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Abstract

Monoethylene glycol (MEG) is an important commodity chemical with applications in
numerous industrial processes, primarily in the manufacture of polyethylene terephthalate (PET)
polyester used in packaging applications. In the drive towards a sustainable chemical industry,
bio-based production of MEG from renewable biomass has attracted growing interest. Recent
attempts for bio-based MEG production have investigated metabolic network modifications in
Escherichia coli, specifically rewiring the xylose assimilation pathways for the synthesis of
MEG. In the present study, we examined the suitability of Saccharomyces cerevisiae, a preferred
organism for industrial applications, as platform for MEG biosynthesis. Based on combined
genetic, biochemical and fermentation studies, we report evidence for the existence of an
endogenous biosynthetic route for MEG production from D-xylose in S. cerevisiae which
consists of phosphofructokinase and fructose-bisphosphate aldolase, the two key enzymes in the
glycolytic pathway. Further metabolic engineering and process optimization yielded a strain

capable of producing up to 4.0 g/LL MEG, which is the highest titer reported in yeast to-date.
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1. Introduction

Monoethylene glycol (MEG) 1is a large-volume commodity chemical with numerous
applications. The two primary uses are as automotive antifreeze and as a chemical precursor for
the synthesis of polyesters, including polyethylene terephthalate (PET) resins used for the
production of plastic bottles as well as polyester fibers used in the textiles industry (Agarwal and
Sweeting 1957). With substantial demand for these products, the annual production of MEG is
over 20 million tons, and its market is predicted to grow significantly over the next decade
(Dutia 2017). This vast market of MEG is presently satisfied by a petrochemical production
route from ethylene while only a small fraction of the market is produced from renewable
resources (Irena/lea-Etsap 2013). Bio-based MEG is made by a two-step process whereby
ethanol is first produced by fermentation of sugars followed by the chemical conversion of
ethanol into the final MEG (Zhang and Yu 2012). This process is inefficient, and transportation
of ethanol results in a sizeable carbon footprint and small savings in emissions of greenhouse
gases (Irena/lea-Etsap 2013). Hence, robust single-step bioprocesses for producing MEG directly
from renewable resources such as plant-derived carbohydrates have been sought. Using
metabolic engineering, the fermentation of carbohydrates directly into bio-based MEG can be

achieved through the construction of biosynthetic routes in engineered microorganisms.

The complete biosynthetic pathway for MEG production from sugars has previously been
demonstrated in recombinant bacteria. The first report of microbial MEG production from
pentose sugar in engineered Escherichia coli was by Liu et al. (2013). This method is based upon
a biosynthetic route referred to as the D-xylonate-dependent or the oxidative D-xylose pathway,
which involves the oxidation of D-xylose into D-xylonate as the first reaction step (Fig. 1A).

Two other biosynthetic routes were later reported in E. coli. The first was the D-xylulose-1-



phosphate-dependent pathway (Fig 1B), which was implemented in recombinant E. coli with the
introduction of human ketohexokinase (KHK) and human aldolase B (aldoB) to catalyze the
phosphorylation and the aldolase reactions of the pathway, respectively (Alkim et al., 2015). The
other biosynthetic route, referred to as the D-ribulose-1-phosphate-dependent pathway, was also
recently proposed in E. coli; this pathway consisted of five chemical reactions steps, most of
which were catalyzed by E. coli native enzymes including several enzymes from L-fucose
metabolism (Fig 1C). Incorporation of this pathway along with some native gene disruptions in
E. coli resulted in an engineered strain which achieved the highest MEG titer reported in the
literature (40 g/ MEG; Pereira et al., 2016a). Recently, alternative routes for MEG biosynthesis
based on the derivation of serine synthesis pathway were also proposed and demonstrated in E.
coli (Pereira et al., 2016b) and in Corynebacterium glutamicum (Chen et al., 2016), but the
resulting MEG titers obtained in these studies were far less than those achieved by the three

aforementioned MEG biosynthetic routes.

Compared with bacteria, S. cerevisiae is an attractive organism for industrial production
because of its robustness under low pH and high osmolarity conditions (Nevoigt 2008), as well
as its tolerance of lignocellulose-derived inhibitors such as furfural and 5-hydroxymethylfurfural,
(Zaldivar et al., 1999). In addition, the fermentation technology for large-scale production with S.
cerevisiae 1s presently available and very well-established due to its long history of applications
in the production of food and alcoholic beverages (Ostergaard et al., 2000). Hence, there is a
clear incentive for investigating the biosynthesis of MEG in S. cerevisiae based upon the three

biosynthetic routes that have previously been prototyped in bacteria.

Only a few studies have investigated MEG biosynthetic routes in S. cerevisiae to-date.

One study introduced a D-xylonate-dependent pathway for MEG biosynthesis (Fig. 1A) into S.



cerevisiae; the expression of genes encoding heterologous enzymes from E. coli and
Caulobacter crescentus allowed MEG production from D-xylose of at most 14 mg/L while the
vast majority of utilized D-xylose accumulated as the first intermediate in the D-xylonate-
dependent pathway, i.e., D-xylonate (Salusjarvi et al., 2017). The other previous study
investigated the D-xylose-1-phosphate-dependent biosynthetic route in S. cerevisiae through the
heterologous expression of genes encoding Bacteroides stercoris HJ-15 xylose isomerase and rat
liver ketohexokinase (KHK) which corresponded to the first two catalytic steps of the pathway
(Fig. 1B); the yeast strain harboring this heterologous pathway was shown to produce up to ca.
0.6 g/lL MEG from D-xylose and at most 1.2 g/L MEG titer upon additional genetic

modifications to allow co-utilization of D-xylose and cellobiose (Chomvong et al., 2016).

In the present study, we investigated MEG biosynthesis from D-xylose (herein after
simply referred to as xylose) in S. cerevisiae through the heterologous expression of the third
MEG biosynthetic route, i.e., the D-ribulose-1-phosphate-dependent pathway, which was
previously shown to outperform the other two biosynthetic routes in E. coli. (Pereira et al.,
2016a). In the process, we discovered that S. cerevisiae itself possessed native catalytic activity
for the biosynthesis of MEG from xylose independently of the heterologous D-ribulose-1-
phosphate-dependent pathway expression. Here, we report the evidence of the native catalytic
activity for MEG bio-production, describe the identification of the native yeast enzymes
responsible for this activity, and attempt to offer an explanation for why this activity was not
detected in previous studies. We also describe the additional metabolic engineering and

bioprocess engineering work performed to improve MEG production, resulting in 4.0 g/LL MEG.



2. Materials and Methods
2.1 Strains, media and cultivation conditions

E. coli strain DH5a was used for maintaining and amplifying plasmids. Recombinant E. coli
strains were cultivated at 37°C in Luria-Bertani (LB) broth containing 100 pg/mL ampicillin. All
yeast strains used in this study are summarized in Table 1. All engineered strains are based on S.

cerevisiae strain H131-A33

, which is referred to as strain F251 in this study (Hang et al., 2012).
Yeast strains were grown at 30°C in synthetic complete (SC) media consisting of 6.7 g/L yeast
nitrogen base, the appropriate amino acid drop out mix and approximately 20 g/L glucose or 20

g/L xylose. Yeast and bacterial strains were stored in 30% glycerol at -80°C. All chemicals used

were purchased from Sigma-Aldrich (St. Louis, MO, US) unless specified otherwise.

2.2 DNA manipulation

All genes from bacterial or other fungal species including Pseudomonas cichorii D-tagatose
epimerase (PcDTE) and E. coli genes including L-fuculose kinase (FucK), L-fuculose 1-
phosphate aldolase (FucA), and L-1,2-propanediol oxidoreductase (FucO) were codon optimized
(synthesized by GenScript, Piscataway, NIJ). Native S. cerevisiae genes including
phosphofructokinase (PFKI/PFK2) and fructose-bisphosphate aldolase (FBAI) were directly
amplified from the genomic DNA of the xylose-utilizing strain F251 (Table 1). The recombinant
plasmids in this study were constructed using a sequential cloning method based on a modified
pJLA vector series (Avalos et al., 2013). Briefly, gene expression cassettes were initially
constructed for each individual enzyme flanked by a variety of strong promoters and terminators
in pJLA vectors. Each of the gene expression cassettes was flanked by a triad of unique

restriction sites (Xmal/Mrel/Ascl), which allowed iterative tandem insertion of multiple gene



expression cassettes into the same recombinant plasmid. Additionally, the pJLA backbone
vectors were modified to remove any existing N- or C- terminal affinity tags and multiple
cloning sequence (MCS) that extended into the in-frame coding sequence. The oligonucleotides

and the recombinant plasmids used in this study are listed in Table S1 and Table 2, respectively.

For strain construction, either the homologous insertion of the MX4 cassette or the
CRISPR/Cas9-mediated gene editing method was used for gene disruptions. The CRIPSR/Cas9
vectors and method were based on the protocol described by Vyas et al. (2018). The deletion of
each gene was confirmed by diagnostic PCR. Transformations of yeast strains were performed
using the LiAc/SS Carrier DNA/PEG method (Agatep et al., 1998). The transformants were then
selected on appropriate synthetic dropout agar plates (lacking arginine or leucine) or synthetic
complete agar plates supplemented with 100 pg/mL nourseothricin (clonNAT) or 200 pg/mL

Hygromycin B.

2.3 Crude lysate preparation and phosphofructokinase activity assays

200 mL cultures of S. cerevisiae were grown to an ODg of about 2.5 in SC media supplemented
with glucose (PFK wild-type) or ethanol (pfk deletion mutant), then centrifuged for 10 minutes at
3,000 rpm, decanted, and stored at -20°C until use. Protein was extracted by resuspending the
pellet in 1 mL Y-PER (Pierce) supplemented with 14.6 mM B-mercaptoethanol, 10 mM KH,PO,
(pH 7.0), 100 mM KCI, 5 mM MgCl,, and incubating at room temperature for 20 minutes,
followed by overnight on ice. In the morning, cell debris was removed by centrifugation at 4°C

for 20 minutes at 20,000 x g, and the supernatant was kept on ice for use in enzyme assays.

The enzymatic conversion of either fructose-6-phosphate (F6P) or D-xylulose to

dihydroxyacetone phosphate (DHAP) in crude lysates was followed by LC-MS/MS (Agilent



1100 LC coupled to SCIEX API 4000 MS). The 200 pL reaction mixture contained 100 mM
MES buffer (pH 6.4), 10 mM KH,PO4, 10 mM NH4CI, 5 mM MgCl,, 100 mM KCI, 1 mM
AMP, 1 mM ATP, 1 mM substrate (F6P or D-xylulose), and was initiated by addition of 20 puL
crude lysate. After 30 minutes at 30°C, the reaction mixture was diluted 20-fold and kept on ice
until analysis. LC-MS/MS parameters were as described in King et al. (2017). The residual
xylulose was monitored by HPLC-RID (Agilent 1200), with a 10 pL injection of undiluted assay

mixture.

2.4 Shake flask cultivation

A single colony of engineered strains was inoculated into 5 mL of the appropriate SC medium
supplemented with 20 g/L glucose for at least 12 hours. Then, 2 mL of the seed culture was
added to 200 mL of the corresponding yeast synthetic medium (synthetic complete or synthetic
dropout medium without leucine) in a 500 mL flask at an initial ODgpo of about 0.05. Once the
culture reached the ODgq of 2.5, cells were spun down at 4000 rpm for 10 min. The cell pellet
was washed with deionized water and resuspended in 25 mL of SC medium containing 20 g/L or
50 g/L xylose to start a high-density batch cultivation at ODggo of 20 in a 100 mL unbaffled flask
stirred at 200 rpm. Samples were taken every 24 hours or longer until no further changes in MEG

production was observed.

2.5 Laboratory-scale fermenter cultivation with continuous glucose feeding

A pre-culture was inoculated with a seed culture of an engineered strain grown overnight in the
appropriate yeast synthetic medium containing 20 g/L glucose. The pre-culture was then used to
inoculate a second culture with a total volume of 2.0 L, split among four plugged 2-L. shake

flasks. The culture was then harvested at the ODgog of about 2.5, washed with deionized water



and resuspended in 250 mL of the corresponding synthetic medium supplemented with 50 g/L.
xylose; this step resulted in a high-density culture with the approximate ODgyy of 20.
Fermentation was then performed in 1.0 L BioFlo 110 bioreactor (New Brunswick Scientific, NJ,
US) under no aeration. Temperature was controlled at 30°C, and agitation was maintained at 200
rpm. In addition, the culture was continuously fed with 100 g/L glucose in synthetic medium at a
flow rate of 0.25 mL/h. For the control experiments, fermentations were conducted with no

glucose feeding.

2.6 Analytical methods

Culture samples were taken at various time points throughout the fermentation course. Cell
growth was monitored by the measurement of optical densities at 600 nm using Ultrospec 2100
UV/Vis Spectrophotometer (Amersham Biosciences, Little Chalfont, UK). For the determination
of cell viability, 45 pL of culture sample was mixed with 5 puL methylene blue (0.1 mg mL™
stock solution, dissolved in a 2% dehydrate sodium citrate solution) and was incubated at room
temperature for at least 5 min. The percentage of viable cells, which were colorless in contrast
with blue dead cells, was determined under the microscope from at least 200 cells per sample.
Strain viability or viable optical density was then determined as the product of optical density at
600 nm and percentage of viable cells. Culture samples were centrifuged at 14000 rpm for 10
min, and the resulting supernatants were analyzed using an Agilent Infinity series HPLC system
(Agilent, CA, USA) equipped with an Aminex HPX-87H column (Bio-Rad, CA, USA) at 50°C
using a mobile phase of 14 mM H,SO; at the flow rate of 0.7 mL/min. Concentrations of xylose,
xylulose, ethanol and MEG were measured by a refractive index detector and calculated based

on standard curves.



3. Results
3.1 Construction of platform strains for MEG production

Saccharomyces cerevisiae naturally possesses xylose reductase (XYLI), xylitol dehydrogenase
(XYL2) and xylulose kinase (XKS1) genes in the fungal xylose utilization pathway (Jeffries 1983;
Kotter et al., 1990; Tantirungkij et al., 1993). However, the native expression of these genes is
very low, rendering S. cerevisiae unable to utilize pentose sugars (Toivari et al., 2004). Hang et
al. (2012) developed a xylose-utilizing yeast strain, referred to as F251 in this study, via the
overexpression of heterologous xylose-utilizing pathway genes, notably Piromyces sp. E2 xylose
isomerase gene (XYLA) and P. stipitis xylulose kinase gene (XYL3), and the integration of non-
oxidative pentose phosphate pathway genes, including RPEI, RKII, TKLI and Pichia stipitis
TALI genes, expressed under the strong constitutive TDH3 promoter. Through a subsequent
process of evolutionary engineering, XYLA and XYL3 in the heterologous xylose isomerization
pathway became integrated into the genome in the evolved strain. The evolved strain exhibited a
high xylose assimilation rate (1.866 g g h™) and ethanol conversion yield (0.41 g/g). Genetic
analysis of this strain (based on genome-wide expression analysis and quantitative PCR)
revealed that the efficient xylose assimilation resulted from the amplification of the xylose
isomerase gene (XYLA) and genomic integration during the evolution. Copy number
measurement revealed 47 copies of XYLA and a single copy of XYL3 in the evolved strain F251

(Hang et al. 2012).

In this work, the initial design of the MEG biosynthetic route was based on the D-
ribulose-1-phosphate-dependent pathway (Fig. 1C). This five-step pathway was engineered into
the strain F251, which already contained multiple copies of XYLA in the genome. This construct

included the overexpression of Pseudomonas cichorii D-tagatose epimerase (PcDTE) and E. coli



genes including L-fuculose kinase (FucK), L-fuculose 1-phosphate aldolase (FucA), and L-1,2-
propanediol oxidoreductase (FucO) on multi-copy plasmid pBEG34 (Table 2). The engineered
strain, however, efficiently converted xylose into ethanol with no detectable MEG production.
We hypothesized that this was primarily due to the competing xylulose kinase activity, which
promoted flux through the pentose phosphate pathway rather than the heterologous MEG

pathway.

In order to redirect the pathway to MEG synthesis, we knocked out the heterologous
xylulose kinase XYL3 as well as the native xylulose kinase XKS/ to prevent xylose metabolism
through the pentose phosphate pathway. Starting with the xylose-utilizing strain F251, we
replaced the ORF of XYL3 with the MX4 cassette containing ARG4 from Candida albicans
(CaARG4-MX4). The resulting strain yEGO1 (Table 2) was still able to grow on xylose as a
carbon source but with the reduced growth rate of 0.20 + 0.04 h™' on xylose, compared with the
specific growth rate of 0.35 + 0.03 h™' in strain F251. PCR confirmation of XYL3 knockout in
yEGO1 revealed that there was likely an additional XYL3 copy that remained in the genome after
the targeted disruption by CaARG4-MX4 cassette (Fig. S1). Targeted disruption of XYL3 was
then repeated on strain yEGO1 with a different deletion cassette containing HphMX4 marker,
which conferred resistance to the antibiotic Hygromycin B. This step resulted in strain yEG02,
which lost the ability to grow on xylose as the sole carbon source. Through the two-step targeted
XYL3 disruption, we concluded that there were, in fact, more likely two XYL3 copies in strain

F25 rather than a single copy as previously described by Hang et al. (2012).

Further disruption of native xylulose kinase XKS/ was performed in strain yEGO2 by
CRISPR/Cas9-mediated genome editing to completely remove the ORF. The CRISPR/Cas9 gene

editing resulted in two different yeast populations as evident by the PCR confirmation of XKS/
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deletion — one yeast population (named yEG03) with a remaining genomic copy of XKS/ as well
as the disrupted XKS1 copy; and a second population (named yEG04) with complete XKS/
disruption (Fig. S1). This observation suggested that there was an extra copy of XKS1 in F251
that might have arisen through gene duplication during the evolutionary engineering process.
Like their ancestral strain yEGO02, strains yEG03 and yEGO04 failed to grow on xylose. It should

be emphasized that all of the strains described here are haploid yeast strains.

3.2 The engineered strain could produce MEG natively in the absence of heterologous D-
ribulose-1-phosphate-dependent pathway

Strain YEG04 was initially chosen as the host strain for characterizing the high-copy plasmid
pBEG34 with respect to MEG production from xylose in shake flask cultivation. We transformed
strain YEGO4 with pBEG34 to generate the D-ribulose-1-phosphate-dependent pathway
overexpressing strain, namely yEGO4R. Following the transformation, a single colony was
isolated and pre-cultivated on glucose, as the strain could not grow on xylose as the carbon
source. High cell density fermentation was then carried out in a shake flask with 20 g/L. xylose as
the substrate. As a control, high-density fermentation was also conducted on the untransformed

yEGO04 strain, which did not carry pBEG34.

Shake flask cultivation of strain YEG04R produced MEG with a titer of 1.25 + 0.007 g/LL
MEG and a yield of 0.095 £ 0.005 g/g xylose. At the end of the 240-hour fermentation, about
27% of xylose remained unconsumed in the medium. Unexpectedly, flask cultivation of strain
yEGO04, which lacked the plasmid pBEG34, achieved a titer of 0.90 + 0.01 g/LL MEG and a
corresponding yield of 0.073 £ 0.006 g/g xylose; about 32% of xylose remained in the medium
after 240 hours. This indicated that strain yEG04 was able to produce MEG from xylose in the

absence of the heterologous MEG pathway, with the overexpression of the heterologous MEG
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pathway providing the additional boost in MEG titer. Furthermore, the fermentation profiles as
shown in Fig. 2 showed that the MEG productivity of strain yEGO4R during the first 48 hours
(0.020 g g' h') was 40% greater than that of strain YEG04 (0.015 g g’ h™'), which was
consistent with the observed increase in MEG titer. Based on these results, we speculated that
our yeast strains, which were derived from the evolved xylose-utilizing strain F251, might
possess native catalytic capacity to convert xylose into MEG. This catalytic ability was

investigated further.

3.3 MEG production was significantly improved by the disruption of xylulose kinase activity

We next proceeded to investigate the other yeast strains, including F251, yEGO1, yEGO2 and
yEGO3, for their native catalytic ability to produce MEG. High-density flask cultivation of
strains YEGO1 and F251, which contained a single copy and two copies of xylulose kinase gene
XYL3 in the genome, respectively, resulted in no detectable MEG production while xylose in the
culture media was completely consumed. These results were expected, as both of these strains
retained high xylulose kinase activity which promoted xylose metabolism through the pentose
phosphate pathway and thus directly competed against the conversion of xylulose into MEG. On
the other hand, strain yEGO02 had lost both copies of heterologous xylulose kinase XYL3 but still
maintained two copies of S. cerevisiae native xylulose kinase XKS/. High-density shake flask
cultivation of yEGO02 attained 0.80 + 0.09 g/LL MEG with a corresponding yield of 0.040 £ 0.005
g/g xylose. It is interesting to note that, in the absence of functional XYL3, strain yEGO2 lost the
ability to grow on xylose as the carbon source, which appeared to coincide with the gain of

catalytic ability to produce MEG from xylose.
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Strain yEG03, which was derived from strain yEG02 and missing one of the two XKS/
copies, produced MEG, achieving a titer of 1.32 £ 0.11 g/LL and a yield of 0.070 = 0.006 g/g
xylose while depleting xylose in the medium at the end of the 240-hour shake flask cultivation.
Interestingly, this titer exceeded the amount produced by strain yEG04, which lacked all
xylulose kinase XYL3 and XKSI copies. A closer look at the fermentation profiles of strain
yEGO4 revealed that there was an accumulation of xylulose (Fig. 2), suggesting a metabolic
bottleneck downstream of xylose isomerization step. In the case of strain yEGO3, negligible
xylulose accumulation was observed, but a significant amount of ethanol was produced as by-
product: 3.86 + 0.28 g/L compared with 0.62 + 0.09 g/L ethanol produced by strain yEGO4.
Based on this evidence, we hypothesized that the yeast native xylulose kinase XKS/ activity in
strain yEGO3 directed the majority of the carbon flux from xylose into central carbon metabolism
through the pentose phosphate pathway. This resulted in increased glycolytic flux, leading to
greater ethanol production. Whereas, in strain yEG04, which completely lacked xylulose kinase
activity, xylulose could not enter the pentose phosphate pathway and accumulated during the
cultivation. As increased glycolytic flux has been associated with cell viability (Lam et al.,
2014), we carried out cell viability assays by methylene blue staining (Fig. S2). Overall, strain
yEGO3 showed significantly greater viability than strain yEG04. Despite achieving lower MEG
titer, strain yEG04 and its variant yEGO4R gave a similar or even greater yield of MEG than that
of strain yEGO3 (Fig. 3). We later constructed and characterized a new strain yEGO3R - i.e.,
strain YEGO3 overexpressing the heterologous D-ribulose-1-phosphate-dependent pathway — to
allow for a fair comparison. We found that yYEGO3R showed no accumulation of xylulose and

achieved a lower MEG yield (0.059 + 0.002 g/g xylose) than a yield of 0.095 + 0.005 g/g xylose
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achieved by yEGO4R under the same fermentation conditions, which was further indicative of

the residual xylulose kinase activity in yEGO3.

3.4 MEG production was driven by the yeast native phosphofructokinase (PFK) and fructose
bisphosphate aldolase (FBA) activity

We next investigated the mechanisms underlying the native catalytic ability of our strains to
synthesize MEG from xylose. As described previously, strains yEG03 and yEG04 were derived
from strain F251, which possessed strong xylose isomerase (XYLA) activity. Furthermore,
xylulose accumulation was evident in strain YEG04 in which xylulose kinase activity was
completely disrupted. More importantly, it was previously shown that MEG production was
significantly improved by the disruption of xylulose kinase activity, suggesting that xylulose was
the common intermediate in both the xylose assimilation pathway and the native MEG pathway.
We also identified glycolaldehyde as an intermediate in the pathway as glycolic acid was
observed as a byproduct in the MEG production in both strains yEG03 and yEGO04; this was
analogous to acetaldehyde serving as the common intermediate of ethanol and acetic acid in
wildtype yeast. As a result, we then sought to identify the source of the native catalytic activity

that could connect the pathway from xylulose to glycolaldehyde.

Toward this end, we first looked for candidate enzymes with aldehyde lyase activity,
which should be required for the cleavage of C-C bond in the C5 intermediate to yield
glycolaldehyde. Based on the Saccharomyces Genome Database (SGD) and the KEGG database,
there are four S. cerevisiae enzymes in the aldehyde-lyase subclass, namely fructose-
bisphosphate aldolase (FBAI), folic acid synthesis protein (FOLI), threonine aldolase (GLY1)
and dihydrosphingosine phosphate lyase (DPLI). The two latter enzymes are both peptide lyases

and hence were not considered. FOLI is a trifunctional enzyme with dihydroneopterin aldolase
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activity which is responsible for the conversion of 7,8-dihydroneopterin to 6-hydroxymethyl-7,8-
dihydropterin in the folate biosynthetic pathway (Giildener et al., 2004). Of all the candidate
lyases, we were most interested in FBAI, whose homologue in human liver tissue was found to
play a role in the conversion of xylulose-1-phosphate into glycolaldehyde and dihydroxyacetone
phosphate (DHAP) in the metabolic production of oxalate from xylitol (Bais et al., 1985). A
recent study also demonstrated both by genetic analysis in the context of FBAI overexpression
and by biochemical analysis that this catalytic step could occur in S. cerevisiae (Chomvong et al.,
2016). It was likely that this aldolase reaction occurred as part of the alternative MEG pathway
in our strains since the 3C product of this reaction (i.e., DHAP) could enter glycolysis, which
would explain the near equimolar amounts of MEG and ethanol by-product produced by strain

yEG04 (Fig. 2).

Subsequently, we looked for candidate yeast enzymes which could potentially catalyze
the conversion of xylulose to xylulose-1-phosphate to complete the alternative pathway. We
screened through known sugar kinases in S. cerevisiae for phosphoryl transfer reaction at C1 of
the substrate as well as the structural similarity of their native substrate to xylulose. This process
identified phosphofructokinase (PFK), which catalyzes the ATP-dependent phosphorylation to
convert fructose-6-phosphate into fructose 1,6-bisphosphate in glycolysis (Hess and Boiteaux,
1971; Uyeda, 1979), as the only potential kinase. Notably, xylulose and fructose-6-phosphate are
structurally similar in that they are both ketoses with identical absolute configurations at shared
chiral centers (C3 and C4 positions). Based on the above analysis, we hypothesized an
alternative pathway for MEG production in our yeast strains driven by PFK and FBAI, the two

key enzymes in glycolysis. The complete pathway for this model is shown in Fig 4.
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Since FBAI has previously been shown to catalyze the supposed aldolase reaction in our
model, only the phosphofructokinase reaction needed to be validated for our hypothesis. Yeast
PFK is a hetero-octameric enzyme, composed of 4 alpha subunits and 4 beta subunits encoded by
the unlinked genes PFKI and PFK2, respectively (Kopperschlidger et al., 1977; Clifton and
Fraenkel, 1982). According to studies on PFK in S. cerevisiae, each type of the PFK subunits has
both a catalytic and a regulatory function (Arvanitidis et al., 1994). Intact cells of pfkl or pfk2
single deletion mutants are likely to form an active enzyme of unknown oligomeric state and are
still able to metabolize fermentable carbon sources, such as glucose, though at reduced growth
rates (Lloyd et al., 1992). In contrast, null pfk mutant completely loses this capability
(Arvanitidis and Heinisch, 1994). In order to verify whether PFK played a role in the
biosynthesis of MEG, targeted deletion of either PFKI or PFK2 was carried out in both strains
yEGO3 and yEGO04, and the resulting pfk single deletion mutants were then analyzed for the
production phenotype. Single deletion of PFKI in strain yEGO3 resulted in an about 83%
decrease in both MEG titer and yield obtained in high-density flask cultivations while pfk2 single
deletion in yEGO3 led to a 77% decrease in both production parameters (Table 3). Similar results
were observed for strain YEG04 in which MEG titers were lowered by nearly 90% upon pfkl or
pfk2 single deletion (Table 3). The viability of these pfk deletion mutants were also monitored
throughout the high-density fermentations and found to be not significantly different from that of
the parental yEGO3 and yEGO4 strains (Fig. S2). Therefore, the observed changes in production

phenotype was not due to a decrease in strain viability in this case.

To provide direct evidence for the ability of PFK to catalyze the phosphorylation of
xylulose, we assayed the conversion of xylulose as depicted in Fig. 4 by crude lysates of PFK

wild-type cells (YEG04) or cells with pfki/2 double deletion (Y10791p), detecting the reaction
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substrate and product either by HPLC-RID (xylulose) or LC-MS/MS (DHAP). Attempts to
measure the direct product of the phosphorylation, xylulose-1-phosphate, were hampered by its
rapid conversion in the presence of FBAI in the crude lysates. Lysates of wild-type cells
produced substantial quantities of DHAP while lysates of the pfk deletion strain produced nearly
10-fold less DHAP than the wild-type lysates (Fig. S3). HPLC-RID analysis of residual xylulose
in the assay mixture showed almost no consumption of xylulose in lysates of the pfk mutant.
Taken together, these data strongly implicate PFK as the major route for phosphorylation of

xylulose.

3.5 Overexpression of native MEG pathway significantly improved production phenotype

To further enhance the production of MEG, we proceeded to overexpress the native MEG
pathway. This included the overexpression of the genes encoding the native o and B subunits of
phosphofructokinase (PFKI and PFK2) and the endogenous fructose-bisphosphate aldolase
(FBAI). In addition, bacterial oxidoreductase FucO from E. coli was overexpressed for the
reduction of glycolaldehyde to MEG. In this case, FucO was chosen instead of S. cerevisiae
ADHs for its ability to reduce a broad range of aldehyde substrates (Dellomonaco et al., 2011).
The coding sequences of these enzymes were cloned into expression cassettes for assembly into
single high-copy (2p) plasmids, such that all of the pathway genes to be overexpressed were
introduced into yeast on a single vector. Several different multi-genic plasmids containing either
partial or complete native MEG pathways, as illustrated in Fig. S4, were prepared. One of the
partial MEG pathways, denoted by pFBA-FucO, was composed of FBAI and FucO, driven by
the PGK1 and TEFI promoters respectively. Another partial MEG pathway, herein after referred

to as pPFK, contained only PFKI and PFK2, both driven by the TDH3 promoter. The complete

17



native MEG pathway, namely pPFK-FBA-FucO, was constructed by assembling all of the four

gene expression cassettes into a single plasmid.

These plasmids were first transformed into strains yEG03 and yEG04 — the two strains
previously shown to produce the highest MEG titers without pathway overexpression. The
transformants were then analyzed for MEG production; specifically, the final MEG titers
obtained from 240-hour high-cell-density flask cultivations in synthetic medium containing 20
g/L xylose were compared. The preliminary data indicated that the overexpression of partial or
complete MEG pathways in yEGO3 resulted in no notable differences in the final MEG titers
(between 1.2-1.3 g/LL MEG in all cases). On the other hand, the overexpression of partial or
complete MEG pathways in YyEG04 resulted in measureable increases in MEG titers up to at

most 1.7 g/L. from the original titer of 0.90 g/L (data not shown).

Based on these preliminary results, we chose to further evaluate the partial or complete
pathway overexpression in strain yEG04, for which high-density shake flask fermentations were
performed in triplicate in synthetic media containing starting xylose concentration of 50 g/L.
Without any pathway overexpression, strain yEG04 produced up to 1.83 = 0.05 g/ MEG.
Overexpression of the partial MEG pathway pFBA-FucO (yEGO04-FF) in high cell-density
fermentation resulted in a 28% increase in MEG production (2.35 + 0.14 g/L), compared with
yEGO04 strain which contained no plasmids (Fig. 5). The addition of plasmids expressing the
partial pathway pPFK in yEG04 (YEG04-P) increased the production of MEG in yEG04 by 52%,
yielding the final MEG titer of 2.79 + 0.15 g/L. When the complete MEG pathway was
overexpressed in YEG04 (yEG04-PFF), a titer of 2.41 + 0.32 g/LL MEG was achieved, which was
a 31% increase from the original amount produced by the background strain (yEG04). We also

tested all of the other combinations of genes in the pathway, such as the overexpression of FBAI

18



only, the overexpression of FucO only, the overexpression of PFK1/2 together with FBAI, and
the overexpression of PFKI1/2 together with FucO in yEGO04 (Fig. S5). According to these
results, the highest MEG titer was achieved in strain yEGO04-P, which overexpressed only

phosphofructokinase (PFK1/2) from the native MEG pathway.

Following the above analysis in shake flask cultivations, strain yEG04-P was further
characterized in a high-density batch cultivation in 1-L bioreactor in comparison with the
background strain yEG04. The fermentation physiology of both strains yEG04 and yEG04-P was
similar to that observed in shake flask cultures. In both strains, the largest changes in
fermentation profiles could be observed during the first 24 hours where about 40% of the starting
xylose was converted into xylulose and MEG (Fig 6). Overall, we obtained a titer of 2.87 g/L of
MEG in yEGO04-P, which represented an approximately 47% increase from the maximum MEG
titer of 1.95 g/L achieved in yEGO4. This corresponded to an about 32% increase in the yield of
MEG from 0.073 g/g in yEGO04 to 0.097 g/g in yEGO4-P. Furthermore, strain yEG04-P utilized a
larger portion of xylose (70% of total starting xylose) compared with strain yEG04, in which
57% of xylose was utilized. Interestingly, the strain viability, measured as viable optical density,
also improved upon PFK overexpression (Fig. 6D), possibly due to the increased carbon flux
from xylulose into central carbon metabolism via DHAP generated in the native MEG

biosynthetic pathway (Fig. 4).

3.6 Slow continuous glucose feeding enhanced MEG production by improving strain viability

While the overexpression of PFK was shown to improve MEG production, a considerable
portion of xylose (30% of the initial xylose) remained unutilized by strain yEG04-P; moreover,

there was a large accumulation of xylulose which led to a significant yield loss (Fig. 6B). As
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described previously, the background strain of yEG04-P (yEGO4) exhibited overall poorer
viability compared with strain yEG03 due to the complete lack of xylulose kinase activity. In
contrast, strain YEGO03 retained one copy of endogenous xylulose kinase XKS1, which enabled
carbon flux into central carbon metabolism via the pentose phosphate pathway, thereby
maintaining greater viability in xylose medium. In an effort to improve the viability of yEGO04,
and thus of yEGO04-P during xylose fermentation, we decided to add glucose as supplement to the
xylose media to provide cells with an additional supply of ATP, as well as with an increased
oxidative pentose phosphate pathway flux. A major consideration of how the feeding strategy
was to be implemented included the amounts of glucose to be added: adding too much would
entail unnecessary additional operation cost and result in excessive ethanol production while
adding too little would produce less-than-desired effects. To this end, we conducted a
preliminary study by varying the amounts of glucose added in 25-mL shake flask cultivations of

yEGO04 at every 24-hour time point.

Based on the final MEG titers obtained from these preliminary cultivations (data not
shown), we chose 2.5 mg of glucose per day per 1 mL culture volume as the optimal rate for
glucose supplementation. Additionally, the other major consideration for the implementation of
glucose feeding strategy was timing: periodic glucose spiking, unlike continuous feeding, in the
culture would leave periods of time during which glucose was depleted and cells were starved.
Hence, for optimal control of glucose supplementation, we implemented slow continuous
glucose feeding according to the optimal feed rate determined earlier (100 g/L glucose feed
solution in SC medium at the flow rate of 0.25 mL h™) in 250-mL bioreactor cultivation of
yEGO4-P in synthetic media containing 50 g/ xylose. With the implementation of continuous

glucose feeding, strain yEG04-P consumed about 60% of xylose overall and produced 4.05 g/L.
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MEG, corresponding to a yield of 0.120 g/g. Xylulose accumulation was also reduced
significantly; with the addition of glucose, we observed the steady decline in xylulose titer over
the entire fermentation course after the first 24 hours (Fig 6C). Evidently, the viability of yEG04-
P also markedly improved as a result of controlled supplementation of glucose (Fig 6D).
Compared with the previous batch cultivation of yEG04-P, controlled glucose supplementation
generated an approximately 41% increase in the final MEG titer while roughly three-fold
increase in the ethanol titer was obtained (14.1 g/L. from a previous titer of 4.70 g/L). Clearly,
further optimization of the feeding control and of the strain itself would be necessary to improve
the MEG yield while minimizing the formation of by-products, primarily ethanol. Nonetheless,
these results confirmed that, through controlled supplementation of secondary substrate such as
glucose, it was possible to obtain better MEG production in strain yEG04-P, achieving the

highest MEG titer reported in yeast thus far.
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4. Discussion

We have established that S. cerevisiae possesses native catalytic capacity for the production of
MEG from xylose via a biosynthetic route referred to as the D-xylulose-1-phosphate-dependent
pathway (Fig 1B). In this pathway, xylose is first isomerized into xylulose, which is further
phosphorylated to xylulose-1-phosphate. Following phosphorylation, xylulose-1-phosphate is
cleaved into three-carbon DHAP and two-carbon glycolaldehyde by an aldolase. The three-
carbon fraction enters central carbon metabolism via glycolysis, resulting in the production of
fermentation by-products such as ethanol. In the last catalytic step, the two-carbon fraction, i.e.,
glycolaldehyde, is converted into MEG by an alcohol dehydrogenase. Our discovery of this
pathway in S. cerevisiae was attributed to the strong xylose isomerase activity of an engineered
xylose-utilizing strain F251 (Hang et al., 2012) which readily converts xylose to xylulose — the
first reaction step of the pathway. The observation that a derivative of this strain, namely yEG04,
was able to produce MEG from xylose without additional heterologous gene expression
indicated the existence of a native MEG pathway in yeast. Through the analysis of metabolite
profiles during fermentation and the bioinformatics database search, we identified the D-
xylulose-1-phosphate-dependent pathway as the native MEG biosynthetic route in yeast and
PFK1/2 and FBAI as the candidate enzymes responsible for catalyzing the second and the third
reaction steps of the pathway, subsequently converting xylulose to glycolaldehyde and DHAP.
This hypothesis was validated by genetic analyses and crude lysate assays in this work for the
kinase activity of PFK1/2 on xylulose and by recent literature for the aldolase activity of FBAI

on xylulose-1-phosphate.

The first step of the pathway — the isomerization of xylose to xylulose — can be mediated

via two different mechanisms. In bacteria and some fungi, this reaction is catalyzed by the metal-
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dependent enzyme xylose isomerase (Madhavan et al., 2009; Harhangi et al, 2013). As described
earlier, the background S. cerevisiae strain F251 used in this study was previously transformed
with a eukaryotic xylose isomerase encoded by Piromyces sp. E2 XYLA gene and adapted to
xylose medium, resulting in the multi-copy integration of XYLA in its genome. In many
filamentous fungi and some yeasts including wildtype S. cerevisiae, xylose undergoes an
alternative two-step oxidoreductive reaction, catalyzed by an NADPH-dependent xylose
reductase (XR) and an NAD"-dependent xylitol dehydrogenase (XDH) with D-xylitol as the
reaction intermediate (Jeffries 1983). In S. cerevisiae, XR and XDH are encoded by its native
genes XYLI and XYL2, respectively, although they are not functionally expressed at high enough
levels to allow growth on xylose as sole carbon source in the wild type strains (Toivari et al.,
2004). Based on flask cultivations of engineered strains which were derived from F251, very
small amounts of D-xylitol could be detected in all cases, suggesting that the two-step
oxidoreductive pathway might be functional in our engineered strains but were outperformed by
the heterologous XYLA and not contributing significantly to MEG production. The disruption of
the two-step pathway should therefore neither significantly benefit nor worsen the strain
performance. On the other hand, the disruption of xylulose kinase activity is a requisite for
improving the production phenotype of the strain as this directly competes with the second step

of the MEG pathway for the same substrate.

Genetic and biochemical analysis indicated that yeast native PFK is responsible for
catalyzing the second step of the MEG biosynthetic pathway, which involves the
phosphorylation of xylulose to xylulose-1-phosphate. To our knowledge, this is the first reported
evidence for the xylulose kinase activity of PFK. Interestingly, PFK has also previously been

shown to exhibit sedoheptulose-7-phosphate kinase activity as part of the sedoheptulose-
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bisphosphate bypass in E. coli and rat tissues (Belyaeva et al., 1994; Nakahikashi et al., 2009;
Karadsheh et al., 1973). The fact that yeast PFK can act on multiple substrates including
xylulose, fructose-6-phosphate and possibly sedoheptulose-7-phosphate, all of which share the
same chemical structure and absolute configurations at every chiral center only up to the C5
position, suggests that its substrate ambiguity may arise from some relaxation (i.e., less stringent
specificity) in substrate recognition beyond the C5 position of the substrate, particularly the C6
phosphate of fructose-6-phosphate. In the batch cultivations of the XYLA-overexpressing strain
with completely disrupted xylulose kinase activity, i.e., YEGO4, about 18% of the utilized xylose
was readily converted to MEG while the remaining fraction accumulated as xylulose, suggesting
that phosphorylation is the bottleneck step of MEG biosynthesis. Overexpression of PFK on
high-copy plasmids in strain yEG04 led to a reduced accumulation of xylulose and increases in
the final MEG titer and the corresponding yield by approximately 47% and 32%, respectively.
These results provide further experimental evidence that PFK plays a role in the MEG
biosynthetic pathway in S. cerevisiae and serve as a proof-of-concept demonstration that PFK
overexpression is a viable strategy for enhancing MEG production. Nonetheless, additional
optimization of PFK overexpression is likely necessary to further reduce or eliminate xylulose
accumulation; some examples of other gene-overexpression strategies not yet explored in this
study include the use of low-copy vectors and the genomic integration of ORF under existing
strong native promoters such as PDCIp. Another consideration worth further investigation is the
allosteric property of the enzyme. The PFK reaction is a major rate-controlling step of the
metabolic flux through glycolysis with AMP and fructose-2,6-phosphate as the activators and
ATP as the allosteric inhibitor (Bafiuelos et al., 1977; Avigad, 1981). It may be interesting to

investigate the effect of these allosteric molecules on the xylulose kinase activity of the enzyme.
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Following the phosphorylation of xylulose to xylulose-1-phosphate, FBAI catalyzes the
aldolase reaction, cleaving xylulose-1-phosphate into DHAP and glycolaldehyde. This reaction
by FBAI was previously confirmed via genetic and biochemical analyses by Chomvong et al.
(2016). A variety of native ADH isozymes, particularly ADHI which is the predominant isoform
in S. cerevisiae (Leskovac et al., 2002), then convert glycolaldehyde to MEG. Separately, DHAP
enters central carbon metabolism through glycolysis and gets converted into fermentation by-
products, primarily ethanol. This results in an approximately 1:1 MEG-to-ethanol molar ratio as
observed from the batch cultivation of strain yEGO04. To reiterate the results, the overexpression
of S. cerevisiae FBAI together with E. coli ADH was found to improve the production phenotype
of yEGO04 as evident by a 28% increase in the final MEG titer; interestingly, the overexpression
of FBAI and/or ADH together with PFK overexpression in a single vector resulted in only up to
a maximum of 31% increase in MEG titer, compared with a roughly 50% increase by
overexpression of PFK alone. This observation further confirms that the PFK reaction is the
major rate-limiting step of the pathway. We speculate that the poorer MEG production observed
in the strain overexpressing multiple relevant enzymes (PFK1/2, FBAI and FucO) compared
with the strain overexpressing only PFK1/2 is likely due to the metabolic burden imposed by the
expression of these genes on high-copy plasmids, particularly for PFK genes which are
considerably lengthy: 2.96 kb and 2.88 kb for the alpha subunit (PFK/) and the beta subunit
(PFK2) genes respectively. In this case, better production phenotype may possibly be achieved
by the expression of all genes on low-copy vector or the combinations of low-copy-number and

high-copy-number expression, presenting further opportunities for strain optimization.

With the exception of the xylose isomerization step which requires either the additional

overexpression of its native XYL/ and XYL2 genes or the heterologous expression of xylose
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isomerase (XYLA), S. cerevisiae possesses all active enzymes of the MEG pathway, including
PFK1/2, FBAI and ADHI. 1t is surprising that this native catalytic capability was not detected in
previous studies of xylose metabolism or even of MEG biosynthesis in S. cerevisiae. To offer an
explanation, we posit that there are at least two experimental conditions that need to be met to
uncover the presence of the native biosynthetic MEG pathway in yeast. First, the yeast strain
must be engineered for sufficient xylose isomerization activity to efficiently convert xylose to
xylulose. The other requirement is the lack or the disruption of xylulose kinase activity to
redirect the carbon flux from xylulose into MEG biosynthetic route instead of the pentose
phosphate pathway. Most of the metabolic engineering studies on xylose utilization in yeast
usually required strong intracellular xylulose kinase activity to channel the carbon flux into
central carbon metabolism through the pentose phosphate pathway (Ho et al., 1998; Johansson et
al., 2001; Jin et al., 2003; Kuyper et al., 2005; van Maris et al., 2007) and hence did not meet the
latter experimental condition. The previous work on MEG biosynthesis in S. cerevisiae by
Salusjarvi et al. (2017) was based on the D-xylonate-dependent pathway which involved the
oxidation of xylose as opposed to xylose isomerization for the first catalytic step. On the other
hand, the similar study by Chomvong et al. (2016) is an interesting case as this secondary
catalytic ability of the glycolytic enzymes were undetected despite the fact that both of these two
experimental conditions were met. This was likely due to their experimental design in which
both the heterologous xylose isomerase and the heterologous xylulose kinase (KHK) were co-
expressed from a single plasmid. This particular experimental design was flawed in that the
heterologous xylulose kinase was present in all of their engineered strains and was intuitively

assumed to confer all of the observable xylulose kinase activity; whereas in actuality, some or
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most of the xylulose kinase activity observed in that study might have been attributed to the

native PFK.

Prior to the discovery of the native MEG pathway, the present study also explored the
expression of the heterologous D-ribulose-1-phosphate-dependent route, which was shown to
produce less MEG titer than the expression of the native MEG pathway under the same
overexpression and fermentation conditions in our yeast strains (1.25 g/LL compared with 1.70
g/LL MEG titer achieved from the initial xylose concentration of 20 g/L). Based on these results,
the native MEG pathway, i.e., the D-xylulose-1-phosphate-dependent pathway, appears to be the
most productive in S. cerevisiae among the three known biosynthetic routes for xylose-to-MEG
conversion. Particularly with the endogenous biosynthetic pathway consisting of enzymes all
native to S. cerevisiae, there is a clear advantage over the heterologous pathway expression in
that there are fewer potential complications associated with suboptimal gene expression,

undesired metabolic interference and protein misfolding.

For this native MEG biosynthetic pathway, we have established that PFK is the major
rate-limiting catalytic step. As described earlier, with the overexpression of yeast PFK, we were
able to achieve greater MEG titer and reduce accumulation of xylulose, albeit not entirely.
Controlled glucose supplementation was implemented so as to further address the issue with
xylulose accumulation. We reasoned that feeding glucose at a constant slow rate to the cell
culture would help boost the cell’s supply of ATP, and thereby viability and xylose consumption,
while maintaining the extracellular glucose concentration at or near zero to prevent glucose
repression of xylose transport. By applying this strategy to the batch cultivation in bioreactor,
significant reduction in xylulose accumulation and marked improvements in viability and MEG

production of the engineered yEG04 were realized as a result. We speculate that the carbon flux
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from glucose into the oxidative pentose phosphate pathway may also be another important
benefit of glucose supplementation. The oxidative branch of the pentose phosphate pathway is
known to be a major source for pyridine nucleotide-based cofactor NADPH, which provides
reducing energy for many enzymes in central biosynthetic pathways in yeast (Miosga et al.,
1996; Minard et al., 1998; Maaheimo et al., 2001). NADPH is also essential for thioredoxin- and
glutathione-dependent enzymes which are important for protecting yeast from oxidative stress
(Grant et al., 1996; Slekar et al., 1996; Minard et al., 2001). Insufficient NADPH is found to be
linked to reduced competitive fitness observed in the mutants lacking the oxidative branch of the
pentose phosphate pathway such as zwfl and gndl null mutants (Nogae et al., 1990; Gorsich et
al., 2006). Furthermore, the pentose phosphate pathway plays an important role in maintaining
carbon homeostasis, providing precursors for amino acid and nucleotide biosynthesis in the cell

(Stincone et al., 2015).

One disadvantage of our current MEG-producing strain is that the growth-coupled
production is infeasible. This is largely due to the rate-limiting step of xylulose phosphorylation
by PFK as evident from the accumulation of xylulose in fermentation broth. Since this bottleneck
is upstream of the xylulose-1-phosphate cleavage which releases DHAP into glycolysis, our
strain YEG04 is unable to grow on xylose as the carbon source, and therefore separate growth
and production stages are necessary. In order to allow the growth-coupled production of MEG
using this pathway, the xylulose kinase activity of PFK needs to be further improved to permit
sufficient carbon flux into the central metabolism via the release of DHAP. Systematic
heterologous expression of alternative kinases, such as the ketohexokinase (KHK) used in the
study by Chomvong et al. (2016), for improving xylulose-1 kinase activity in our strain would be

an interesting avenue for future studies. Furthermore, with the discovery of the promiscuous
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activity of PFK, there is a clear opportunity for improving xylulose-1 kinase activity through the
directed evolution of the enzyme. Nonetheless, we believe a lignocellulosic fermentation based
on our current process design, wherein glucose is first used for growth, and xylose is
subsequently converted into MEG within the same fermentation vessel, would also be a viable
option. This would not only allow us to effectively decouple cell growth from product formation
but would also obviate the need for the costly separation process for obtaining pure sugar

streams from lignocellulosic feedstocks.

In addition to MEG, engineered strains created in this study may potentially be used as
platform for the production of different valued chemicals via the native biosynthetic pathway.
For example, 1,2-propanediol can be derived from DHAP intracellularly by the expression of
heterologous methylglyoxal synthase (mgs) and glycerol dehydrogenase (g/dA) enzymes from E.
coli (Jung et al., 2011; Islam et al., 2017). Glycolic acid is another commodity chemical which
may be derived from the MEG biosynthetic pathway via the oxidation of glycolaldehyde (Pereira
et al., 2016a; Salusjarvi et al., 2017). In fact, small amounts of glycolic acid have already been
detected as one of the fermentation by-products from the batch cultivations of our MEG-

overproducing strains.

In summary, we report the evidence of native MEG biosynthetic route in S. cerevisiae
through combined genetic, biochemical and fermentation studies. Metabolic engineering based
on the new findings resulted in strain yEG04-P of which performance was superior to that of any
other reported strains for bio-based MEG production. Further process optimization gave rise to a
laboratory-scale bioprocess that achieved 4.0 g/ MEG, which is the highest titer reported in

yeast to-date.
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Figure Legends

Fig. 1. Biosynthetic routes for MEG production in recombinant bacteria based on pentose
assimilation pathways. (A) The D-Xylonate-dependent pathway (illustrated by blue arrows)
consists of four steps, catalyzed by D-xylose dehydrogenase (xdh), D-xylonate dehydratase
(yjhGlyagF), 2-dehydro-3-deoxy-D-xylonate aldolase (yjhH/yagE) and alcohol dehydrogenase.
(B) D-Xylulose-1-phosphate-dependent route (illustrated by black arrows) is composed of four
steps, catalyzed by xylose isomerase (xylA), D-xylulose-1-phosphate kinase (KHK; human
hexokinase), D-xylulose-1-phosphate aldolase (aldoB; aldolase, fructose-bisphosphate B
[human]) and alcohol dehydrogenase, with xylulose-1-phosphate as an intermediate in the
pathway. (C) D-Ribulose-1-phosphate-dependent pathway (depicted by red arrows) is a similar
pathway to D-xylulose-1-phosphate-dependent route, which is based on the same initial xylose
assimilation step; the pathway consists of five reactions catalyzed by xylose isomerase, D-
xylulose epimerase (DTE; D-tagatose epimerase), D-ribulose kinase (fucK; L-fuculokinase), D-
ribulose-1-phosphate  aldolase  (fucA; L-fuculose-1-phosphate aldolase) and alcohol
dehydrogenase. The reduction of glycolaldehyde to MEG is a common step in all of these
biosynthetic routes and is catalyzed by either NADH-dependent aldehyde reductase (fucO) or

NADPH-dependent aldehyde reductase (yghD).

Fig. 2. Improvement of MEG production by heterologous expression of the bacterial D-ribulose-
I-phosphate-dependent pathway in yeast strain yEGO4. The batch fermentations of strains
yEGO04 (A) and yEGO04 expressing the heterologous MEG biosynthetic route, i.e., YEGO4R (B),
were performed in SC media containing 18 g/L. xylose in shake flasks under micro-aerobic

condition. Error bars indicate standard deviations of three independent experiments.
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Fig. 3. Improvement in MEG production by disruption of xylulose kinase activity in the xylose-
utilizing strain F251. The strains presented here were characterized for the final MEG titer (g/L)
and the corresponding yield (g MEG/g xylose) achieved after 240 hours in batch high-density
cultivations in SC media containing 20 g/L xylose in shake flasks under micro-aerobic
conditions. Measurements from three biological replicates are represented with means and
standard deviations. The bottom panel underneath strain names indicates the genomic copy
number of the heterologous xylulose kinase (XYL3) gene and the endogenous xylulose kinase
(XKS1) gene contained in each strain; the letters are greyed out for each of the absent genomic

copies.

Fig. 4. Model of the endogenous biosynthetic pathway of MEG in Saccharomyces cerevisiae.
(A) Phosphofructokinase (encoded by PFKI and PFK2) and fructose-bisphosphate aldolase
(encoded by FBAI) are the two key regulatory enzymes in glycolysis, catalyzing the two-step
conversion of fructose-6-phosphate to dihydroxyacetone phosphate (DHAP) and glyceraldehyde-
3-phosphate. (B) In this model, phosphofructokinase exhibits xylulose kinase activity required
for the phosphorylation step; fructose-bisphosphate aldolase then catalyzes the aldolase reaction,
resulting in the production of DHAP and glycolaldehyde. Subsequently, the reduction of

glycolaldehyde to MEG is catalyzed by the native alcohol dehydrogenases (ADH).

Fig. 5. Metabolic engineering of yEG04 to increase MEG production via overexpression of

enzymes in the native biosynthetic pathway. Production performances of yEG04, yEG04-FF
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(pFBA-FucO), yEG04-P (pPFK) and yEG04-PFF (pPFK-FBA-FucO) are presented as the final
MEG titers (g/L) obtained after 240-hour batch fermentations in synthetic media containing 50
g/L xylose in shake flasks. Error bars represent standard deviations of three biological replicates.
The illustrations in the bottom panel indicate the specific enzymes that were overexpressed in
each of the engineered strains; green and grey arrows represent overexpression and no

overexpression, respectively.

Fig. 6. Effects of host strain engineering via native MEG pathway overexpression and process
optimization via controlled supplementation of glucose on MEG production. Fermentation
profiles of (A) strain yEG0O4 and (B) strain yEG04-P harboring plasmid pPFK were obtained
from high-density batch cultivations in synthetic media containing 50 g/L. xylose in a bioreactor.
(C) Improved production performances of strain yEG04-P were observed in a separate high-
density bioreactor cultivation where glucose was fed to the bioreactor in a slow, controlled
fashion. (D) Viability of yeast strain in each of these processes was measured in terms of viable

optical density as described in Materials and Methods section 2.6.
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Figure 4
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Figure 5
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Figure 6
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Tables

Table 1
Strains used in this study

Strains Description Source

MATa, leu2-3,112, arg4, TRP1::TDH3p-RKI1-CYCIt-
TDH3p-RPEI-CYCIt, HIS2::TDH3p-TKLI-CYClIHt,

F251 ADEI::TDH3p-PsTALI-CYCIt, (PeXYLA)47; (PsXYL3),; Hang et al. (2012)
(XKS1),
(previously referred to as H131-A3% in Hang et al., 2012)
Y10791 BY4742 ura3-0; leu2-0; his3-1; lys2-0; pfk2::KanMX4 Euroscarf
Y10791p Y 10791 pfkl::NAT; xksIA This study
yEGO1 F251 xyl3::CaARG4-MX4 This study
yEGO02 F251 xyl3::CaARG4-MX4; xyl3::HphMX4 This study
yEGO3 F251 xyl3::CaARG4-MX4; xyl3::HphMX4; xks1A This study
yEGO3-p1KO yEGO3 pfkl::NAT This study
yEGO03-p2KO yEGO03 pfk2::CaLEU2 This study
yEGO3R yEGO3 (pRS425-PcDTE-EcFucA-EcFucK-EcFucO) This study
yEGO04 F251 xyl3::CaARG4-MX4; xyl3::HphMX4; xksIA; xksIA  This study
yEGO04-p1KO yEGO04 pfkl::NAT This study
yEG04-p2KO yEGO04 pfk2::CaLEU2 This study
yEGO04-Fo yEGO04 (pFucO) This study
yEGO04-F1 yEGO04 (pFBA) This study
yEGO4-FF yEG04 (pFBA-FucO) This study
yEGO04-P yEG04 (pPFK) This study
yEGO04-PFo yEGO04 (pPFK-FucO) This study
yEGO04-PF1 yEGO04 (pPFK-FBA) This study
yEGO04-PFF yEG04 (pPFK-FBA-FucO) This study
yEGO4R yEGO04 (pRS425-PcDTE-EcFucA-EcFucK-EcFucO) This study

* Ca, Candida albicans;, Ec, Escherichia coli; Pc, Pseudomonas cichorii; Pe, Piromyces sp. E2;
Ps, Pichia stipitis
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Table 2

Plasmids used in this study

Plasmids Description Reference

pRS425 High-copy-number plasmid with LEU2 marker -
pRS425, TDH3p-PcDTE-CYCIt, PGKIp-EcFucA-

pBEG34 ADHIt, TDH3p-EcFucK-CYCIt, TEF Ip-EcFucO- This study
ACTIt

pFucO pRS425, TEF Ip-EcFucO-ACTIt This study

pFBA pRS425, PGKIp-FBAI-ADH It This study

PFBA-FucO pRS425, PGKIp-FBAI-ADHIt, TEF Ip-EcFucO- This study
ACTIt

pPFK pRS425, TDH3p-PFKI-CYCIt, TDH3p-PFK2- This study
CYCIt
pRS425, TDH3p-PFKI-CYCIt, TDH3p-PFK2- .

pPFK-FucO CYCIt, TEFIp-EcFucO-ACTIt This study
pRS425, TDH3p-PFKI-CYCIt, TDH3p-PFK2- .

pPFK-FBA CYCIt, PGKIp-FBAI-ADHIt This study
pRS425, TDH3p-PFKI-CYCIt, TDH3p-PFK2-

pPFK-FBA-FucO  CYCIt, PGKIp-FBAI-ADHIt, TEF Ip-EcFucO- This study
ACTIt

pV1382 Solo system CaCas9/sgRNA entry expression vector (\;%aisgft al.
Solo system vector to target mutagenesis of XKS1

pV1382-XKS1 using 20-base guide RNA against the sense strand: This study

5’- GTGGTTAGAGGCTCTAGATC-3’

* Ca, Candida albicans; Ec, Escherichia coli; Pc, Pseudomonas cichorii
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Table 3

Fermentation characteristics of pfk1/2 single deletion mutants

Straine Genowype  Xvlose Products (g/L) MEG Yield
consumed  Xylylose MEG Ethanol (&/&xytose)

yEG03 - 97.7+0.6 0.01+0.00 132+0.11 3.86+0.28 0.070 % 0.006
yEGO3-plKO  pfkl:NAT 93.4+8.8 0.06+0.06 031009 552+134 0.017+0.004
yEGO3-p2KO  pfk2:CalEU2 943 +1.1 0.07+0.00 022+0.02 576+0.54 0.0120.001
yEG04 . 720408 8.76+096 090+0.11 0.62+0.09 0.0730.006
yEGO4-pIKO  pfkI:NAT 67.7+0.5 7.82+0.54 0.09+0.01 029+0.12 0.007 % 0.001
yEGO4-p2KO  pfk2:CalEU2  67.1+22 7.96+1.05 0.12+0.01 0.30+0.04 0.009 % 0.000
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Supplementary Table S1

Oligonucleotides used in this study

Name

Sequence (5’-t0-3’)

Construction of gene cassettes for D-rubulose-1-phosphate-dependent pathway overexpression

PGKIp-FucA-F

CGCGGTGGCGGCCGCTCTAGTAAAATCATGGAAAGAAACAAGTTAGCC
CG

ADHIt-FucA-R

CATAAATCATAAGAAATTCGCTGATCATTACTCTTCTATACGTAGTCCA
TAGG

TDH3p-FucK-F

TTAGTTTCGACGGATTCTAGTAAAATCATGCTTAGCGGTTATATTGCTG
GCGC

CYCIt-FucK-R

AGCGTGACATAACTAATTACATGATCATTACACCTCTTCAATAAACTCT
GG

TEFIp-FucO-F

TAGCAATCTAATCTAAGTTTTAAAATCATGATGGCTAACAGAATGATTC
TGAACG

ACTIt-FucO-R

ATACGCGCACAAAAGCAGAGATGATCATTACCAGGCGGTATGGTAAAG
C

TDH3p-PcDTE-F

TTAGTTTCGACGGATTCTAGTAAAATCATGAACAAAGTTGGTATGTTCT
ACACC

CYCIt-PcDTE-R

AGCGTGACATAACTAATTACATGATCATTAGGCCAGTTTATCACGGAC
G

Construction of gene cassettes for yeast native MEG biosynthetic pathway overexpression

PGKIp-FBAI-F

CGCGGTGGCGGCCGCTCTAGTAAAATCATGGGTGTTGAACAAATCTTA
AAGAG

ADHIt-FBAI-R

CATAAATCATAAGAAATTCGCTGATCATTATAAAGTGTTAGTGGTACG
GAAAGTTTCC

TDH3p-PFKI-F

TTAGTTTCGACGGATTCTAGTAAAATCATGCAATCTCAAGATTCATGCT
ACG

CYCIt-PFKI-R

AGCGTGACATAACTAATTACATGATCATCATTTGTTTTCAGCGGCTAAA
GC

TDH3p-PFK2-F

TTAGTTTCGACGGATTCTAGTAAAATCATGACTGTTACTACTCCTTTTGT
GAATGG

CYCIt-PFK2-R

AGCGTGACATAACTAATTACATGATCATTAATCAACTCTCTTTCTTCCA
ACCAAATGG

Construction of MX4 deletion cassettes for XYL3 gene disruption

XYL3-del-F1

ATGACCACTACCCCATTTGATGCTCCAGATAAGCTCTTCCTCGGGTTCG
ATATTATTCGGATCCCCGGGTTAATTAA

XYL3-del-R1

TTAGTGTTTCAATTCACTTTCCATCTTGGCCAACATTCCAACCCCGTTGG
CATCGATGAATTCGAGCTCG

Construction of PFKI::NAT and PFK2::CalLEU?2 deletion cassettes

PFKIp-NAT-F1

TATTTGGGAAAGCTTTTATATAAAAAATCTGAAACAAAATCATATCAA
AGATGTCTACTACTTTGGATGATACTGC

PFKIt-NAT-R1

ATGCCATTTTTACCTCCTTTTGCTTAACTTAAACTTTTCATTGCAATCAT
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TTATTATGGACATGGCATAGACATATACAAAGC

PFK2p-CaLEU2-
F1

AACTAGATTTAGAGACTAGTTTAGCATTGGCCAAGAACTAACCATACG

CAATGTCTGTTAAAACCAAAACC

PFK2t-CalLEU2-
R1

AACATTAATTGACATTAATAATAGAAAGTGTAATAAAAGGTCATTTTCT

TTTATGTATTTTGTTTTAAAATTTTAGTGAC

Sequencing oligonucleotides

ACT1t-SeqR1

TGCTTAAACACGTCTTTTCC

ADHIt-SeqR1

TTACTCAAGAATAAGAATTTTCG

CYCl1t-SeqR1

CTTCAGGTTGTCTAACTCCTTCC

FBA1-SeqF1 CAGTTATTGTTCTTCCTTGCG
FBA1-SeqR1 CAGAAGAAAAGAGCCGACC
PGK1p-SeqF1 CTAATTCGTAGTTTTTCAAGTTCTTAGATGC
PFK1-SeqF1 TTCACTTTAGCACTATTTGGG
PFK1-SeqF2 GCTGTCATGACTTCTGGTGG
PFK1-SeqR1 AAAGTGCATGCCATTTTTACC
PFK1-SeqR2 CTTCTTCTTGTCGCAGAAGC
PFK2-SeqF1 AGACTAGTTTAGCATTGGCC
PFK2-SeqF2 GCTCCAGGTATGAACTCTAACG
PFK2-SeqR1 GACACAAAAGAAAAACATGGG
PFK2-SeqR2 TTGACAATCGACAACGAAGG

TDH3p-SeqF1

GATTGTAATTCTGTAAATCTATTTCTTAAACTTC

TEF1p-SeqF1

ACGGTCTTCAATTTCTCAAGTTTCAG

XKS1-SeqF1 GGAATAGCCGCTGAGGTGC
XKS1-SeqR1 GGCATTGTCATGTGCACGC
XKS1-SeqR2 GTTTAACTCGTCTCTTATCCTCTCCC
XYL3-SeqF1 ATGACCACTACCCCATTTGATGC
XYL3-SeqR1 TTAGTGTTTCAATTCACTTTCC

XYL3-SeqR2

CCAACAACCTTGTTGAAGGG
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L WT M1 L WT M1 M2

xyl3 xks1

Supplementary Figure S1. Confirmation of gene deletions via PCR. Chromosomal DNA served
as the template for PCR amplification. Lane L: 1 kb Plus DNA ladder (Invitrogen, CA US); Lane
WT: PCR with primers flanking the ORF of gene of interest; here the topmost band corresponds
to the wildtype copy of that gene of interest; Lane M1 or M2: same PCR reaction on the genomic
DNA of the strains carrying a deletion(s) of the respective gene. (A) PCR confirmation of xyl3
deletion (Lane M1) turned up as two bands of equal intensity, suggesting that two genomic copy
of XYL3 are present. (B) Similarly, PCR confirmation of xks/ deletion indicates that there are
more than a single genomic copy. In this case, M1 and M2 refer to strains yEG0O3 and yEG04,
respectively. Note that the band of ~0.7 kb, which is present in all lanes in Figure B, is non-
specific to XKSI. The bottommost band of ~200 bp in Lanes M1 and M2 corresponds to the
XKS1 gene after chromosomal deletion.

51



A YEGO3 B yEGO3-p1KO

20 20
C? 15 C? 15
o o
e o
{a 10 1 {a 10 1
> >

L 5 4

0 N B L A — 0 e e T A E—

0 50 100 150 200 250 0 50 100 150 200 250
Time (h) Time (h)
D yEGO04 E yEGO04-p1KO
20 20

C? 15 1 C? 15 1
o o
o o
{a 10 1 {a 10 1
> >

5 5 J

[ R T

0 50 100 160 200 250 0 50 100 160 200 250

Time (h)

Time (h)

(@)

Viable ODgy,

m

Viable ODgy,

yEG03-p2KO

=)
(=1

m
'

=1
'

(L}
'

o

0 50

100 150 200 250

Time (h)

yEG04-p2KO

)
=1

m
'

=1
'

0 50

e Ty
100 150 200 250

Time (h)

Supplementary Figure S2. Comparison of strain viability between yEG03 and yEG04, as well
as their pfkl and pfk2 deletion mutants (A-C) yEGO03, yEGO3 pfkiA, yEGO3 pfk24; (D-F)
yEGO04, yEGO04 pfkiA, yEGO4 pfk2A, respectively), during 240-hour shake flask cultivations in
SC media containing 20 g/L. xylose. Strain viability was measured in terms of viable optical
density as described in Materials and Methods section 2.6. Error bars represent standard
deviations of three biological replicates.
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Supplementary Figure S3. Assays with crude lysates indicate role of PFK in xylulose
phosphorylation. Metabolites in crude lysate assays, containing enzymes from PFK wild-type
cells (WT), pfk deletion cells (pfk1/2), or no enzymes (control; NE), were measured after 30-min
incubation either by LC-MS/MS (DHAP) or HPLC-RID (xylulose). (A) DHAP with 1 mM
xylulose as substrate, (B) residual xylulose after 30-min reaction. (C) DHAP with 1 mM
fructose-6-phosphate (F6P) as substrate. Error bars represent standard deviations from three
technical replicates. These data implicate PFK as the major route for phosphorylation of
xylulose. Interestingly, PFK wild-type lysates produced 6-fold more DHAP from F6P than from
xylulose, and completely consumed F6P, compared to with xylulose where about 50% remained
at the end of the assay. These data exemplify the low affinity of PFK for xylulose compared to

the native substrate.
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Supplementary Figure S4. Maps of plasmids constructed in this study for heterologous
pathway overexpression (pBEG34) and native pathway overexpression (pFBA-FucO, pPFK,
pPFK-FBA-FucO, pFucO, pFBA, pPFK-FucO and pPFK-FBA) for MEG production. Maps are

not drawn to scale.
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Supplementary Figure S4. (continued) Maps of plasmids constructed in this study for
heterologous pathway overexpression (pBEG34) and native pathway overexpression (pFBA-
FucO, pPFK, pPFK-FBA-FucO, pFucO, pFBA, pPFK-FucO and pPFK-FBA) for MEG
production. Maps are not drawn to scale.
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Supplementary Figure S5. MEG production as a result of the overexpression of specific
enzymes in the native MEG pathway. Production performances are presented here as the final
MEG titers (g/L) obtained after 240-hour shake flask cultivations in synthetic media containing
50 g/L xylose. The illustrations in the bottom panel indicate the enzyme(s) which were
overexpressed in each of the engineered strains; green and grey arrows represent overexpression
and no overexpression, respectively. Error bars represent standard deviations of three biological
replicates.
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