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Abstract

The fermentative production of valuable chemicals from lignocellulosic feedstocks has attracted considerable attention.
Although Saccharomyces cerevisiae is a promising microbial host, it lacks the ability to efficiently metabolize xylose, a
major component of lignocellulosic feedstocks. The xylose oxidative pathway offers advantages such as simplified metabolic
regulation and fewer enzymatic steps. Specifically, the pathway involves the conversion of xylose into 2-keto-3-deoxy-
xylonate, which can be channeled into two distinct pathways, the Dahms pathway and the Weimberg pathway. However, the
growth of yeast on xylose as the sole carbon source through the xylose oxidative pathway has not been achieved, limiting its
utilization. We successfully engineered S. cerevisiae to metabolize xylose as its sole carbon source via the xylose oxidative
pathways, achieved by enhancing enzyme activities through iron metabolism engineering and rational enzyme selection.
We found that increasing the supply of the iron-sulfur cluster to activate the bottleneck enzyme XylD by BOL2 disruption
and tTYWI overexpression facilitated the growth of xylose and the production of ethylene glycol at 1.5 g/L via the Dahms
pathway. Furthermore, phylogenetic analysis of xylonate dehydratases led to the identification of a highly active homologous
enzyme. A strain possessing the Dahms pathway with this highly active enzyme exhibited reduced xylonate accumulation.
Furthermore, the introduction of enzymes based on phylogenetic tree analysis allowed for the utilization of xylose as the
sole carbon source through the Weimberg pathway. This study highlights the potential of iron metabolism engineering and
phylogenetic enzyme selection for the development of non-native metabolic pathways in yeast.

Key points

o A 1.5 g/L ethylene glycol was produced via the Dahms pathway in S. cerevisiae.

e Enzyme activation enabled growth on xylose via both the Dahms and Weimberg pathways.
o Tested enzymes in this study may expand the application of xylose oxidative pathway.

Keywords Xylose oxidative pathway - Iron-sulfur protein - Saccharomyces cerevisiae - Phylogenetic enzyme selection -
Ethylene glycol
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In recent decades, there has been an increase in interest in
the fermentative production of high-value chemicals utiliz-
ing inedible lignocellulosic feedstocks, such as rice straw,
wheat straw, bagasse residue after sugar cane juicing, corn
stover, and switchgrass (Lane et al. 2018). Lignocellulosic
feedstocks are pretreated to separate them into their main
components: cellulose, hemicellulose, and lignin. The two
sugar-containing fractions, cellulose and hemicellulose, can
then undergo enzymatic hydrolysis to release the monomeric
sugars, such as glucose and xylose. Organic acids, particu-
larly acetic and formic acids, will also be present and will
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inhibit the growth of microorganisms, especially prokary-
otes such as Escherichia coli, which is commonly used as a
host for microbial chemical production (Lane et al. 2018).
Conversely, the eukaryotic budding yeast Saccharomyces
cerevisiae is considered to be a promising microbial host
due to its ability to tolerate low pH and growth inhibitors
(Jeffries 2006; Chen and Nielsen 2013; Liu et al. 2013). The
weight ratio of the monosaccharide substrate derived from
lignocellulosic feedstocks varies significantly depending on
the type of biomass and the pretreatment method used, typi-
cally ranging from 30 to 50% glucose and 20 to 25% xylose
(Kim et al. 2013). Therefore, for the direct production of
compounds from the degradation products of lignocellulosic
feedstocks, it is desirable to develop an engineered S. cer-
evisiae that is capable of utilizing both glucose and xylose.

There are two pathways for the utilization of xylose in
yeast: the xylose reductase/xylitol dehydrogenase (XR/
XDH) pathway and the xylose isomerase (XI) pathway. In
the XR/XDH pathway, the enzymes xylose reductase (XR)
and xylitol dehydrogenase (XDH) convert xylose to xylu-
lose via xylitol. While XR has a dual cofactor preference
with NADPH and NADH, XDH uses only NAD*, leading
to cofactor imbalance during fermentation and low ethanol
yields with accumulation of xylitol (Matsushika et al. 2009).
Previously, it was reported that the introduction of a cofactor
regeneration enzyme decreases the unwanted side products
xylitol and CO,, while increasing ethanol production (Verho
et al. 2003). On the other hand, xylose is converted directly
into xylulose in the XI pathway, while conversion yields
of isomerase reactions are limited by the inherent thermo-
dynamic equilibrium between the substrate and product
(Liu et al. 2019). Xylulose is then converted into xylulose-
5-phosphate (X5P) by xylulose kinase (XK). X5P is metabo-
lized via the yeast-native pentose phosphate pathway and
glycolysis. While the phosphorylation reaction by XK plays
a crucial role in linking conventional xylose assimilation
pathways with the endogenous pentose phosphate path-
way, the activity of XK in S. cerevisiae needs improvement
(Johansson et al. 2001). However, overexpression of XKS/
from S. cerevisiae or XK from other microbes can lead to
ATP depletion and inhibit yeast cell growth (Jin et al. 2003).
Moreover, the pentose phosphate pathway, which is involved
in nucleic acid synthesis, has a complex metabolic regu-
lation mechanism (Masi et al. 2021). Nevertheless, recent
studies have focused on reprogramming the regulatory net-
works and improved xylose utilization through these path-
ways (Lee et al. 2021; Trivedi et al. 2023). Combining the
XR/XDH and XI pathways improved xylose consumption
and ethanol yield from lignocellulosic hydrolysates (Cunha
et al. 2019).

The xylose oxidative pathway offers another promis-
ing option to utilize xylose. This pathway utilizes non-
phosphorylated and independent intermediates, thereby
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simplifying metabolic regulation and substrate competition
when other carbon sources are present. The xylose oxida-
tive pathway comprises thermodynamically advantageous
reactions (Valdehuesa et al. 2018). In addition, the pathway
involves fewer enzymatic reaction steps (Fig. 1). Xylose is
first oxidized to xylonolactone by NAD*-dependent xylose
dehydrogenase XylB, and xylonolactone is converted into
xylonate through a spontaneous ring-opening reaction or by
the enzyme XylC. Xylonate is then converted into 2-keto-
3-deoxy-xylonate (KDX) by the unique enzyme xylonate
dehydratase XylD, which contains an iron-sulfur cluster.
KDX serves as a crucial branching point, leading to two
distinct metabolic pathways. In the Dahms pathway, KDX
is converted into pyruvate and glycolaldehyde by the KDX
aldolases YjhH or YagE. Pyruvate is metabolized via the
TCA cycle and glycolaldehyde is further converted into its
oxidative form, glycolate, or its reductive form, ethylene
glycol. In the Weimberg pathway, KDX is converted into
a-ketoglutarate semialdehyde (AKGSA) by 2-keto-3-deoxy-
xylonate dehydratase XylX. Finally, AKGSA is converted
into a-ketoglutarate (AKG) by AKGSA dehydrogenase.
Therefore, the xylose oxidative pathway requires fewer
than five steps to synthesize important metabolites such as
pyruvate or a-ketoglutarate, which are then metabolized
via glycolysis and the TCA cycle, leading to cell growth
and bioproduction. Thus, the xylose oxidative pathway is a
shortcut from xylose to hub-intermediates, facilitating the
production of useful compounds from glucose and xylose.
The gene cluster of the xyIXABCD operon in the Weim-
berg pathway has been extensively characterized in Cau-
lobacter crescentus (Stephens et al. 2007; Watanabe et al.
2006; Almgqvist et al. 2018). This operon enables Pseu-
domonas putida to grow on xylose as the sole carbon source
with a specific growth rate of 0.21 h™! (Meijnen et al. 2009).
Subsequently, it was discovered that Escherichia coli and
Corynebacterium glutamicum can also grow on xylose using
the Weimberg pathway (Rossoni et al. 2018; Tai et al. 2016;
Briisseler et al. 2019). Moreover, E. coli has been engineered
to produce both mesaconic acid, poly(lactate-co-glycolate),
and itaconic acid via the xylose oxidative pathway (Lu et al.
2021; Choi et al. 2016; Bai et al. 2016). These target com-
pounds can be produced through a shorter pathway using
the xylose oxidative pathway compared to the XR/XDH and
XI pathways, enabling efficient conversion of xylose into
the target compounds. A pathway design termed “parallel
metabolic pathway engineering” using the xylose oxidative
pathway was shown to be effective for co-utilization of glu-
cose and xylose (Fujiwara et al. 2020). Bacillus subtilis can
also produce polyglutamic acid from xylose via the Weim-
berg pathway (Halmschlag et al. 2020). However, while
attempts have been made to cultivate the yeast S. cerevisiae
on xylose as the sole carbon source via the xylose oxidative
pathway (Borgstrom et al. 2019; Wasserstrom et al. 2018),
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Fig. 1 Construction of xylose
oxidative pathway based on

enzyme activation by iron NAD(P)*
uptake engineering and phy-
logenetic enzyme screening. NAD(P)H

XylB, xylose dehydrogenase; Clade 1
XylD, xylonate dehydratase;
XylX, 2-keto-3-deoxy-xylonate
dehydratase; KsaD, 2-ketoglu-
tarate semialdehyde dehydro-
genase; YagE, 2-keto-3-deoxy-
xylonate aldolase
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this has not yet been achieved. One possible reason for this
is the difficulty associated with expressing enzymes with
iron-sulfur clusters, such as XylD, in an active state, as this
is a bottleneck reaction in yeast. To address this issue, XylD
activation by BOL2 destruction has been performed to force
S. cerevisiae to use either the Dahms pathway or the Weim-
berg pathway (Borgstrom et al. 2019; Salusjirvi et al 2017).
A previous study also showed that BOL2 disruption and
tTYW1 overexpression can improve XylD activity through
improving Fe uptake in S. cerevisiae (Bamba et al. 2019).
However, in these engineered strains, the metabolic path-
way from KDX to carbon sources essential for growth was
not connected, and it remained unclear whether activation
of XyID through the Fe uptake engineering would enable
growth on xylose as the sole carbon source.

Another problem in engineering the xylose oxidative path-
way in S. cerevisiae is the limited availability of enzymes that
offer differential catalytic activities. Conventionally, enzymes
from C. crescentus have been used, following the identifica-
tion of the xyIXABCD gene operon associated with the Weim-
berg pathway in C. crescentus in 2007 (Stephens et al. 2007).
Despite multiple studies investigating enzymes from taxa other
than C. crescentus, highly active enzymes enabling growth on
xylose as the sole carbon source have not yet been identified
in yeast. Therefore, a systematic classification and comparison
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of enzyme activities from various sources is needed for the
construction of a functional xylose oxidative pathway in yeast.

In this study, we sought to culture S. cerevisiae using xylose
as the sole carbon source via oxidative xylose metabolic path-
ways. Introducing KDX aldolase (YagE) into an engineered
strain with BOL2 disruption and tTYW] overexpression ena-
bled xylose-dependent growth through the Dahms pathway.
In addition, by introducing highly active enzymes such as
XylX from Burkholderia xenovorans, Sphingomonas aero-
lata, or Novosphingobium taihuense, we were able to induce
xylose-dependent growth using the Weimberg pathway. Our
results demonstrate the potential of using enzymes from vari-
ous organisms for constructing a xylose oxidative pathway in
yeast and suggest that a systematic classification approach can
be useful for identifying highly active enzymes. Our findings
have important implications for the development of yeast as a
platform for producing value-added chemicals from renewable
sources, such as lignocellulosic feedstocks.

Materials and methods
Constructing plasmids

The plasmids and primers used in this study are shown in
Supplemental Tables S1 and S2. E. coli NovaBlue (Merck
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Millipore, Darmstadt, Germany) was used for plasmid
amplification. NovaBlue was cultured in Luria—Bertani
medium (10 g/L tryptone, 5 g/L yeast extract, and 5 g/L
NaCl) containing 100 pg/mL ampicillin at 37 °C. Clon-
ing was performed using the In-Fusion® HD Cloning
Kit (Takara Bio, Shiga, Japan) and Ligation High Ver. 2
(Takara Bio). Briefly, the homologous sequence of the
terminal 15 bases of the restriction enzyme—treated vec-
tor was added to both ends of the primers to be cloned
by PCR. The vector, the PCR product, and the in-fusion
enzyme were mixed and then incubated at 50 °C for
15 min. All of the genes used in this study were artificially
synthesized by GenScript (Piscataway, NJ, US) with DNA
sequences optimized for the codon usage frequency of S.
cerevisiae. The nucleotide sequences are shown in Sup-
plemental Tables S3.

To introduce the Dahms pathway into yeast, YagE from
E. coli was artificially synthesized and cloned into pIL-
pTDH3-tADH]1 using Smal, following the method described
by Bamba et al. (2019). By cloning the ksaD gene from
C. glutamicum, we generated the plasmid pIU-pTDH3-
CgksaD. The SED1 promoter region and SAG1 terminator
were obtained by PCR using YPH499 genomic DNA as a
template with specific primers (xhol-SED1p F, xhoI-SED1p
R, SAGI1tF, and SAG1t R). The resulting DNA fragments
were treated with Xhol and Notl and cloned into pGK405
(LEU2) using in-fusion cloning, resulting in the creation of
pIL-pSEDI1-tSAGI (Ishii et al. 2009).

Next, pIL-pSED1-tSAG1 was treated with Smal, and
xylX genes from N. taihuense, H. aswanensis, H. paucihalo-
philus, C. crescentus, B. xenovorans, and S. aerolata were
artificially synthesized and cloned into pIL-pSED1-tSAGI,
resulting in the construction of pIL-pSED1-HaxylX-tSAGI,
pIL-pSED1-HpxylX-tSAG1, pIL-pSED1-CcxylX-tSAGI,
pIL-pSED1-BxxylX-tSAG1, pIL-pSED1-SaxylX-tSAGI,
and pIL-pSED1-NtxylX-tSAGI, respectively.

To construct pIA-pTDH3-tADH1, pIL-pTDH3p-tADH]I
and pGK402 (ADE?2) (Ishii et al. 2009) were cloned by liga-
tion. xylB from C. crescentus was artificially synthesized and
cloned into Smal-treated pIA-pTDH3-tADHI, resulting in
the creation of pIA-pTDH3-xylB.

Artificial synthesis of xylA genes from various organ-
isms, including B. xenovorans, Asticcacaulis endophyticus,
Streptomyces hygroscopicus, Pseudomonas inefficax, Bac-
teroidetes bacterium, Rhodopirellula sp. TMEDI11, Pseu-
domonas fluorescens, Sphingomonas aurantiaca, Rhodobac-
teraceae bacterium, and Burkholderia lata, was performed.
These genes were cloned into pIU-pTDH3-tADH1 using
Smal, resulting in the creation of pIU-pTDH3-BxxylA,
pIU-pTDH3-AexylA, pIU-pTDH3-ShxylA, pIU-pTDH3-
PixylA, pIU-pTDH3-BbxylA, pIU-pTDH3-RspxylA,
pIU-pTDH3-PfxylA, pIU-pTDH3-SaxylA, pIU-pTDH3-
RbxylA, and pIU-pTDH3-BlxylA.
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To create plasmids expressing xy/D from heterologous
species, pGK406 (URA3) (Ishii et al. 2009) and pIL-pSED1-
tSAG1 were digested with Xhol and Notl and then ligated
to create pIU-pSED1-MaxylD, pIU-pSED1-CcxylD, pIU-
pSED1-BxxylID, pIU-pSED1-HexylD, pIU-pSED1-SexylD,
pIU-pSED1-AtxylD, pIU-pSEDI1-RmxylD, and pIU-
pSED1-PaxylD, using artificially synthesized DNA from
Marinovum algicola, Caulobacter crescentus, Burkholderia
xenovorans, Herbaspirillum hiltneri, Sphingomonas elodea,
Agrobacterium tumefaciens, Rhizobium miluonense, and
Pseudooceanicola antarcticus, respectively.

Construction of yeast strains

The yeast strains constructed in this study are shown in Sup-
plemental Table S4. Yeast transformation was performed
using a one-step transformation method with lithium ace-
tate (Chen et al., 1992). Saccharomyces cerevisiae YPH499
[MATa ura3-52 lys2-801 ade2-101 trp1-63 his3-A200
leu2-Al (Stratagene, La Jolla, CA, USA)] was used to con-
struct the oxidative xylose metabolic pathway. The yeast
strains were cultured in SD medium (6.7 g/L yeast nitrogen
base without amino acids (Difco Laboratories, Detroit, M1,
USA), 20 g/L glucose) with amino acids and nucleic acids
added to meet the nutritional requirements of the strain. SCD
medium (6.7 g/L yeast nitrogen base without amino acids
(Difco Laboratories), 2 g/L synthetic complete mix, 20 g/L
glucose) was also used. During yeast transformation, amino
acids and nucleic acids were excluded from the synthetic
complete mix based on the nutritional requirements of the
strains.

The BD strain was constructed by introducing the xylB
and xyID genes from C. crescentus and disrupting GRE3,
which converts xylose to xylitol and xylonic acid, into S.
cerevisiae YPH499. The BDE strain was generated by intro-
ducing pIL-pTDH3-yagE into the BD strain to incorporate
the Dahms pathway. The BDAB-E strain was created by
introducing pIL-pTDH3-yagE and replacing the BOL2
gene of the BD strain with HIS3. To disrupt the BOL2
gene, DNA fragments containing the ADE2 marker were
obtained by performing PCR using pGK402 (ADE2) (Ishii
et al. 2009) as the template and the primers dBOL2_ADE2
F and dBOL2_ADE2 R. PCR was also performed using S.
cerevisiae genomic DNA as the template and the primers
BOL2 up F, BOL2 up R, BOL2 down F, and BOL2 down R
to amplify the 500-bp regions upstream and downstream of
the BOL2 ORF. The BOL2 disruption fragments, compris-
ing the ADE2 marker flanked by the 500 bp ORF regions,
were generated by overlapping PCR and subsequently trans-
formed into the BD strain. The BDABLT strain was gener-
ated by introducing pIAur-tTYWI1 into the BDAB strain.
The BDABtT-E strain and BDABtT-H strains were gener-
ated by integrating pIL-pTDH3-yagE and pIL-pTDH3-yjhH,
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respectively, into the BDABtT strain to incorporate the
Dahms pathway.

To examine xylD activity in heterologous organisms, the
base BE strain was generated by introducing pIA-pTDH3-
xylB and pIL-pTDH3-yagE into the YPH499AGRES3 strain.
Subsequently, the BEABIT strain was obtained by replacing
the BOL2 gene of the BE strain with HIS3, and further intro-
ducing pIAur-tTYW1. Using the BEABIT strain as a base,
the plasmids pIU-pSED1-MaxylD, pIU-pSED1-CcxylD,
pIU-pSED1-BxxylD, pIU-pSED1-HexylD, pIU-pSED1-
SexylD, pIU-pSEDI1-AtxylD, pIU-pSED1-RmxylD, and
pIU-pSED1-PaxylD were transformed into it, resulting
in the creation of BEABtT-MaxylD, BEABtT-CcxylD,
BEABtT-BxxylD, BEABtT-HexylD, BEABtT-SexylD,
BEABtT-AtxylD, BEABtT-RmxylD, and BEABtT-PaxylD
strains, respectively.

To introduce the Weimberg pathway into the BDABtT
strain, we first generated the BDABtT-ksaD strain by
introducing pIU-pTDH3-CgksaD. Subsequently, strains
such as BDABtT-ksaD-CcxylX, BDABtT-ksaD-HaxylX,
BDABtT-ksaD-HpxylX, BDABtT-ksaD-BxxylX, BDABtT-
ksaD-SaxylX, and BDABtT-ksaD-NtxylX were created by
transforming pIL-pSED1-CcxylX-tSAG1, pIL-pSED1-Hax-
yIX-tSAGI, pIL-pSED1-HpxylX-tSAG1, pIL-pSED1-Bxx-
yIX-tSAG1, pIL-pSED1-SaxylX-tSAG1, and pIL-pSED1-
NtxylX-tSAG1, respectively.

To introduce xyl/A from heterologous organisms into
yeast, BDABtT-BxxylX strains were created by introduc-
ing pIL-pSED1-BxxylX-tSAGI into the BDABLT strain. In
addition, by introducing pIU-pTDH3-BxxylA, pIU-pTDH3-
AexylA, plU-pTDH3-ShxylA, plU-pTDH3-PixylA,
pIU-pTDH3-BbxylA, plU-pTDH3-RsxylA, pIU-pTDH3-
PfxylA, pIU-pTDH3-SaxylA, pIU-pTDH3-RbxylA, and
pIU-pTDH3-BlxylA, strains BDABtT-BxxylX-BxxylA,
BDABtT-BxxylX-AexylA, BDABtT-BxxylX-ShxylA,
BDABtT-BxxylX-PixylA, BDABtT-BxxylX-BbxylA,
BDABtT-BxxylX-RspxylA, BDABtT-BxxylX-PfxylA,
BDABtT-BxxylX-SaxylA, BDABtT-BxxylX-RbxylA, and
BDABtT-BxxylX-BlxylA were obtained, respectively.

Growth test using xylose as a single carbon source

Cells were cultured in SD medium at 30 °C with gentle
shaking at 200 rpm for 24 h. The cultured cells were then
washed twice with distilled water. After washing, the cells
were inoculated to a 200-mL Erlenmeyer flask containing
50 mL of growth test medium consisting of 6.7 g/L yeast
nitrogen base without amino acids (Difco Laboratories),
1.46 g/L. Yeast Synthetic Drop-out Media Supplements
(Y1501, Sigma-Aldrich, Burlington, USA), 76 mg/L uracil,
and 20 g/L xylose. Cells were inoculated at an optical den-
sity of OD¢(,=0.1 and cultured at 30 °C with gentle shaking
at 200 rpm. Cell density was measured using a UV-VIS

spectrophotometer (uVmini-1240, Shimadzu Corp. Kyoto,
Japan).

Culture test with mixed sugar using glucose
and xylose

Cells were cultured in 5 mL of SCD medium for 24 h. Then,
they were transferred to a 100-mL Erlenmeyer flask con-
taining 20 mL of YPD medium with an optical density of
ODgy=0.1 and cultured at 30 °C with gentle shaking at
150 rpm for 24 h. After culturing, the cells were washed
twice with distilled water. They were then inoculated into
100-mL Erlenmeyer flasks containing YPDX medium (con-
taining 10 g/L yeast extract, 20 g/L tryptone, 10 g/L glucose,
and 10 g/L xylose) with an optical density of ODgg,=5.0.
Cultures were performed at 30 °C with gentle shaking at
200 rpm in a total volume of 20 mL.

Phylogenetic tree analysis

Amino acid sequences of the enzymes for phylogenetic tree
analysis were retrieved from the NCBI database. Sequences
that overlapped and those containing unknown amino acids
were excluded from the analysis. In addition, CD-HIT (Fu
et al. 2012) was used to remove amino acid sequences
exhibiting more than 90% identity. Alignment was per-
formed using MAFFT (Katoh et al. 2002), and phylogenetic
trees were constructed with RaxML, based on the aligned
sequence (Stamatakis 2014).

XylX activity measurement

Yeast strains were cultured for 24 h at 30 °C in a 100-mL
Erlenmeyer flask containing 20 mL of YPD medium (con-
taining 10 g/L yeast extract, 20 g/L peptone, and 20 g/L
glucose). The cells were then washed twice with wash buffer
(10 mM phosphate buffer, 2 mM EDTA, pH=7.5) and then
exposed to protein extraction buffer (100 mM phosphate
buffer, pH=7.5, 2 mM MgCl,, ]| mM DTT) containing
200 pL of 0.5-mm-diameter glass beads (YGBOS) (Yasui
Kikai, Osaka, Japan). The mixture was shaken at 1500 rpm
for 5 min using a Shake Master Neo (Biomedical Science,
Tokyo, Japan), followed by centrifugation at 21,000 X g for
15 min at 4 °C. The supernatant was used as the yeast total
protein solution for enzyme activity measurement.

The following substrates were used for the XylX activ-
ity assay: 5 mM 2-keto-3-deoxy-xylonate (KDX), 20 mM
Tris—HCI (pH=28.0), 10 mM MgCl,, and 1 mM NAD+. A
total of 50 uL of yeast protein extract was added to 350 uLL
of the substrate mixture and incubated at 30 °C for 5 min. To
calculate the XylX activity, the increase in NADH during the
reaction was measured over time at a wavelength of 340 nm.

@ Springer
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The molar absorption coefficient of NADH (6.3 mM ' em™)
was used to calculate the converted amount of KDX.

XylID activity measurement

The activity of xylonate dehydratase (XylD) was measured
by the thiobarbiturate method (Kim and Lee 2005). All pro-
teins were extracted using the same method employed for the
measurement of XylX activity. For the reaction solution, 400
pL of reaction mixture containing 50 mM Tris—HCI buffer
(pH=38.0), 5 mM MgCl,, and 12 mM bp-xylonate and 50 uL
of yeast protein extraction solution were incubated at 30 °C
for 10 min. After 10 min, the enzyme reaction was stopped
by adding 100 uL. of 2 M HCI. Subsequently, 50 puL of the
solution was mixed with 125 puL of 25 mM iodic acid solu-
tion (dissolved in 0.125 M H,SO,) and reacted at 20 °C for
20 min. The reaction was then stopped by adding 250 uL
of 2% (w/v) sodium arsenite solution (dissolved in 0.5 M
HCY). Finally, 1 mL of 0.3% aqueous thiobarbiturate solution
was added and incubated at 100 °C for 10 min to generate a
red chromophore. To enhance the color intensity of the red
chromophore, an equal amount of DMSO was added to the
reaction solution cooled to room temperature. The specific
activity of XylD was calculated based on the absorbance at
549 nm. The molar absorption coefficient of the red chromo-
phore is 6.78 x 10* M~! cm™! (Skoza and Mohos 1976).

Metabolite analysis

Metabolite concentrations were measured as described by
Bamba et al. (2019). Briefly, fermentation supernatants (5 pL)
containing 10 g/L ribitol as an internal standard (2 pL) were
evaporated to dryness using a CentriVap Benchtop Vacuum
Concentrator (Labconco, Kansas City, MO, USA). Sample
derivatization was performed in a shaker incubator (1200 rpm
at 30 °C; MBRO022UP; Taitec, Saitama, Japan) for 90 min with
100 pL of a 20 mg/mL solution of methoxyamine hydrochlo-
ride in pyridine. This was followed by a 30-min reaction in a
shaker incubator (1200 rpm at 37 °C; M-BR-022UP; Taitec)
with 50 uL of N-methyl-n-TMS-trifluoroacetamide (MSTFA).
After centrifugation at 3000 X g for 5 min at room tempera-
ture, 120 pL of the supernatant was transferred to a 150-pL
glass insert and analyzed by GC-MS (GCMS-QP 2010 Ultra;
Shimadzu Corp.) equipped with a CP-Sil 8CB column (30 m
length X 0.25 mm i.d., 0.25 pm layer thickness; Agilent Tech-
nologies, Palo Alto, CA, USA). The operating parameters
of the GC-MS were the same as those described previously
(Bamba et al. 2019).
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Results
Functional construction of the Dahms pathway

In S. cerevisiae, xylose is converted into xylitol by the
endogenous non-specific aldose reductase encoded by the
GRE3 gene. To enhance the conversion efficiency of xylose
via the oxidative xylose metabolic pathways, GRE3 was dis-
rupted in the YPH499 strain by replacing it with the KanMX
cassette, producing the base strain YPH499AGRE3.

To incorporate the Dahms pathway into yeast, the
yvagE gene from E. coli was introduced into the BD strain.
This strain was constructed by integrating the xy/B and
xylD genes from C. crescentus into the YPH499AGRE3
strain (Bamba et al. 2019). However, when the growth of
the resulting BDE strain was evaluated after culture in a
medium containing xylose as the sole carbon source, it did
not exhibit an increase in growth compared to the YPH499
wild-type strain (Fig. 2). We hypothesized that this was due
to the limited activity of XyID caused by a deficiency of
iron-sulfur clusters in yeast. Consequently, our objective
shifted towards expressing an active form of XylD, complete
with its iron-sulfur cluster, to facilitate the growth of the
BDE strain on xylose by applying iron uptake engineering.
Iron uptake in yeast involves the regulatory actions of Bol2
on the transcription factors Aft1/Aft2, which control iron
uptake (Kumanovics et al. 2008; Courel et al. 2005; Kaplan
and Kaplan 2009). When the BOL2 gene was disrupted in
the BDE strain, the resulting BDAB-E strain demonstrated

1.0 - YPH499 WT -o-BDE
-o-BDAB-E -o-BDABtT-Empty
-o-BDABLT-E

0D600 (-)

OO T T T T

0 24 48 72 96 120
Time (h)

Fig.2 Growth on xylose as the sole carbon source by the Dahms
pathway. Growth tests were performed on a medium containing
20 g/L of xylose. Values are the mean=+SD of three biological rep-
licates



Applied Microbiology and Biotechnology (2025) 109:30

Page70f14 30

the capacity to grow on xylose (Fig. 2), although the spe-
cific growth rate of BDAB-E strain (p=0.035 h™!) is pretty
low compared to that of a XI pathway strain (u=0.24 h™")
(Trivedi et al. 2023). The Tywl protein is hypothesized
to bind excess Fe-S clusters, and the overexpression of a
truncated form of Tyw1 (tTywl) is known to enhance the
expression of Aftl/Aft2 Fe regulon genes (Li et al 2011).
Incorporating overexpressed tTywl into the BDAB-E
strain, resulting in the BDABtT-E variant, further improved
growth on xylose. Conversely, loss of the yagE gene from
the BDABLtT-E strain impaired growth (Fig. 2; BDABtT-
empty strain). These results suggest that the engineering of
iron uptake effectively resolved the issue of limited activity
of XylD, thereby enabling the engineered yeast strains to
grow on xylose by using the Dahms pathway although the
growth rate remains to be improved.

In the context of the practical fermentation of a ligno-
cellulosic hydrolysate, both glucose and xylose need to be
metabolized. Therefore, we investigated whether the abil-
ity to utilize xylose via the Dahms pathway can enhance
growth in a culture medium containing glucose and xylose.
Under mixed sugar conditions, the BDABtT-E strain exhib-
ited better growth than YPH499AGRE3 (Fig. 3A). Further-
more, to assess the efficacy of different KDX aldolases, we
introduced the yjhH from E. coli, replacing yagFE to cre-
ate the BDABtT-H strain. This modification also showed
improved growth relative to YPH499AGRE3 (Fig. 3A).
While YPH499AGRES3 did not consume xylose, both the
BDABtT-E and BDABtT-H strains completely utilized
xylose (Fig. 3C). However, the accumulation of approxi-
mately 8 g/L xylonate indicated suboptimal xylose utili-
zation efficiency (Fig. 3D). Nonetheless, both BDABtT-E

Fig.3 Mixed sugar cul- A B 12 -
ture of yeast strains with 35 -
the Dahms pathway and 30 10
enhanced Fe uptake systems. . '»
YPH499AGRES3 (yellow line), 25 %') 8 4\
BDABUT-H (red line), and 5 20 4
BDABUT-E (blue line) strains 2 a 6
grown in YPDX medium a 15 S
(containing 10 g/L yeast extract, o 10 O 41
20 g/L tryptone, 10 g/L glucose, 2 J
and 10 g/L xylose). ODgy (A), 5
substrates (B, C), and metabo- 0 . . . . 0 * PN ’
lites (D, E) were measured. 0 24 48 72 96 0 48 72 96
Values are the mean + SD of Time () Time (h)
three biological replicates
D
14 - 1.8
12 ~16 -
31 0 D14
23 3121
3 3]
o6 © 0.8 1
X 4 & 0.6 -
204 -
= 0.2
0 0 ° s : ®
0 24 48 72 96

E Time (h)

-t

Xylonate (g/L)
O—_NWPHA,OON®O®OO

0 24 48

Time (h)

Time (h)

——o—o— 0o —

72 96
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and BDABtT-H strains produced 1.5 g/L of ethylene glycol
(Fig. 3E), a yield exceeding those reported in prior studies
which produced ethylene glycol via the same pathway in S.
cerevisiae (Salusjdrvi et al. 2017). The similar performance
of BDABtT-E and BDAB(T-H strains suggests that yagE
and yjhH are functionally equivalent in terms of constructing
the Dahms pathway.

Identification of highly active XyIDs
through phylogenetic analysis

Despite employing iron uptake engineering to augment the
availability of iron-sulfur clusters for XylD, the observed
accumulation of xylonate accumulation (~8 g/L) suggests
that the xylonate dehydratase activity is still limited. A pre-
vious study introduced XylD and YjhG from Burkholderia
cenocepacia, Haloferax volcanii, Ellin329 bacterium, and
E. coli into S. cerevisiae, but these enzymes did not show
improved cell growth or compound productivity compared
to XylD from C. crescentus (Wasserstrom et al. 2018). As

A

C. crescentus

M. algicola B. xenovorans

R. miluonense
A. tumefacien,

P antarcticus

S. elodea

—o— BEABtT-CcXylD
—e— BEABtT-RmXyID

8.0 1 —e— BEABtT-PaXylD

7.0 +

/L

250 - Y

40 A

30

20

1.0 *

0.0 . . ; .
0 24 72 9%

Xylonate (

48
Time (h)

Fig.4 Effect of highly active XylD on xylonate accumulation and
ethylene glycol production. A Phylogenetic tree analysis of XylD;
B XylD activity of enzymes derived from species selected from the
phylogenetic analysis. Orange bars show means of individual results
(dots) obtained from two independent experiments; C, D accumula-
tion of xylonate and production of ethylene glycol during mixed sugar
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approximately 6000 amino acid sequences are registered as
XylD in NCBI, there may be XylDs with higher activities
than that in C. crescentus.

Phylogenetic tree analysis is effective for identifying
highly active enzymes for metabolic engineering (Protzko
et al. 2018; Vavricka et al. 2019). Based on the phylogenetic
tree analysis, xylonate dehydratases belonging to the IlvD/
EDD family were classified into six clades (Fig. 4A). We
measured the xylonate dehydratase activity of six XylDs
from Marinovum algicola, Caulobacter crescentus, Bur-
kholderia xenovorans, Herbaspirillum hiltneri, Sphingo-
monas elodea, and Agrobacterium tumefaciens. Notably,
four XylDs from B. xenovorans, S. elodea, H. hiltneri, and A.
tumefaciens showed 1.85-, 9.62-, 3.46-, and 23.9-fold higher
activities, respectively, than that from C. crescentus, which
has conventionally been used for constructing the xylose
oxidative pathway (Fig. 4B). To identify XylD with even
higher activities than the abovementioned, we selected and
measured the activity of two additional XyIDs from Rhizo-
bium miluonense and Pseudooceanicola antarcticus, which

35
30 - o o
25 1
20 1
15 -
10 -
5-
O-

O

PP
S

Relative XyID activity (-)

®
<

NN
F F F
SO RN
—o— BEABtT-CcXyID
—e— BEABtT-RmXyID
—e—BEABtT-PaXylD

O

16 A
14 A
12 A —_—
1.0 A
0.8 A
0.6 A
04 A
0.2 A
0.0 T T T 1

0 24 48 72 96
Time (h)

Ethylene glycol (g/L)

fermentation. Orange, red, and blue lines indicate the metabolite con-
centrations of BEABtT-CcXylD, BEABtT-RmXylD, and BEABtT-
PaXylD, respectively. Values are the mean+SD of three biological
replicates. Significant differences against BEABtT-CcXylD were
evaluated by a two-tailed non-paired Student’s ¢ test (*P < 0.05)
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belong to the same clade as A. tumefaciens, whose XylD
showed the highest activity in the previous selection round
via phylogenetic tree analysis. Interestingly, XylD from R.
miluonense and P. antarcticus showed 29.2-fold and 30.8-
fold higher activities compared to that from C. crescentus
(Fig. 4B). Therefore, we constructed engineered yeast strains
(BEABtT-RmXylD and BEABtT-PaXylD) harboring the
Dahms pathway with the highly active XylDs (RmXylD
and PaXylD) and performed mixed sugar cultivation. As
a result, the accumulation of xylonate in BEABtT-PaXylD
slightly decreased compared to the BEABtT-CcXylD strain
(Fig. 4C). However, the decreased xylonate accumulation in
the BEABtT-PaXylD strain did not improve ethylene glycol
production (Fig. 4D). This may be due to increased genera-
tion of byproducts other than ethylene glycol. The BEABtT-
RmXYyID strain showed similar xylonate accumulation and
ethylene glycol production to the BEABtT-CcXylD strain.

XylX selection is crucial for xylose-dependent
growth through the Weimberg pathway

Another promising xylose oxidative pathway is the Weim-
berg pathway. We explored the ability of engineered yeast
strains harboring the Weimberg pathway to utilize xylose
as their sole carbon source. To this end, we developed the
BDABtT-ksaD-CcxylX strain by introducing XylX from C.
crescentus and KsaD from C. glutamicum into the BDABtT
strain, which is engineered for enhanced iron uptake. As
shown in Fig. 5A, neither the wild-type YPH499 strain nor

Fig.5 XylIX screening to show
xylose-dependent growth via
Weimberg pathway. A Results
of cell growth test on xylose via
the Weimberg pathway (orange,
YPH499 WT; red, BDABItT-
ksaD-CcxylX; blue, BDABtT-
CcxylA-CexylX). Growth tests
were performed on a medium
containing 20 g/L of xylose as
a sole carbon source. Values are

A1.2

1

—e—YPH499 WT

0.8
0.6
0.4

0D600 (-)

the BDABtT-ksaD-CcxylX strain showed any detectable
growth on xylose.

Among the Weimberg pathway enzymes, efforts have
been made to optimize XyIB, XylD, and XylA. As for xylose
dehydrogenase, expression of xy/B from C. crescentus has
been demonstrated to be better suited for xylonate produc-
tion than the NADP*-dependent dehydrogenase-encoding
genes xydl and SUS2DD (Toivari et al. 2010, 2012). Was-
serstrom et al. (2018) evaluated a total of four xylonate
dehydratases isolated from C. crescentus, Burkholderia
cenocepacia, E. coli, and Ellin329, even though yeast
strains harboring these enzymes still accumulate xylonate.
Likewise, xylonate dehydratases encoding yjhG from E.
coli have been shown to be inefficient for the production of
1,2,4-butanetriol (Bamba et al. 2019). As an aKG semialde-
hyde dehydrogenase, expression of KsaD from Corynebac-
terium glutamicum had higher enzyme activity than XylA
from C. crescentus (Borgstrom et al. 2019). Although the
enzyme XylX from C. crescentus has a low reaction rate
(kcat) and substrate specificity compared to other enzymes
in the Weimberg pathway (Tai et al. 2016; Sutiono et al.
2020), optimization trials of XylX in yeast have been insuf-
ficient compared to the enzymes mentioned above.

Encouraged by the results obtained for XylD selection via
phylogenetic tree analysis, we engineered yeast strains with
alternative XylX enzymes identified using the same analyti-
cal method. The enzyme XyIX was divided into three clades
based on phylogenetic tree analysis (Fig. 5B). Several repre-
sentative XylX enzymes selected from each clade (Halopiger
aswanensis, Halalkalicoccus paucihalophilus, Burkholderia
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xenovorans, Sphingomonas aerolata, and Novosphingobium
taihuense) and introduced into the BDABtT-ksaD strain
harboring XyIB and XylD from C. crescentus and KsaD
from C. glutamicum. Subsequent growth assays on xylose,
shown in Fig. 5C, revealed that while the two XylXs from H.
aswanensis and H. paucihalophilus did not support growth,
the three XylXs from B. xenovorans, S. aerolata, and N.
taihuense in Clade 3 enabled the growth on xylose upon
replacement of the XylX from C. crescentus.

To investigate the relationship between xylose-dependent
growth and XylX enzyme activity, we measured the KDX
dehydratase activity of each enzyme (Fig. 5D). As expected,
XylXs from H. aswanensis and H. paucihalophilus showed
significantly lower KDX dehydratase activities compared
to those from Clade 3, suggesting that XylX from Clades
1 and 2 may not be suitable for constructing the Weimberg
pathway in yeast. Conversely, among the enzymes belonging
to Clade 3, XylX from C. crescentus was found to be inef-
ficient for supporting xylose-dependent growth, despite its
high KDX dehydratase activity (Fig. 5A).

Next, our objective was to optimize XylA through phylo-
genetic tree analysis of all amino acid sequences registered
as XylA in the NCBI database (Supplemental Fig. S1A).
To assess the impact of XylA variants on xylose-depend-
ent growth by engineered yeast, we introduced a repre-
sentative XylA from each clade into the BDABtT-BxXylX
strain, which harbors XylB and XylD from C. crescentus,
and XylX from B. xenovorans. The XylA homologs tested
were derived from Asticcacaulis endophyticus, Streptomy-
ces hygroscopicus, Pseudomonas inefficax, Bacteroidetes
bacterium, Rhodopirellula sp. TMEDI11, Pseudomonas
fluorescens, Sphingomonas aurantiaca, Rhodobacteraceae
bacterium, Burkhorderia xenoborans, Nitrincola lacisapon-
ensis, and Burkholderia lata (Burkholderia aenigmatica).
We observed differences among the XylA homologs in terms
of supporting growth on xylose, and identified KsaD, previ-
ously used as a XylA homolog (Borgstrom et al. 2019), as
one of the most suitable enzymes (Supplemental Fig. S1B).

Utilization of xylose via the xylose oxidative
pathway promotes growth in a mixed sugar medium

We investigated the effects of XylX homologs on the growth
of engineered yeast with the Weimberg pathway when a
mixture of glucose and xylose is used. The engineered yeast
strain incapable of growing on xylose only, which harbored
XylX from H. aswanensis and H. paucihalophilus, exhibited
lower cell densities in the mixed medium compared to a
control strain (YPH499AGRE3). In contrast, the engineered
yeast containing XylX from B. xenovorans, S. aerolata, and
N. taihuense exhibited higher cell densities than a control
strain expressing XylX from C. crescentus (Fig. 6A). When
the xylose oxidative pathway is introduced in S. cerevisiae,
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the conversion of xylonate to KDX becomes a rate-limit-
ing step, leading to the accumulation of a large amount of
xylonate in the medium. Strains that demonstrated growth
enhancement due to the replacement of selected enzymes
via phylogenetic tree analysis accumulated less xylonate
than a parental strain expressing enzymes from C. cres-
centus (Fig. 6B). While glucose consumption was similar
among strains (Fig. 6C), strains with improved growth and
reduced xylonate accumulation (those expressing XylX
from B. xenovorans, S. aerolata, and N. taihuense) demon-
strated slightly faster xylose consumption than the parental
strain with XylX from C. crescentus (Fig. 6D). Therefore,
our findings suggest that the increase in growth capability
in the mixed sugar conditions is due to enhanced enzyme
activities in the Weimberg pathway. Nevertheless, even in
the xylose-utilizing strains, between 48.0% to 48.9% of the
supplemented xylose remained unconverted and accumu-
lated in the medium as xylonate.

Discussion

In S. cerevisiae, the oxidative xylose metabolic pathway
has been used to produce ethylene glycol, and glycolic
acid (Salusjdrvi et al. 2017; Yukawa et al. 2023). The
enhancement of Fe uptake through BOL2 disruption and
tTYWI overexpression may further improve the efficiency
of these production processes as production of 1,2,4-buta-
netriol was enhanced by the Fe uptake engineering (Bamba
et al. 2019). Although a higher titer of ethylene glycol has
been achieved via the L-xylulose-1-phosphate pathway in
S. cerevisiae (Uranukul et al. 2019), considerable room
remains for improving titers via the Dahms pathway, as
80% of xylose was accumulated as xylonate (Fig. 3). In
this study, growth on xylose as the sole carbon source
via xylose oxidative pathways was achieved through Fe
uptake engineering and phylogenetic enzyme selection
(Figs. 2 and 5). However, the ability to grow on xylose
as the sole carbon source was limited and requires fur-
ther improvement. While the growth of BDABtT-E strain
on xylose as the sole carbon source was repeatable, no
significant consumption of xylose was observed (Sup-
plemental Fig. S2) due to the low biomass concentration,
which resulted in minimal volumetric xylose consump-
tion. Despite the application of the phylogenetic enzyme
search in this study, further enhancement of XyID activ-
ity is required. Protein engineering, screening of XylD,
and adaptive laboratory evolution (ALE) are promis-
ing approaches to achieve this. Additionally, to address
challenges associated with Fe-S clusters, an alternative
strategy could involve utilizing non-Fe-S XyID homologs
(Wasserstrom et al. 2018). Given that the yeast exhibits
greater tolerance to fermentation inhibitors derived from
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lignocellulose degradation products and low pH compared
to prokaryotic hosts such as E. coli, improving the xylose
oxidative pathway in yeast could potentially be used to
produce a variety of useful substances on an industrial
scale.

Several studies have investigated the utility of enzymes
from sources other than C. crescentus for various appli-
cations. These include using xylose dehydrogenase xyd1
from Trichoderma reesei for xylonate production, KDX
aldolase yagFE from E. coli for glycolate production via the
Dahms pathway (Salusjirvi et al. 2017), and ksaD from
C. glutamicum for constructing the Weimberg pathway
(Borgstrom et al. 2019). XylD, in particular, exhibits low
activity and becomes a bottleneck in the oxidative metabo-
lism of xylose in yeast. For example, the xylonate dehy-
dratase from E. coli, YjhG, was found to be inactive in S.
cerevisiae (Wasserstrom et al. 2018), indicating a need to
explore a wider range of potential organisms as potential
enzyme sources for improving xylose oxidative metabo-
lism. In this study, phylogenetic tree analysis was used to
identify enzymes that are highly active in xylose oxidative
metabolism. By introducing these enzymes, we have, to
the best of our knowledge, enabled S. cerevisiae to grow
on xylose as its sole carbon source via both the Dahms and

Weimberg pathways for the first time (Figs. 2 and 5). Thus,
the search for, and identification of, highly active enzymes
represent a powerful approach for efficiently constructing
heterologous pathways in budding yeast.

XylXs from B. xenovorans, S. aerolata, and N.
taihuense, classified within Clade 3, facilitate cell growth
on xylose as the sole carbon source via the Weimberg path-
way. Conversely, despite the similarity in activity of XylX
from C. crescentus and that from N. taihuense, engineered
strains expressing XylX from C. crescentus did not grow
on xylose (Fig. 5). This finding is consistent with earlier
reports (Borgstrom et al. 2019; Wasserstrom et al. 2018).
Previous studies have suggested that the activity of KDX
dehydratase may be inhibited by xylonate, an intermediate
metabolite of the Weimberg pathway. When constructing
oxidative xylose metabolism pathways using S. cerevisiae
as a host, the low activities of XylD result in substantial
accumulation of xylonate both inside and outside the cell
(Salusjarvi et al. 2017; Shen et al. 2020). Consequently, it
is suggested that the inhibition of CcXylX by high intra-
cellular concentrations of xylonate in S. cerevisiae could
explain why xylose cannot be utilized for growth.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00253-025-13417-1.

@ Springer


https://doi.org/10.1007/s00253-025-13417-1

30 Page 12 of 14

Applied Microbiology and Biotechnology (2025) 109:30

Author contribution TY, TB, and TH conceived and designed the
study. TY, MW, and RK conducted experiments. TK, TY, TB, and
MW analyzed the data. All authors discussed the results. TK and TY
wrote the manuscript. All the authors have read and approved the final
manuscript. TH supervised all aspects of this study.

Funding Open Access funding provided by Kobe University. This
research was funded by project P16009 (Development of production
techniques for highly functional biomaterials using plant and other
organism smart cells) and P20011 (Development of bio-derived prod-
uct production technology that accelerates the realization of carbon
recycling) from the New Energy and Industrial Technology Develop-
ment Organization (NEDO). TH was also supported by Grant-in-Aid
for Scientific Research (B) (JP21H01729) from the Japan Society for
the Promotion of Science (JSPS). TY was supported by JSPS Grant-
in-Aid for JSPS Fellows (JP21J10891).

Data availability The data obtained and/or analyzed in this study are
available from the corresponding author upon reasonable request.

Declarations

Ethical approval This article does not contain any studies involving
human participants or animals.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Almgvist H, Jonsdottir Glaser S, Tufvegren C, Wasserstrom L, Lidén G
(2018) Characterization of the Weimberg pathway in Caulobacter
crescentus. Fermentation 4:44. https://doi.org/10.3390/fermentati
on4020044

Bai W, Tai YS, Wang J, Wang J, Jambunathan P, Fox KJ, Zhang K
(2016) Engineering nonphosphorylative metabolism to synthesize
mesaconate from lignocellulosic sugars in Escherichia coli. Metab
Eng 38:285-292. https://doi.org/10.1016/j.ymben.2016.09.007

Bamba T, Yukawa T, Guirimand G, Inokuma K, Sasaki K, Hasunuma
T, Kondo A (2019) Production of 1,2,4-butanetriol from xylose
by Saccharomyces cerevisiae through Fe metabolic engineering.
Metab Eng 56:17-27. https://doi.org/10.1016/j.ymben.2019.08.
012

Borgstrom C, Wasserstrom L, Almqvist H, Broberg K, Klein B, Noack
S, Lidén G, Gorwa-Grauslund MF (2019) Identification of modifi-
cations procuring growth on xylose in recombinant Saccharomy-
ces cerevisiae strains carrying the Weimberg pathway. Metab Eng
55:1-11. https://doi.org/10.1016/j.ymben.2019.05.010

@ Springer

Briisseler C, Spith A, Sokolowsky S, Marienhagen J (2019) Alone at
last! — Heterologous expression of a single gene is sufficient for
establishing the five-step Weimberg pathway in Corynebacterium
glutamicum. Metab Eng Commun 9:¢00090. https://doi.org/10.
1016/j.mec.2019.e00090

Chen Y, Nielsen J (2013) Advances in metabolic pathway and strain
engineering paving the way for sustainable production of chemical
building blocks. Curr Opin Biotechnol 24:965-972. https://doi.
org/10.1016/j.copbio.2013.03.008

Choi SY, Park SJ, Kim WIJ, Yang JE, Lee H, Shin J, Lee SY (2016)
One-step fermentative production of poly(lactate-co-glycolate)
from carbohydrates in Escherichia coli. Nat Biotechnol 34:435—
440. https://doi.org/10.1038/nbt.3485

Courel M, Lallet S, Camadro JM, Blaiseau PL (2005) Direct activa-
tion of genes involved in intracellular iron use by the yeast iron-
responsive transcription factor Aft2 without its paralog Aftl.
Mol Cell Biol 25:6760-6771. https://doi.org/10.1128/MCB.25.
15.6760-6771.2005

Cunha JT, Soares PO, Romani A, Thevelein JM, Domingues L (2019)
Xylose fermentation efficiency of industrial Saccharomyces cer-
evisiae yeast with separate or combined xylose reductase/xylitol
dehydrogenase and xylose isomerase pathways. Biotechnol Bio-
fuels 12:20. https://doi.org/10.1186/s13068-019-1360-8

Fu L, Niu B, Zhu Z, Wu S, Li W (2012) CD-HIT: accelerated for
clustering the next-generation sequencing data. Bioinformatics
28:3150-3152. https://doi.org/10.1093/bioinformatics/bts565

Fujiwara R, Noda S, Tanaka T, Kondo A (2020) Metabolic engineering
of Escherichia coli for shikimate pathway derivative production
from glucose—xylose co-substrate. Nat Commun 11:279. https://
doi.org/10.1038/541467-019-14024-1

Halmschlag B, Hoffmann K, Hanke R, Putri SP, Fukusaki E, Biichs J,
Blank LM (2020) Comparison of isomerase and Weimberg path-
way for y-PGA production from xylose by engineered Bacillus
subtilis. Front Bioeng Biotechnol 7:476. https://doi.org/10.3389/
fbi0e.2019.00476

Ishii J, Izawa K, Matsumura S, Wakamura K, Tanino T, Tanaka T,
Ogino C, Fukuda H, Kondo A (2009) A simple and immediate
method for simultaneously evaluating expression level and plas-
mid maintenance in yeast. J] Biochem 145:701-708. https://doi.
org/10.1093/jb/mvp028

Jeffries TW (2006) Engineering yeasts for xylose metabolism. Curr
Opin Biotechnol 17:320-326. https://doi.org/10.1016/j.copbio.
2006.05.008

Jin YS, Ni H, Laplaza JM, Jeffries TW (2003) Optimal growth and
ethanol production from xylose by recombinant Saccharomyces
cerevisiae require moderate p-xylulokinase activity. Appl Environ
Microbiol 69:495-503. https://doi.org/10.1128/AEM.69.1.495-
503.2003

Johansson B, Christensson C, Hobley T, Hahn-Hégerdal B (2001)
Xylulokinase overexpression in two strains of Saccharomyces
cerevisiae also expressing xylose reductase and xylitol dehydro-
genase and its effect on fermentation of xylose and lignocellulosic
hydrolysate. Appl Environ Microbiol 67:4249-4255. https://doi.
org/10.1128/AEM.67.9.4249-4255.2001

Kaplan CD, Kaplan J (2009) Iron acquisition and transcriptional regu-
lation. Chem Rev 109:4536-4552. https://doi.org/10.1021/cr900
1676

Katoh K (2002) MAFFT: a novel method for rapid multiple sequence
alignment based on fast Fourier transform. Nucleic Acids Res
30:3059-3066. https://doi.org/10.1093/nar/gkf436

Kim S, Lee SB (2005) Identification and characterization of Sulfolobus
solfataricus D-gluconate dehydratase: a key enzyme in the non-
phosphorylated Entner-Doudoroff pathway. Biochem J 387:271—
280. https://doi.org/10.1042/BJ20041053

Kim SR, Park YC, Jin YS, Seo JH (2013) Strain engineering of
Saccharomyces cerevisiae for enhanced xylose metabolism.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/fermentation4020044
https://doi.org/10.3390/fermentation4020044
https://doi.org/10.1016/j.ymben.2016.09.007
https://doi.org/10.1016/j.ymben.2019.08.012
https://doi.org/10.1016/j.ymben.2019.08.012
https://doi.org/10.1016/j.ymben.2019.05.010
https://doi.org/10.1016/j.mec.2019.e00090
https://doi.org/10.1016/j.mec.2019.e00090
https://doi.org/10.1016/j.copbio.2013.03.008
https://doi.org/10.1016/j.copbio.2013.03.008
https://doi.org/10.1038/nbt.3485
https://doi.org/10.1128/MCB.25.15.6760-6771.2005
https://doi.org/10.1128/MCB.25.15.6760-6771.2005
https://doi.org/10.1186/s13068-019-1360-8
https://doi.org/10.1093/bioinformatics/bts565
https://doi.org/10.1038/s41467-019-14024-1
https://doi.org/10.1038/s41467-019-14024-1
https://doi.org/10.3389/fbioe.2019.00476
https://doi.org/10.3389/fbioe.2019.00476
https://doi.org/10.1093/jb/mvp028
https://doi.org/10.1093/jb/mvp028
https://doi.org/10.1016/j.copbio.2006.05.008
https://doi.org/10.1016/j.copbio.2006.05.008
https://doi.org/10.1128/AEM.69.1.495-503.2003
https://doi.org/10.1128/AEM.69.1.495-503.2003
https://doi.org/10.1128/AEM.67.9.4249-4255.2001
https://doi.org/10.1128/AEM.67.9.4249-4255.2001
https://doi.org/10.1021/cr9001676
https://doi.org/10.1021/cr9001676
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1042/BJ20041053

Applied Microbiology and Biotechnology (2025) 109:30

Page130f14 30

Biotechnol Adv 31:851-861. https://doi.org/10.1016/j.biote
chadv.2013.03.004

Kumanovics A, Chen OS, Li L, Bagley D, Adkins EM, Lin H, Din-
gra NN, Outten CE, Keller G, Winge D, Ward DM, Kaplan J
(2008) Identification of FRA1 and FRA2 as genes involved in
regulating the yeast iron regulon in response to decreased mito-
chondrial iron-sulfur cluster synthesis. J Biol Chem 283:10276—
10286. https://doi.org/10.1074/jbc.M801160200

Lane S, Dong J, Jin YS (2018) Value-added biotransformation of cel-
lulosic sugars by engineered Saccharomyces cerevisiae. Biore-
sour Technol 260:380-394. https://doi.org/10.1016/j.biortech.
2018.04.013

Lee CC, Jordan DB, Stoller JR, Kibblewhite RE, Wagschal K (2018)
Biochemical characterization of Caulobacter crescentus xylose
dehydrogenase. Int J Biol Macromol 118:1362-1367. https://
doi.org/10.1016/j.ijbiomac.2018.06.124

Lee JW, Yook S, Koh H, Rao CV, Jin YS (2021) Engineering xylose
metabolism in yeasts to produce biofuels and chemicals. Curr
Opin Biotechnol 67:15-25. https://doi.org/10.1016/j.copbio.
2020.10.012

LiL, Jia X, Ward DM, Kaplan J (2011) Yap$5 protein-regulated tran-
scription of the TYW1 gene protects yeast from high iron tox-
icity. J Biol Chem 286:38488-38497. https://doi.org/10.1074/
jbc.M111.286666

Liu L, Redden H, Alper HS (2013) Frontiers of yeast metabolic
engineering: diversifying beyond ethanol and Saccharomyces.
Curr Opin Biotechnol 24:1023-1030. https://doi.org/10.1016/j.
copbio.2013.03.005

LiuJJ, Zhang GC, Kwak S, Oh EJ, Yun EJ, Chomvong K, Cate JHD,
Jin YS (2019) Overcoming the thermodynamic equilibrium of
an isomerization reaction through oxidoreductive reactions for
biotransformation. Nat Commun 10:1356. https://doi.org/10.
1038/s41467-019-09288-6

Lu KW, Wang CT, Chang H, Wang RS, Shen CR (2021) Over-
coming glutamate auxotrophy in Escherichia coli itaconate
overproducer by the Weimberg pathway. Metab Eng Commun
13:e00190. https://doi.org/10.1016/j.mec.2021.e00190

Masi A, Mach RL, Mach-Aigner AR (2021) The pentose phosphate
pathway in industrially relevant fungi: crucial insights for bio-
processing. Appl Microbiol Biotechnol 105:4017—4031. https://
doi.org/10.1007/s00253-021-11314-x

Matsushika A, Inoue H, Kodaki T, Sawayama S (2009) Ethanol pro-
duction from xylose in engineered Saccharomyces cerevisiae
strains: current state and perspectives. Appl Microbiol Biotech-
nol 84:37-53. https://doi.org/10.1007/s00253-009-2101-x

Meijnen JP, de Winde JH, Ruijssenaars HJ (2009) Establishment of
oxidative D-xylose metabolism in Pseudomonas putida S12.
Appl Environ Microbiol 75:2784-2791. https://doi.org/10.1128/
AEM.02713-08

Protzko RJ, Latimer LN, Martinho Z, de Reus E, Seibert T, Benz JP,
Dueber JE (2018) Engineering Saccharomyces cerevisiae for
co-utilization of d-galacturonic acid and d-glucose from cit-
rus peel waste. Nat Commun 9:5059. https://doi.org/10.1038/
$41467-018-07589-w

Rossoni L, Carr R, Baxter S, Cortis R, Thorpe T, Eastham G, Ste-
phens G (2018) Engineering Escherichia coli to grow con-
stitutively on D-xylose using the carbon-efficient Weimberg
pathway. Microbiology 164:287-298. https://doi.org/10.1099/
mic.0.000611

Salusjérvi L, Toivari M, Vehkomiki ML, Koivistoinen O, Mojzita D,
Niemelid K, Penttila M, Ruohonen L (2017) Production of eth-
ylene glycol or glycolic acid from D-xylose in Saccharomyces
cerevisiae. Appl Microbiol Biotechnol 101:8151-8163. https://
doi.org/10.1007/s00253-017-8547-3

Shen L, Kohlhaas M, Enoki J, Meier R, Schonenberger B, Wohlge-
muth R, Kourist R, Niemeyer F, van Niekerk D, Brésen C,

Niemeyer J, Snoep J, Siebers B (2020) A combined experi-
mental and modelling approach for the Weimberg pathway
optimisation. Nat Commun 11:1098. https://doi.org/10.1038/
$41467-020-14830-y

Skoza L, Mohos S (1976) Stable thiobarbituric acid chromophore
with dimethyl sulphoxide. Application to sialic acid assay in
analytical de-O-acetylation. Biochem J 159:457-462. https://
doi.org/10.1042/bj1590457

Stamatakis A (2014) RAXML version 8: a tool for phylogenetic
analysis and post-analysis of large phylogenies. Bioinformatics
30:1312-1313. https://doi.org/10.1093/bioinformatics/btu033

Stephens C, Christen B, Fuchs T, Sundaram V, Watanabe K, Jenal U
(2007) Genetic analysis of a novel pathway for D-xylose metab-
olism in Caulobacter crescentus. J Bacteriol 189:2181-2185.
https://doi.org/10.1128/JB.01438-06

Sutiono S, Siebers B, Sieber V (2020) Characterization of highly
active 2-keto-3-deoxy-L-arabinonate and 2-keto-3-deoxy-D-
xylonate dehydratases in terms of the biotransformation of
hemicellulose sugars to chemicals. Appl Microbiol Biotechnol
104:7023-7035. https://doi.org/10.1007/s00253-020-10742-5

Tai YS, Xiong M, Jambunathan P, Wang J, Wang J, Stapleton C,
Zhang K (2016) Engineering nonphosphorylative metabolism
to generate lignocellulose-derived products. Nat Chem Biol
12:247-253. https://doi.org/10.1038/nchembio.2020

Toivari MH, Ruohonen L, Richard P, Penttilda M, Wiebe MG (2010)
Saccharomyces cerevisiae engineered to produce D-xylonate.
Appl Microbiol Biotechnol 88:751-760. https://doi.org/10.
1007/s00253-010-2787-9

Toivari M, Nygard Y, Kumpula EP, Vehkomiki ML, Ben¢ina M,
Valkonen M, Maaheimo H, Andberg M, Koivula A, Ruohonen
L, Penttilda M, Wiebe MG (2012) Metabolic engineering of
Saccharomyces cerevisiae for bioconversion of d-xylose to
d-xylonate. Metab Eng 14:427-436. https://doi.org/10.1016/j.
ymben.2012.03.002

Trivedi VD, Sullivan SF, Choudhury D, Endalur Gopinarayanan V,
Hart T, Nair NU (2023) Integration of metabolism and regula-
tion reveals rapid adaptability to growth on non-native sub-
strates. Cell Chem Biol 30:1135-1143.e5. https://doi.org/10.
1016/j.chembiol.2023.06.009

Uranukul B, Woolston BM, Fink GR, Stephanopoulos G (2019)
Biosynthesis of monoethylene glycol in Saccharomyces cerevi-
siae utilizing native glycolytic enzymes. Metab Eng 51:20-31.
https://doi.org/10.1016/j.ymben.2018.09.012

Valdehuesa KNG, Ramos KRM, Nisola GM, Baifiares AB, Cabu-
long RB, Lee WK, Liu H, Chung WJ (2018) Everyone loves an
underdog: metabolic engineering of the xylose oxidative path-
way in recombinant microorganisms. Appl Microbiol Biotech-
nol 102:7703-7716. https://doi.org/10.1007/s00253-018-9186-z

Vavricka CJ, Yoshida T, Kuriya Y, Takahashi S, Ogawa T, Ono F,
Agari K, Kiyota H, Li J, Ishii J, Tsuge K, Minami H, Araki
M, Hasunuma T, Kondo A (2019) Mechanism-based tuning of
insect 3,4-dihydroxyphenylacetaldehyde synthase for synthetic
bioproduction of benzylisoquinoline alkaloids. Nat Commun
10:2015https://doi.org/10.1038/s41467-019-09610-2

Verho R, Londesborough J, Penttild M, Richard P (2003) Engineer-
ing redox cofactor regeneration for improved pentose fermen-
tation in Saccharomyces cerevisiae. Appl Environ Microbiol
69(10):5892-5897. https://doi.org/10.1128/AEM.69.10.5892-
5897.2003

Wasserstrom L, Portugal-Nunes D, Almqvist H, Sandstrom AG,
Lidén G, Gorwa-Grauslund MF (2018) Exploring d-xylose
oxidation in Saccharomyces cerevisiae through the Weim-
berg pathway. AMB Express 8. https://doi.org/10.1186/
$13568-018-0564-9

@ Springer


https://doi.org/10.1016/j.biotechadv.2013.03.004
https://doi.org/10.1016/j.biotechadv.2013.03.004
https://doi.org/10.1074/jbc.M801160200
https://doi.org/10.1016/j.biortech.2018.04.013
https://doi.org/10.1016/j.biortech.2018.04.013
https://doi.org/10.1016/j.ijbiomac.2018.06.124
https://doi.org/10.1016/j.ijbiomac.2018.06.124
https://doi.org/10.1016/j.copbio.2020.10.012
https://doi.org/10.1016/j.copbio.2020.10.012
https://doi.org/10.1074/jbc.M111.286666
https://doi.org/10.1074/jbc.M111.286666
https://doi.org/10.1016/j.copbio.2013.03.005
https://doi.org/10.1016/j.copbio.2013.03.005
https://doi.org/10.1038/s41467-019-09288-6
https://doi.org/10.1038/s41467-019-09288-6
https://doi.org/10.1016/j.mec.2021.e00190
https://doi.org/10.1007/s00253-021-11314-x
https://doi.org/10.1007/s00253-021-11314-x
https://doi.org/10.1007/s00253-009-2101-x
https://doi.org/10.1128/AEM.02713-08
https://doi.org/10.1128/AEM.02713-08
https://doi.org/10.1038/s41467-018-07589-w
https://doi.org/10.1038/s41467-018-07589-w
https://doi.org/10.1099/mic.0.000611
https://doi.org/10.1099/mic.0.000611
https://doi.org/10.1007/s00253-017-8547-3
https://doi.org/10.1007/s00253-017-8547-3
https://doi.org/10.1038/s41467-020-14830-y
https://doi.org/10.1038/s41467-020-14830-y
https://doi.org/10.1042/bj1590457
https://doi.org/10.1042/bj1590457
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1128/JB.01438-06
https://doi.org/10.1007/s00253-020-10742-5
https://doi.org/10.1038/nchembio.2020
https://doi.org/10.1007/s00253-010-2787-9
https://doi.org/10.1007/s00253-010-2787-9
https://doi.org/10.1016/j.ymben.2012.03.002
https://doi.org/10.1016/j.ymben.2012.03.002
https://doi.org/10.1016/j.chembiol.2023.06.009
https://doi.org/10.1016/j.chembiol.2023.06.009
https://doi.org/10.1016/j.ymben.2018.09.012
https://doi.org/10.1007/s00253-018-9186-z
https://doi.org/10.1038/s41467-019-09610-2
https://doi.org/10.1128/AEM.69.10.5892-5897.2003
https://doi.org/10.1128/AEM.69.10.5892-5897.2003
https://doi.org/10.1186/s13568-018-0564-9
https://doi.org/10.1186/s13568-018-0564-9

30 Page 14 of 14

Applied Microbiology and Biotechnology (2025) 109:30

Watanabe S, Kodaki T, Makino K (2006) A novel a-ketoglutaric
semialdehyde dehydrogenase. J Biol Chem 281:28876-28888.
https://doi.org/10.1074/jbc.M602585200

Yukawa T, Bamba T, Matsuda M, Yoshida T, Inokuma K, Kim J,
Won Lee J, Jin YS, Kondo A, Hasunuma T (2023) Enhanced
production of 3,4-dihydroxybutyrate from xylose by engineered
yeast via xylonate re-assimilation under alkaline condition. Bio-
technol Bioeng 120:511-523. https://doi.org/10.1002/bit.28278

@ Springer

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1074/jbc.M602585200
https://doi.org/10.1002/bit.28278

	Engineering Saccharomyces cerevisiae for growth on xylose using an oxidative pathway
	Abstract 
	Key points
	Introduction
	Materials and methods
	Constructing plasmids
	Construction of yeast strains
	Growth test using xylose as a single carbon source
	Culture test with mixed sugar using glucose and xylose
	Phylogenetic tree analysis
	XylX activity measurement
	XylD activity measurement
	Metabolite analysis

	Results
	Functional construction of the Dahms pathway
	Identification of highly active XylDs through phylogenetic analysis
	XylX selection is crucial for xylose-dependent growth through the Weimberg pathway
	Utilization of xylose via the xylose oxidative pathway promotes growth in a mixed sugar medium

	Discussion
	References


