-xylose to D-xylonate. Hence, both pathways are collectively

tion for D-xylose metabolism during the recent years. Unlike  called the D-xylose oxidative pathways (XOP) (Valdehuesa
et al. 2018). pD-Xylonate then undergoes two to four more
- — - reactions to form pyruvate or 2-ketoglutarate (Dahms 1974;
Angelo B. Banares and Kris Nifio G. Valdehuesa contributed equally to Weimberg 1961). The XOP has been found in strains belong-

this work. . . .
ing to the Archaea and Bacteria domains (Brouns et al. 2006;
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industrial strains (Cabulong et al. 2018a; Radek et al.
2014; Salusjarvi et al. 2017). Interestingly, recruiting the
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to assimilate (Liu et al. 2013).
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volves two steps: D-xylonate dehydration and a keto-acid al-
dol cleavage reaction (Fig. 1a). These enzymes appear to be
Division of Bioscience and Bioinformatics, Myongji University, unique to the K-12 strain and its derivatives, with the respec-
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of Korea (Fig. 1b). From this pre-existing set of genes, the full XOP
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was built in E. coli, thus, allowing the conversion of D-xylose
to ethylene glycol, glycolic acid, 1,4-butanediol, and 1,2,4-
butanetriol (BTO) (Cabulong et al. 2018a; Liu et al. 2013;
Liu and Lu 2015; Valdehuesa et al. 2014). Further develop-
ments in E. coli strains with an optimized XOP were reported
by employing traditional metabolic engineering strategies. For
example, ethylene glycol yield was improved by modulating
the expression of xylose dehydrogenase and overexpressing
the best performing aldehyde reductase (EC 1.1.1.2)
(Cabulong et al. 2017). Redox homeostasis was restored
by overexpression of a transhydrogenase (EC 7.1.1.1),
which improved cell growth and glycolic acid yield
(Cabulong et al. 2018b). Lastly, BTO production was
enhanced by the knockout of competing reactions
(Zhang et al. 2016).

Despite the success in engineering the XOP in E. coli, a
persistent problem exists—the accumulation of D-xylonate.
The buildup of b-xylonate in the medium elicits a cascade of
stress responses in the host strain. For instance, it reduces the
pH of the media which makes the conditions unsuitable for
optimum growth and enzymatic functions (Liu et al. 2012;
Valdehuesa et al. 2014). As mentioned above, the E. coli host
strain is equipped with the necessary enzymes to assimilate D-
xylonate; hence, its accumulation is very uncharacteristic.
There is no doubt that these enzymes catalyze the right reac-
tions for the pathway to work because their activities have
been confirmed through enzyme assays (Jiang et al. 2015;
Liu et al. 2013; Valdehuesa et al. 2018). However, the knowl-
edge about the regulation of these enzymes is non-existent.
Uncovering the regulatory mechanisms of the pathway would
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be essential in understanding why D-xylonate accumulates
persistently in E. coli strains that were engineered to assimilate
D-xylose through the XOP. It would also provide insights into
how to manipulate the strain to minimize D-xylonate
accumulation.

In the present study, investigations on the inherent D-
xylonate assimilative pathway in E. coli were per-
formed. Biomolecular experiments involving relative ex-
pression analysis, reporter gene assays, and deletion
mapping experiments identified a novel D-xylonate-re-
sponsive promoter. This promoter was further tested
and used in building a genetic switch for the dynamic
control of D-xylonate accumulation during BTO production
in E. coli.

Materials and method
DNA manipulations

All recombinant plasmids and strains are listed in Table 1.
Standard techniques were used in all genetic manipulation
experiments (Green and Sambrook 2012) while Gibson
Assembly was used for cloning of recombinant DNA
(Gibson et al. 2009). All PCR reactions were carried out using
Phusion high-fidelity DNA polymerase. Plasmid transforma-
tion was performed using the one-step TSS (transformation
and storage solution) protocol (Chung et al. 1989). The sfGFP
was cloned from sfGFP-pBAD, which was generously pro-
vided by Michael Davidson and Geoffrey Waldo (Addgene
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Table 1 Plasmids and strains

names used in this study Names Relevant characteristics Source
Plasmids

pET28a pBR322 ori, P17, Kan® Invitrogen

pRSET-A pUC ori, P17, Amp® Invitrogen

pX PACMA4 with xdh from Caulobacter crescentus Cabulong et al. 2018a

pXG pX with yjhG from E. coli Cabulong et al. 2018a

pACM4 pACYC-Duet derivative; with ePathBrick feature; Xu et al. 2012
Pyy; Cm"

pETM6 Vector with ePathBrick feature; Pr7; Amp® Xu et al. 2012

sfGFP-pBAD Pysap-sfGFP (Addgene #54519) *

pETmCherryLIC Pr7-mCherry, (Addgene #29769) wok

pTRM pTrcHis2A derivative; expression vector of mdIC Valdehuesa et al. 2014

pTRALI pTrcHis2A derivative; expression vector of yghD Valdehuesa et al. 2015

pET28-T7-mCherry pET28a derivative; Pry_j,co-mCherry This work

pET28-PyagE-mCherry pET28a derivative; Py,,z-mCherry This work

pET28-Pyjhl-mCherry pET28a derivative; P,;,-mCherry This work

pET28-PyjhI-Sf pET28a derivative; P, ~sfGFP This work

pR-XAS pRSET-A derivative; Pr7.,co-mCherry, P, -lacl, This work
Pnr-sfGFP

pR-xdh pRSET-A derivative; Pr7_j,c0-xdh This work

pR-XSEN pR-xdh derivative; Pr7.j.co-xdh, Py, lacl This work

pR-CBT pR-xdh derivative; Pr7.j.co-xdh, Pj,-mdlC-yghD This work

pR-XSBT pR-XSEN derivative; Pr7.jaco-xdh, Pyyrlacl, This work
PinrmdIC-yqghD

pR-yqhD pRSET-A derivative; Pry-yghD This work

pM-mdIC pETMB6 derivative; Pr7.j.c0 -mdIC This work

pR-XGD pRSET-A derivative; Pr7-xdh-yjhG-mdIC This work

pR-XGCD pRSET-A derivative; Pr7-xdh-yjhG-mdIC-yghD This work

Strains

MG1655 (DE3) E. coli MG1655 (DE3) ATCC 47076

W3110 (DE3) E.coli W3110 (DE3) F mcrA mcrB IN ATCC 27325
(rmD™ rmE) 1A~ (DE3)

WXHE W3110 (DE3) AxyIAB AyjhH AyagE Valdehuesa et al. 2014

MGMCO MG1655 (DE3) pET28a This work

MGMCI MG1655 (DE3) pET28-T7-mCherry This work

MGMC2 MG1655 (DE3) pET28-PyagE-mCherry This work

MGMC3 MG1655 (DE3) pET28-Pyjhl-mCherry This work

WXAS W3110 (DE3) pR-XAS This work

WBT+ WXHE pR-XGCD This work

WBTC WXHE pR-CBT This work

WBTXS WXHE pR-XBST This work

*sfGFP-pBAD was a gift from Michael Davidson and Geoffrey Waldo (Addgene plasmid # 54519)
**pET mCherry LIC cloning vector was a gift from Scott Gradia (Addgene plasmid # 29769)

plasmid #54519) (Pédelacq et al. 2006). The mdlc and yghD
genes were derived from pTRM (Valdehuesa et al. 2014) and
pTRALI (Valdehuesa et al. 2015), respectively, while lacl was
amplified from pACM4 (Table 1). The mCherry was cloned
from pETmCherryLIC, which was generously provided by
Scott Gradia (Addgene plasmid #29769). The P,,qp
and P,;,; promoters listed in SI File 1 (SI Table S1)

were PCR amplified using the genomic DNA of
E. coli W3110 (DE3) as the template. Complete details
for cloning the plasmids and strains used for the report-
er gene assays, deletion mapping experiments, and the
synthetic genetic switches are described in SI File 2.
The sequence fidelity of all the constructed plasmids
was confirmed by DNA sequencing.
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Culture conditions

Plasmid propagation and maintenance were done using E. coli
DHS5« grown on LB broth or agar supplemented with appro-
priate antibiotics (50 ug mL™' kanamycin or 100 pg mL™
ampicillin). Modified M9 (MM9) medium containing
33.7 mM Na,HPOy,, 22.0 mM KH,POy,, 8.55 mM NacCl,
9.35 mM NH,4CI, 1.0 mM MgSQq,, 0.5 g L' yeast extract,
and 1.0 g L ™" peptone was used throughout the study. A final
concentration of 10 mM D-xylose, D-glucose, D-xylonate, or
any combination of these substrates were used for real-time
PCR (gqPCR) experiments. Meanwhile, 20 mM D-xylonate
was used for reporter gene assays and genetic switch
experiments. Dose-response experiments were performed
using D-xylonate concentrations 0 to 100 mM. Whenever
necessary, the addition of 0.1 mM isopropyl (3-D-1-
thiogalactopyranoside (IPTG) was done when ODggq
reached 0.3 A.U.

Production of BTO was performed in 300-mL shake flasks
with 100 mL LB medium supplemented with 10 g L™" of
xylose and 100 ug mL™" ampicillin. An overnight culture
(100 pL) was inoculated in each flask and incubated with
agitation (250 rpm) at 37 °C for 96 to 108 h. At specified time
intervals, samples were collected for monitoring of cell
growth and metabolite concentrations. The metabolites were
quantified using HPLC following the same conditions as de-
scribed in a previous work (Valdehuesa et al. 2014).

Real-time PCR

Wild-type E. coli W3110 strain was used in gPCR experiments.
Cells were grown in 50-mL tubes with 5 mL MM9 with the
appropriate substrate(s) and incubated at 37 °C for 3 h. Control
conditions were designated to cells grown in MM9 media only.
Treatment conditions included strains grown with D-xylose, D-
glucose, D-xylonate, or any combination of these substrates.
Total mRNA of growing cells was purified using the RNeasy
Mini Kit (Qiagen, Germany) with modifications in the protocol
provided by the manufacturer. Cells from the culture samples
were harvested and re-suspended in Tris-EDTA buffer contain-
ing lysozyme. The mixture was incubated at room temperature
for 5 min prior addition of RLT buffer (included in the kit) and
ethanol. The remaining steps for RNA purification were per-
formed according to the protocol provided by the manufacturer
(starting with step 3 of the Quick-start protocol RNeasy Mini
Kit, Part 1). The quality of isolated RNA was assessed using
NanoDrop 1000 spectrophotometer from Thermo Scientific
(Waltham, MA, USA) and by agarose gel electrophoresis.
RNA was converted to cDNA using the QuantiTect Reverse
Transcription kit (Qiagen, Germany) following the manufactur-
er specifications, which includes a step for removal of genomic
DNA. gPCR reactions were performed using the QuantiFast®
SYBR® Green PCR Kit (Qiagen, Germany). Each reaction
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contained appropriate qPCR primers (SI Table S2) with a final
concentration of 1 uM. Reference genes rrsB, mdoG, and cysG
were used to allow adequate normalization of expression levels
of the target genes. The qPCR reactions were performed using
Rotor-Gene Q (Qiagen, Germany) with 40 cycles of denatur-
ation at 95 °C, and annealing and extension at 62 °C for 10 s.

Reporter gene assays (fluorescence analysis)

A 1-mL aliquot of overnight culture prepared in LB broth was
harvested and washed once with sterile MM9 media. The
washed cells were re-suspended in 500 pL MM9 media and
inoculated to 25 mL fresh MM9 media in 100-mL shake
flasks. The initial ODgq values for each culture was around
0.03-0.05 and the flasks were incubated at 37 °C with
250 rpm agitation. Sugar inducers were added when ODgqq
reached 0.4 A.U. and the samples collected at this time was set
at 0 h. For the positive control (pET28-T7-mCherry), 0.1 mM
IPTG was added in lieu of any inducing sugar. For normali-
zation, sample collection volume was adjusted based on the
ODgoo equivalent to 1 per milliliter. The samples were then
centrifuged at 21,206xg for 2 min and re-suspended in 1 mL
sterile water. Fluorescence was measured using FluoroMate
FS-2 (Scinco, Korea) at the following parameters: 587-nm
excitation and 610-nm emission for sfGFP; 485-nm excita-
tions and 507-nm emission for mCherry.

Bioinformatics studies

Promoter sequences were analyzed using the online tool
BPROM—yprediction of bacterial promoters (Solovyev and
Salamov 2011; Umarov and Solovyev 2017) and Neural
Network Promoter Prediction (NNPP) (Reese 2001). DNA
curvature and %GC content were analyzed using bend.it®
(Vlahovicek et al. 2003).

Gene accession numbers

The following are the gene accession numbers (GenelD) of
the genes mentioned in this work: yagB (944944), yagA
(944937), yagE (944925), yagF' (944928), yagG (944947),
vagH (944949), yagl (xynR, 945,016), yjhl (949110), yjhH
(948825), yjhG (946829), yjhF (949102), yjhU (948827),
vghD (947493), xdh (MF872191), and mdIC (882177).

Results
yag and yjh genes induced by p-xylonate
Preliminary experiments were performed to confirm the in-

ducibility of the structural and regulatory genes in the yag
and yjh gene clusters in E. coli MG1655 towards D-xylonate
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as inducer. As mentioned above, these genes were previously
shown to be involved in D-xylonate metabolism of E. coli
(Fig. 1). The predicted transporter-coding genes, yagG and
yjhF, were excluded as they are likely to be constitutively
expressed. Results show that the structural genes yjhG, yjhH,
and yagE have increased expressions in the presence of D-
xylonate when compared to cells grown under control condi-
tions (MM9 media only) (Fig. 2a). Genes predicted as tran-
scription factors (yagA, yagl, and yjhU) have lower expres-
sions in cells exposed to D-xylonate. On the other hand, the
structural genes in both gene clusters have increased expres-
sions in D-xylonate-treated cells compared to those incubated
with D-xylose (Fig. 2b). The transcript levels of yagA and
yjhU did not have any difference, while yagl showed a very
low log, value (Fig. 2b). Transcript quantification experi-
ments also revealed that yagFE and yagF have significantly
higher mRNA counts in D-xylonate-treated cells (SI Fig.
S1A). Furthermore, the transcript levels of yjhG, yjhH, yjhl,
and yjhU were also higher in the presence of D-xylonate (SI
Fig. S1B). This indicated that the genes in both clusters (or at
least the transcripts that encoded structural genes) are induc-
ible by D-xylonate.

Further quantitative expression analysis revealed no signif-
icant differences in the transcript levels in all the genes of
interest in cells treated with D-glucose or D-xylose compared
to cells grown in control conditions (SI Fig. S1). However,
these transcript levels were generally lower when compared to
D-xylonate-treated cells. Additionally, the presence of D-glu-
cose combined with D-xylonate had a negative influence on
the overall transcript levels when compared to cells treated
with only D-xylonate (Fig. 2c). This behavior was also ob-
served when the transcript levels were compared to cells treat-
ed with only D-xylose (Fig. 1c). Taken together, these results
initially indicate that both gene clusters may be influenced by
carbon catabolite repression (CCR), which was forthcoming
since the majority of the carbon assimilative pathways in
E. coli are under the control of CCR (Beisel and Afroz
2016; Gorke and Stiilke 2008).

As shown in Fig. 1b, yagF and yagF genes are predicted to
belong to a single transcript while yjAl, yjhH, and yjhG genes
belong to another. As these genes appear to be induced by the
presence of D-xylonate, the 5'-flanking sequences of each op-
eron were suggested to contain D-xylonate-responsive pro-
moters. Accordingly, the 294 bp DNA sequence flanking the
5'-end of yagE was designated as P, while the 302 bp DNA
upstream the 5’-end of yjhl was designated as P, (SI
Table S5). Reporter gene assays for P, and P,;;,; were done
to test their corresponding promoter activities. Both promoters
were individually cloned upstream of the mCherry reporter
gene (red fluorescent protein) (SI Fig. S2) and were expressed
in E. coli MG1655 (DE3). As a control, mCherry was also
expressed under the IPTG-inducible T7 promoter. Results
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Fig. 2 Comparative gene expressions of yag and yjh genes in
E. coli MG1655. Log,(fold change) when cells are supplemented
with 20 mM D-xylonate compared to cells grown on a MM9
medium only (control conditions) or b MM9 medium with
20 mM b-xylose. ¢ Heat map for log, (fold changes) for a D-
xylonate-treated cells vs control; b D-xylonate-treated cells vs D-
xylose-treated cells; ¢ D-glucose-treated cells vs D-xylonate-treated
cells; d (D-glucose + D-xylonate)-treated cells vs D-xylonate-treated cells;
e (D-xylose + D-xylonate)-treated cells vs D-xylonate-treated cells; f
(D-glucose + D-xylose + D-xylonate)-treated cells vs D-xylonate-
treated cells; and g D-glucose-treated cells vs D-xylose-treated
cells. Comparative Ct method was used to calculate the fold
change values
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showed that the P, has high basal activity in the absence of
D-xylonate (Fig. 3a) with RFU/ODg values slowly increased
4 h after p-xylonate induction. Meanwhile, no trends were
observed in the P,z activity time profiles for the effect of
D-xylose or D-glucose (Fig. 3b, c). In the case of P, the
fluorescence levels were very low prior to exposure with D-
xylonate (Fig. 3a). Addition of D-xylonate resulted in a 25-
fold increase in expression within 6 h, while treatment with D-
xylose or D-glucose only showed background activity
throughout the experiment (Fig. 3b, c). These results confirm
that the promoters in question are activated/induced by the
presence of D-xylonate, P,;;; having better performance than
Pk

Overall, the results demonstrate that P, is involved in the
positive regulation of yjhl, yjhG, and yjhF gene expressions in
response to D-Xylonate. Although P,z initially exhibited a
good response to D-xylonate during the expression anal-
ysis experiments (Fig. 2), it fared poorly in regulating
the mCherry reporter protein compared to P, (Fig. 3).
Hence, P,;;; was further characterized and used in developing
a synthetic genetic circuit. Identification of the cognate TF for
P,n; was not pursued further in this study.

Characterization of the P, structure

In order to determine the essential DNA parts for transcription
initiation, the 302-bp DNA sequence of P,;;,; was analyzed in
silico using BPROM and NNPP (Reese 2001; Umarov and
Solovyev 2017). Both programs predict the essential parts of
the promoter sequence and transcription factor binding sites.
BPROM analysis with a set score cutoff of >0.90 predicted
two potential promoter consensus regions, P, and Py, (Fig. 4a,
details shown in SI Fig. S3A). Meanwhile, NNPP analysis
predicted two sites for Crp protein binding located within P,
(Fig. 4a, details shown in SI Fig. S3B). This supports the
initial finding that P, activity may be subject to CCR.
DNA curvature and % GC content analysis were also per-
formed using the bend.it® online tool (Vlahovicek et al.
2003). The high curvature values and low GC content at the

Py, region (Fig. 4a) indicate increased probability for this DNA
region to contain the sequences essential for P, promoter
activity.

Deletion mapping experiment for P,;; was then performed
to distinguish which of the two predicted sites (P, or Py) are
essential for the promoter activity. Around 50-bp of DNA
were removed sequentially from the 302-bp sequence of
P,;,; and the resulting 6 truncated fragments were individually
cloned upstream of mCherry. As expected, the cells with the
full sequence of P,;,; showed increased red fluorescence at
24 h after induction with D-xylonate (Fig. 4b). The fluores-
cence observed in cells carrying truncated fragments up to
A150 showed slightly lower values but were still around 10-
fold higher than the negative control. Although the A150-
deletion fragment effectively removed 80% of the P, se-
quence, expression of mCherry remained unaffected. On
the other hand, the A200-deletion fragment resulted in a
drastic decline in fluorescence levels (Fig. 4b). This
truncated fragment removed 48% of P, sequence.
Hence, the P, region contains the potential RNA poly-
merase binding site while P, may play a non-essential
supporting role in Py, activity.

To test the dynamic range of Py4,; with D-xylonate, a dose-
response experiment was performed (Fig. 4c). A 24-h time
frame was selected since the fluorescent readout remained
unsaturated even after 12 h in cells treated with >40 mM D-
xylonate (SI Fig. S4). Results show a 14-fold increase in fluo-
rescent levels at the lower concentration range of D-xylonate
(0 to 20 mM), which indicates excellent promoter sensitivity
for P, (Fig. 4c). Higher D-xylonate concentrations only re-
sulted in an incremental increase in the fluorescent readout.
This may be attributed to the toxicity of D-xylonate at higher
concentrations.

Thus far, the results show that P, has excellent perfor-
mance in terms of background activity and response range to
D-xylonate. The active promoter region was identified at po-
sition — 79 to — 124 from the start site (ATG) of the yjhl gene
and it contains the transcription start site, Crp binding sites,
and the expected — 35 and — 10 sequence.

a inducer: D-xylonate b inducer: D-xylose Cc inducer: D-glucose
4000 ‘© T7 (+IPTG) 4000 4000
1 TF Pyage ] 1
S 3000 < Py 8 3000 — S 3000
8 ool 8 ool 8 »ono |
S 2000 S 2000 S 2000
s ] s ] s ]
1000 —| 1000 —| 1000 —
0 0 0
T T T T T T T T T T T T T T T T T
0O 1 2 3 4 5 6 0o 1 3 4 5 6 0O 1 2 3 4 5 6
time, h time, h time, h

Fig. 3 Fluorescence of mCherry under the control of different promoters
using D-xylonate (a), D-xylose (b), or D-glucose (¢) as inducers. A final
concentration of 20 mM inducer was added to the culture when ODgq
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reached 0.4 A.U., at which the time was set as 0 h. MM9 media was used
during cultivation. (RFU—mCherry fluorescence unit)



Appl Microbiol Biotechnol (2019) 103:8063-8074

8069

a
12— Pa Py 0.6 5000
o ] i
= Crp binding sites 4000 —
: g
a _|
3 g 3000
< e 1
z 2000 —
o = i
1000 —
e LA L L R
-250 -200 -150 -100 -50 0 20 40 60 80 100
position (5' = 3') D-xylonate, mM
., .

b pa { Full

Deletion Mapping

Fig. 4 Characterization of P,j,,. a Predicted essential parts of the P,;,;
based on the results of BPROM, NNPP, and bend.it® analysis (SI Fig.
S3). P, and Py, are 5'-flanking DNA regions predicted to contain RNA
polymerase binding sites. Position number is in reference to the start site
(ATG) of the yjhl gene. b Deletion mapping experiment using mCherry
expressed under different truncated fragments of P, ;,;. mCherry under the
regulation of T7 promoter was used as positive control (T7+IPTG). Full

P,jnr-driven genetic switch

As presented above, P, has the potential to detect and re-
spond to D-xylonate and this was exploited to build a genetic
switch (Fig. 5a). This P,;,~driven genetic switch is designed
to activate the expression of downstream enzyme reactions
that consume D-xylonate and simultaneously block D-xylonate
accumulation through a feedback control. In this proto-
type genetic switch, mCherry was cloned downstream of
Pr7uco In a lacl expression vector, which ensures the
expression of mCherry in the absence of IPTG. The
green fluorescent protein, sfGFP, and the repressor-
coding gene, /acl, was then cloned separately down-
stream of P, This allows the expression of both
sfGFP and Lacl only in the presence of D-xylonate;
the sfGFP produces green fluorescence while the Lacl
repressor blocks the mCherry production (Fig. 5a). The
complete genetic switch was integrated into a single
vector, pR-XAS (SI Fig. S2).

i
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A100
A150
A200
A250
A300

T T T 17 I |
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0 1000 2000 3000
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represents the full length of P,;; upstream of mCherry; (+XA)
indicates induction with 20 mM D-xylonate. Strains expressing
mCherry under the control of truncated fragments of P,;; (A
symbol plus number of bases removed) are induced with 20 mM

D-xylonate. ¢ Dose response of P,j,, towards D-xylonate. Samples
were taken after 24-h cultivation. (RFU—mCherry fluorescence unit)

To test the performance of the genetic switch, pR-XAS was
transformed into E. coli W3110 (DE3). Preliminary tests using
MM9 media without additional carbon source to support cel-
lular growth revealed very low fluorescence, possibly due to
carbon starvation which led to impaired growth (SI Fig. S5).
Although, an exemption was observed in cells treated with D-
xylonate. Under this treatment condition, better cell growth
was observed and sfGFP expression was high since the host
strain was capable of D-xylonate metabolism (Fig. 1a). Hence,
cultivation was done in MM9 media with D-glucose to support
cell growth. Two experimental conditions were set: (1) MM9
media with D-glucose only; and (2) MM9 media with D-glu-
cose and induced with D-xylonate after 12 h. The D-glucose
concentration used was 2.5 g L_l, at which CCR effect was
barely noticeable. High levels of mCherry and minimal sfGFP
expressions were observed during the first 12 h of cultivation
in both conditions (Fig. 5b). After 12 h of induction (24 h total
cultivation time), a significant increase in GFU/ODyg(, was
observed in D-xylonate-treated cells while a 32% decrease in
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D-xylonic acid

Fig. 5 a Designed dual-reporter synthetic genetic switch. mCherry is
constitutively expressed in the absence of D-xylonate. Once D-xylonate
is introduced, sfGFP expression is activated, as well as Lacl which re-
presses mCherry. b Fluorescence analysis of E. coli strains carrying the
synthetic genetic switch. MM9 medium used containing 2.5 g L' p-

RFU/ODg value was observed. Most of the red fluorescence
still observed at 12 h after induction may be the consequence
of the high protein maturation rate and photostability of
mCherry compared to sfGFP (Kremers et al. 2007; Shu et al.
2006). On the other hand, the uninduced cells showed a
significant increase in RFU/ODg levels while no sig-
nificant change in GFU/ODygg, was observed (Fig. 5b).
These results indicate that the designed P,,-driven syn-
thetic genetic switch worked properly and can be used for
developing a D-xylonate biosensor or a D-xylonate-dependent
genetic switch.

Synthetic p-xylonate switch for 1,2,4-butanetriol
production

Synthetic genetic circuits were then built based on the proto-
type P, ~driven synthetic genetic switch (Fig. 6). It should be
able to impart dynamic control over the accumulation of D-
xylonate in engineered microorganisms while improving the
production of a target compound employing the Dahms path-
way. In this work, BTO production was chosen to demonstrate
the capabilities of the designed genetic switch since D-
xylonate accumulation in this pathway is more prominent
compared to systems producing ethylene glycol or glycolic
acid from D-xylose (Cao et al. 2015; Sun et al. 2016;
Valdehuesa et al. 2014; Wang et al. 2018).

The pathway for BTO production from D-xylose requires
the expression of xdh, mdIC, and yghD in an E. coli strain
devoid of xylose isomerase (EC 5.3.1.5) and 2-keto-3-de-
oxy-D-xylonate dehydratase (EC 4.2.1.141) activities
(AxylAB and AyjhHAyagFE, respectively) (Valdehuesa et al.
2015; Valdehuesa et al. 2014). The yjAH and yagE gene
knockouts were done such that the yjA/HG and yagEF
mRNA transcripts contain the truncated version of the target
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glucose to support growth. The cells were grown initially for 12 h to
allow mCherry expression. A final concentration of 20 mM D-xylonate
was used for induction. (RFU—mCherry fluorescence unit; GFU—
sfGFP fluorescence unit)

genes but still carries the rest of the functional genes
(Valdehuesa et al. 2014). From the prototype P,;~driven ge-
netic switch, xdh was placed instead of mCherry while mdIC
and yghD for sfGFP (Fig. 6). This ensures adequate D-xylose
uptake and its conversion to D-xylonate, while D-xylonate ac-
cumulation triggers the expression of the repressor Lacl (re-
duces Xdh expression) and the downstream enzymes (for
BTO production). A second strain was also constructed that
lacks the feedback control mechanism mediated by D-
xylonate-induced Lacl repressor (partial system, Fig. 6). The
complete genetic switch was introduced in E. coli W3110
(DE3) AxylABAyjhHAyagE resulting in strain WBTXS
while the partial genetic switch was designated as WBTC.
For comparison purposes, a third strain designated as WBT+
was constructed which expressed all four genes for BTO pro-
duction under the control of a strong constitutive promoter
(Fig. 6).

BTO is a dead-end metabolite when produced from D-xy-
lose through the Dahms pathway. Furthermore, the host strain
carries deletion mutations in the xy/AB, yjhH, and yagE genes.
This means that BTO and the intermediate compounds in the
pathway cannot be utilized by the cell for building cellular
components. Hence, cell growth must be supported by using
rich media or adding an extra carbon source in MM9 media
during cultivation. In this part of the study, LB media was
selected for BTO production to support cell growth and to
circumvent any catabolite repression effect arising from using
any sugar substrate.

Results show that the WBT+ strain produced 0.70 g L™
BTO and accumulated 8.10 g L™ p-xylonate (Fig. 7a) which
is similar to the phenotype observed in the BTO-producing
strain EWBT304 from a previous study (Valdehuesa et al.
2014). Unlike WBT+, the strain EWBT304 did not overex-
press YjhG and YqhD, while Xdh and MdIC were



Appl Microbiol Biotechnol (2019) 103:8063-8074

8071

P yjhl

:

host genome

2-keto-3-deoxy-
D-xylonate

D-xylose === D-xylonate ===

‘ D-3,4-dihydroxy- ‘

— 1,2,4-butanetriol
butanal

]
|
T SRR —
|
|

host genome

WBTXS
Complete genetic switch ,'

- - —— - - - - -

Fig. 6 Schematic diagrams for genetic constructs used in the production of BTO from D-xylose through the xylose oxidative pathway. The asterisk (*)
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Fig. 7 Metabolite concentrations and growth profiles of BTO producing
strains WBT+ (a), WBTC (b), and WBTXS (¢). Shake-flask fermenta-
tions were performed with 10 g L™" xylose and incubated at 37 °C for
108 h with 250-rpm agitation

constitutively expressed (Valdehuesa et al. 2014). From this
information, it can be deduced that the issue on D-xylonate
accumulation and low BTO production cannot be solved by
simple overexpression of one or more genes, either constitu-
tively or otherwise. For the WBTC strain, 0.58 g L' BTO was
produced after 108 h of cultivation (Fig. 7b). D-Xylonate ac-
cumulated up to 8.1 g L™ at 48 h which is similar to WBT+.
The elevated D-xylonate concentration may have had influ-
enced the lower biomass concentration compared to
WBTXS (Fig. 7¢). Growth tests for WBTC confirmed that
biomass accumulation is 13—17% lower for conditions where
extracellular concentrations of D-xylonate reach 4 g L™" or
higher (SI Fig. S6). This behavior is also observed in previous
works (Cabulong et al. 2018b; Valdehuesa et al. 2014).
Finally, the WBTXS strain fared better in terms of cell growth
and BTO production (Fig. 7c). The highest concentration of D-
xylonate accumulation was 2.5 g L' at 36 h and was gradu-
ally consumed by the end of the cultivation period. D-Xylose
consumption slowed down during the stationary growth
phase, having a final residual concentration of 4.0 g L™ after
96 h. This is likely due to carbon starvation since the
cells cannot catabolize the intermediate compounds of
the BTO pathway. Furthermore, the intracellular NAD
co-factor levels necessary for D-xylose conversion to
D-xylonate may have also been depleted, thus preventing
the cells to continue producing BTO (Cabulong et al. 2018b;
Valdehuesa et al. 2014). The BTO production in WBTXS was
132 g L™ at 96 h, a 2.2-fold increase compared to
WBTC. This is equivalent to a yield of 0.31 mol mol '
or 0.22 g g~ (BTO/p-xylose consumed), which is 31% of
the theoretical yield.
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Discussion

The capability of E. coli K-12 strains and its derivatives to
catabolize D-xylonate has been demonstrated in previous
works (Liu et al. 2013; Liu et al. 2012; Valdehuesa et al.
2018). It involves the breakdown of D-xylonate to pyruvate
through a succession of dehydration and aldol cleavage reac-
tions (Fig. 1a). Interestingly, these two sequential reactions are
reminiscent of the Dahms pathway (Dahms 1974). The en-
zymes for these reactions are encoded by the CP4-6 pro-
phage-associated genes found in the yag and yjh gene clusters
in the E. coli genome (Fig. 1b).

In order to complete Dahms pathway in E. coli, simple
overexpression of the xylose dehydrogenase (xdh, EC
1.1.1.179) from Caulobacter crescentus (which oxidizes D-
xylose to D-xylonate) is introduced on top of this inherent D-
xylonate metabolic pathway (Liu et al. 2013). This has been
instrumental in the conversion of D-xylose to ethylene glycol,
glycolic acid, 1,4-butanediol, and polyhydroxyalkanoates
(Cabulong et al. 2018a; Choi et al. 2016; Liu et al. 2013;
Liu and Lu 2015). Earlier works on the optimization of this
pathway also featured artificially induced expression of the
dehydratases (EC 4.2.1.82), YagF or YjhG, and keto-
pentonate aldolases (EC 4.1.2.18), YagE or YjhH, from the
yag and yjh gene clusters in the E. coli genome (Fig. 1)
(Valdehuesa et al. 2018). Although the actual physiological
roles of these enzymes are currently unknown, recent reports
have confirmed their activities in catalyzing certain reactions
in the D-xylonate metabolic pathway (Jiang et al. 2015;
Shimada et al. 2017). On the other hand, information
concerning the native expression regulation of these enzymes
is limited. It has been assumed that the presence of D-xylonate
(from external addition or as a Dahms pathway intermediate
metabolite) activates the expression of these enzymes, which
then allows E. coli to grow on this sugar acid.

p-Xylonate-responsive promoters

In this work, the gene expression regulation of the aforemen-
tioned D-xylonate metabolic pathway in E. coli was explored
further. The results of differential expression analysis and
quantitative PCR experiments provided the first direct exper-
imental evidence that the genes of the yag and yjh gene clus-
ters are induced by D-xylonate (Fig. 2). Additionally, the pro-
moter region upstream of the yjhil gene (P,;;,;) showed a better
response to D-xylonate compared to P,z (located upstream
of yagE gene) and was therefore selected for promoter char-
acterization studies. Interestingly, these regions were previ-
ously identified to contain “constitutive promoters” through
in vitro genomic SELEX screening (Shimada et al. 2014).
Such in vitro study presented evidence for RNA polymerase
binding onto P,;;,; and P,,,.x in conditions lacking any inter-
ference from their cognate transcription factors (TF). This
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does not directly contradict the results demonstrated in this
work due to the difference in environmental conditions at
which the experiments were conducted (in vitro vs in vivo).
It is highly likely that these promoters interacted with their
cognate TF in vivo. For example, the single-target TF called
XynR (encoded by the yagl gene in the yag gene cluster) was
reported to regulate the expression of the yagEF operon
through its interaction with P,z (Shimada et al. 2017).
Hence, gene knockout of yagl would render a “constitutive”
behavior for P, promoter in vivo.

Synthetic genetic switch and its application to BTO
production

A persistent drawback in employing the Dahms pathway in
E. coli is D-xylonate accumulation (Valdehuesa et al. 2018).
Attempts to overcome this problem has been reported previ-
ously which demonstrated the use of traditional metabolic en-
gineering strategies (Cabulong et al. 2018a; Cabulong et al.
2017). An alternative to these techniques is to utilize biosyn-
thetic tools that confer dynamic regulation and control over D-
xylonate accumulation. This requires genetic parts wherein the
on-off response is triggered by a target signal molecule (Chen
et al. 2012; Venayak et al. 2015). Since P,;,; showed a good
response to the presence of D-xylonate, it was then utilized to
build a synthetic genetic switch which is aimed at providing
dynamic control over D-xylonate accumulation (Fig. 6).
Apart from successfully limiting D-xylonate accumulation,
the use of the genetic switch also contributed to the enhance-
ment of BTO production (Fig. 7). Earlier reports on direct
microbial fermentation of D-xylose to BTO in E. coli were
able to achieve only 0.13 to 0.28 mol mol ' yield from p-
xylose (Cao et al. 2015; Sun et al. 2016; Valdehuesa et al.
2014; Wang et al. 2018). These works made use of traditional
metabolic engineering techniques which included knockout of
competing reactions, selection and overexpression of optimal
enzymes, promoter strength modulation, and pathway optimi-
zation. Hence, the P, ~driven switch has proven effective in
delivering dynamic control over D-xylonate accumulation
while greatly improving BTO yield from direct microbial fer-
mentation of D-xylose. Other studies that implemented BTO
production through cell-free systems or whole-cell
biocatalysts reported high titer and yields (Gao et al. 2019;
Hu et al. 2018). However, cell-free conversions require mul-
tiple expression strains for individual enzymes, which require
purification through expensive affinity chromatography, and
the addition of costly co-factors such as NAD(H). Meanwhile,
whole-cell biocatalyst systems need several preliminary oper-
ations (high-density cell growth, harvesting, and then
inoculation) before the actual biocatalytic conversion. The
direct microbial fermentation strategy with an integrated dy-
namic genetic switch shown in this work, therefore, merits
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recognition due to its process simplicity and promising cost-
effectiveness.

Overall, this study presented a simple and dynamic genetic
switch controller for D-xylonate in recombinant E. coli. This
was achieved through a combination of molecular techniques
and synthetic biology tools to identify the necessary and novel
genetic parts, which were the basis for the constructed genetic
circuit. Quantitative and relative expression analysis experi-
ments revealed two D-xylonate-inducible operons, yagEF and
yjhIHG, from E. coli which are flanked at the 5'-end with
promoters P, .z and P, ;, respectively. Based on its low back-
ground activity and wide range of response to D-xylonate, P, ;;
was selected for assembling a synthetic genetic switch. This
contains a feedback control for the autoregulation of D-
xylonate accumulation and expression activation of genes
for BTO production. The P,;,~driven genetic switch effective-
ly reduced D-xylonate accumulation which resulted in 31%
BTO molar yield. This is the highest yield achieved thus far
for direct microbial fermentation of D-xylose through the
Dahms pathway. Further modifications and optimization of
the P, ~driven genetic switch may be done so it can be used
in the microbial production of other compounds from
D-xylose.
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