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Abstract: D-glycerate is an attractive chemical for a wide variety of pharmaceutical, cosmetic, biodegradable polymers, and other
applications. Now several studies have been reported about the synthesis of glycerate by different biotechnological and chemical
routes from glycerol or other feedstock. Here, we present the construction of an Escherichia coli engineered strain to produce optically
pure D-glycerate by oxidizing glycerol with an evolved variant of alditol oxidase (AldO) from Streptomyces coelicolor. This is achieved
by starting from a previously reported variant mAldO and employing three rounds of directed evolution, as well as the combination
of growth-coupled high throughput selection with colorimetric screening. The variant eAldO3-24 displays a higher substrate affinity
toward glycerol with 5.23-fold than the wild-type AldO, and a 1.85-fold increase of catalytic efficiency (kcat/Km). Then we introduced
an isopropyl-g-D-thiogalactopyranoside (IPTG)-inducible T7 expression system in E. coli to overexpress the variant eAldO3-24, and
deleted glucosylglycerate phosphorylase encoding gene ycjM to block the consumption of D-glycerate. Finally, the resulting strain
TZ-170 produced 30.1 g/l D-glycerate at 70 h with a yield of 0.376 mol/mol in 5-1 fed-batch fermentation.
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Introduction liest reported the enzymatic production of D-glycerate from the
decarboxylation of L-tartrate substrate via L-tartrate decarboxy-
lase from Pseudomonas sp., with a molar yield of nearly 100%
(Furuyoshi et al., 1989; Furuyoshi et al., 1991). Afterwards, most
of the studies are motivated by the exploitation and utilization
of crude glycerol, which is a major by-product of biodiesel indus-
try, to produce value-added chemicals (Chen & Liu, 2016). Some
studies have described application of the liquid-phase oxidation
of glycerol with oxygen for the production of DL-glycerate by us-
ing precious metal catalyst (such as Au, Pd, Pt) (Demirel et al,,
2007; Porta & Prati, 2004), while these routes also had some major
disadvantages of catalyst cost, pollution control, and obtained a
racemic mixture of DL-glycerate.

In contrast, the choice of biotechnologically produced glycer-
ate from glycerol is a more sustainable alternative to traditional
chemical oxidation for achieving commercial-scale production by
microbial fermentation processes. For example, acetic acid bacte-
ria (AAB) are obligate aerobic bacteria that have the ability to oxi-
dize various sugars, sugar alcohols, and sugar acids for producing
several valuable products by membrane-bound dehydrogenases,
which is termed oxidative fermentation (Saichana et al., 2015).
Hence, on the production of glycerate, several previous works had
been carried out by Habe et al. for screening AAB to produce
glycerate using crude glycerol as substrate under aerobic condi-
tions (Habe et al., 2009a, 2009b). Of note, Habe et al. investigated
glycerate-producing strains from 162 AAB strains and optimized
fermentation conditions; the final glycerate production reached

As a potential multifunctional organic acid, DL-glycerate (2,3-
dihydroxypropanoic acid, DL-glyceric acid [DLGA]) is one of the
promising glycerol derivatives, which possess a wide variety
of application areas, ranging from the synthesis of GA-based
biodegradable branched-type polymers (Chiellini et al., 1990), act-
ing as bioactive components of glyceric acid (GA) esters with an-
titrypsin activity from Penicillium funiculosum (LeSova et al., 2001),
accelerating the oxidation of ethanol and acetaldehyde to detox-
ify in rats (Eriksson et al., 2007) and developing GA derivatives
such as green surfactants acyl GAs (Tokuma et al., 2012), to the ap-
plication of glucosylglycerate-derived compatible solutes through
single-step enzymatic catalysis by sucrose phosphorylase (Sato
et al., 2014; Sawangwan et al., 2009). Moreover, D-glycerate was
also seen as a precursor and involved in various artificial enzyme-
catalyzed synthesis routes for the synthesis of valuable products,
including in the biotransformation of glycerol and glucose into
value-added chemicals such as L-serine, L-alanine with two in
vitro synthetic enzymatic cascades (Gmelch et al., 2019; Li et al.,
2018). At present, D-glycerate is an attractive feedstock for a wide
variety of pharmaceutical, cosmetic, and other industrial appli-
cations; thus, it is worth exploring to develop a commercially
available method for converting crude glycerol into optically pure
D-glycerate.

To summarize, several synthetic routes have been previously
reported for the production of glycerate (Fig. 1; Table 1). The ear-
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Fig. 1. Four routes for oxidation of glycerol to glycerate. (a) The decarboxylation of L-tartrate by L-tartrate decarboxylase from Pseudomonas sp.; (b) the
chemical oxidation of glycerol to DL-glycerate by noble metal catalysts; (c) the microbial oxidation of glycerol to glycerate by acetic acid bacteria; and
(d) the regioselective oxidation of glycerol to D-glycerate by AldO.

Table 1. Summary of Bio-Based DL-Glycerate Production on Several Substrates by Various Approaches

By- Optical Yield Productivity
Substrate Strain Enzyme Process product purity Titer (g/)  (mol/mol) (g/1/h) Ref.
L-tartrate Pseudomonas sp. L-tartrate Whole-cell —_— >92% ee 53 1.0 0.44 (Furuyoshi
group Ve-2 decarboxylase biocatalyst et al,, 1989)
L-tartrate Pseudomonas sp. L-tartrate Whole-cell — — 106 1.0 2.36 (Furuyoshi
group Ve-2 decarboxylase biocatalyst etal, 1991)
Glycerol  Acetobacter mADH®, mALDH? Batch fer- _ _ 22.7 —_ 0.24 (Habe et al.,
tropicalis mentation 2009a)
NBRC16470
Glycerol  Gluconobacter sp. ~ mADH, mALDH  Batch fer- DHA 88.4% 459 — 0.48 (Habe et al,,
NBRC3259 mentation 2009¢)
Glycerol  Gluconobacter mADH, mALDH  Fed-batch fer- DHA 72% 136.5 — 0.95 (Habe et al,,
frateurii mentation 2009¢)
NBRC103465
Acetobacter mADH, mALDH 99% 101.8 e 0.85
tropicalis
NBRC16470
Glycerol  Gluconobacter mADH, mALDH  Fed-batch fer- —_— —_— 89.1 —_— 0.93 (Habe et al,
frateurii THD32 mentation 2010)
mutant (asldA)
Glycerol  Escherichia coli AldO Fed-batch fer- — 99% 30.1 0.376 0.43 This study

TZ-170 mentation

@Membrane-bound alcohol dehydrogenase.
"Membrane-bound aldehyde dehydrogenase.

136.5 g/l with a 72% enantiomeric excess (ee) of D-glycerate
after 7-days incubation by Gluconobacter frateurii NBRC103465 and
produced 101.8 g/l of D-glycerate with a 99% ee by Acetobac-
ter tropicalis NBRC16470 after 6-days incubation. They also first
demonstrated that the pyrrologuinoline quinone-dependent
membrane-bound alcohol dehydrogenase (PQQ-mADH) is respon-
sible for catalyzing the oxidation of glycerol (Habe et al., 2009c).
Further research suggested that the PQQ-mADH was encoded by
adhA gene and catalyzing the oxidation of glycerol to glyceralde-
hyde in AAB, then the glyceraldehyde was sequentially oxidized
to glycerate by the PQQ-mALDH (Habe et al., 2010; Habe et al.,

2009c; Peters et al., 2013). Here lies an unanswered question—
what mechanism determines the enantiomeric composition of
the GA is still unknown (Habe et al., 2010), although PQQ-mADH
derived from Acetobacter tropicalis NBRC16470 can more efficiently
oxidize glycerol to the D-isomer, D-glyceraldehyde, which is then
oxidized to D-glycerate (Habe et al., 2009¢; Yakushi & Matsushita,
2010).

FAD-dependent alditol oxidase (AldO) is an alternative biocat-
alyst to produce D-glycerate, is first characterized from Strepto-
myces coelicolor A3(2) and displays promiscuous activities for the
oxidation of several polylols and sugars as substrate. This enzyme



Table 2. List of Strains and Plasmids Used in This Study
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Strain

Genotype

Source

Escherichia coli ATCC8739
E. coli Trans1-T1

Wild-type

F ¢80 (lacZ) AM15 AlacX74 hsdR(r,~, mp") ArecA1398 endA1l tonA

Lab collection
TransGen Biotech

E. coli BL21(DE3) F~ompT hsdSB(rg~,mz")gal dem me131(DE3) Thermofisher
E. coli DHS« F~¢80lacZAM15 A(lacZYA-argF) U169 recAl endA1 hsdR17 (ry~, my ™) gal-phoA Thermofisher
SupE44A~ thi~1 gyrA96 relAl
TZ-099 E. coli DH5a, glpK::kan®, gldA::cm® This study
TZ-108 E. coli ATCC8739, aglpK, AgldA, AglxK, agarK, AglcDE, ahyi, AgIxR, agarR (Zhan et al., 2020)
TZ-168 TZ-108, ThaBAD::Pacyys-T7RNAP, IdhA::Pr;-eAld03-24 This study
TZ-170 TZ-168, AycM This study
Plasmid Description Source
pET-30a(+) Kan¥®, pBR322 replicon, T7 promoter, T7 terminator Novagen
pKD46 AmpR, temperature conditional pSC101 replicon, Pgap promoter, ARed (Datsenko & Wanner, 2000)

recombinase
pSC103-mAldO

Amp®, mAIdO (synthetic) from Streptomyces coelicolor alditol oxidase variant

This study

(V125M/A244T/V133M/G399R) under the control of an artificial promoter

Pumi-46
pET30a-mAldO
PET30a-eAld02-15
pET30a-eAldO2-48
pET30a-eAldO3-24

Kan®, mAldO cloned into pET-30a(+) vector

KanR®, eAldO1-48 cloned into pET-30a(+) vector
Kan®, eAld02-48 cloned into pET-30a(+) vector
KanR®, eAld03-24 cloned into pET-30a(+) vector

This study
This study
This study
This study

belongs to the vanillyl-alcohol oxidase (VAO) family and performs
selective oxidation of the terminal hydroxyl group of substrates to
produce the corresponding sugars or a-hydroxy acids (Heuts et al.,
2007; van Hellemond et al., 2009). Due to the by-product H,O, dur-
ing the oxidation process, AldO can also be used as a cleaning
composition for cleaning and laundry applications (Kumar et al.,
2013a). In contrast to AAB, AldO is highly regio- and enantioselec-
tive for the oxidation of C1-OH bond of glycerol substrate, and gen-
erates D-glycerate rather than D-glyceraldehyde as the final prod-
uct. To improve the catalytic activity toward glycerol, an evolved
variant mAIldO (V125M/A244T/V133M/G399R) was screened from
mutant libraries constructed through error-prone PCR and site-
saturation mutagenesis, which exhibited a 2.4-fold increase in
specific activity toward glycerol substrate than the wild-type AldO.
Gerstenbruch et al. also confirmed the biotransformation of glyc-
erol to D-glycerate by the whole cells which overexpressed AldO
resulted in 2.0 g/l D-glycerate for a conversion of 6.3% with 99.6
% ee in 60 h (Gerstenbruch et al., 2012). This report offers a po-
tential approach for the production of optically pure D-glycerate
from glycerol by introducing protein engineering integrated with
metabolic engineering in Escherichia coli.

The development of a highly efficient biotransformation strat-
egy to produce optically pure D-glycerate from crude glycerol
can be further optimized. In this study, inspired by Gerstenbruch
et al’'s works (Gerstenbruch et al., 2012), we evolved mAIdO to-
ward glycerol substrate for three rounds of directed evolution,
and constructed an isopropyl-g-D-thiogalactopyranoside (IPTG)-
inducible T7 expression system in E. coli to overexpress the variant
eAld03-24 for the production of optically pure D-glycerate from
glycerol.

Materials and Methods

Strains, Plasmids, Media, and Materials

All strains and plasmids used in this study are described in
Table 2, and oligonucleotides are listed in Supplementary Table
S1.E. coli Trans1-T1 strain was used as the cloning host (TransGen
Biotech, Beijing, CN). E. coli BL21(DE3) was used for recombinant

protein expression (Thermo Fisher Scientific, CN). E. coli DH5«
strain was engineered to block both two native glycerol metabolic
pathways, which generated a strain termed TZ-099 and was
employed as the host for constructing mutant libraries of AldO.
Bacteriophage T7 was utilized to lyse cells in 96 deep-well plates
(Zhan et al., 2013). Based on our previously reported study (Zhan
et al., 2020), E. coli strain TZ-108 was used as the parent strain
for engineering to produce D-glycerate. The coding sequence
of mAIdO was synthesized with codon optimized for E. coli
(GeneScript, Suzhou, CN) (Zhan et al., 2020).

For genetic manipulation, gene cloning, and protein expression,
all strains were cultivated in Luria-Bertani (LB) medium contain-
ing 10 g/l NaCl, 10 g/l tryptone, and 5 g/1 yeast extract. Antibiotics
were added at the working concentrations: ampicillin (100 ug/ml),
chloramphenicol (34 pg/ml), and kanamycin (50 pg/ml). The fol-
lowing concentrations of inducers were used in this study: 2%
arabinose and 0.1 mM IPTG. For high-performance liquid chro-
matography (HPLC) analysis and enzymatic activity assay, related
standard substances and substrates were purchased from Sigma-
Aldrich (St. Louis, USA).

Construction of Strains and Plasmids

Gene deletions and integrations were performed using ARed-
mediated recombination (Datsenko & Wanner, 2000). The se-
quence of T7 RNA polymerase (T7RNAP) was amplified from E.
coli BL21 (DE3) and used for chromosome integration. The plas-
mids pET30-serial were constructed by the method of circular
polymerase extension cloning (CPEC) (Quan & Tian, 2011). These
primers used for two-step homologous recombination and plas-
mid construction are listed in Supplementary Table S1.

Construction of AldO Mutant Libraries

In this work, error-prone PCR was employed to construct the
first round mutant library. The plasmid pSC103-mAldO was
constructed with a variant mAldO, which was reported from
Gerstenbruch and used as a template for directed evolution
(Gerstenbruch et al., 2012; Zhan et al., 2020). For error-prone PCR,
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the amplification mixture (50 pl) contained ~5 ng template DNA,
11l EasyTaq® DNA Polymerase (5 units/pl, TransGen Biotech), 5 ul
10 x EasyTaq® buffer, 0.2 uM each primer (AldO-CF and AldO-CR,
Supplementary Table S1), an unbalanced dNTP mixture of 0.2 mM
each of dCTP and dTTP, 1.0 mM each of dGTP and dATP, and the in-
creased Mg?* concentration to 5 mM. The resulting PCR products
were purified and cloned into pSC103 backbone under control of
a strong constitutive promoter Py, via the CPEC method (Quan &
Tian, 2011).

For synthetic shuffling, the method was modified and per-
formed by assembling and annealing synthetic oligonucleotides
with DNA fragments (200-300 bp), to obtain a shuffled library
as previously described (Ness et al., 2002). These DNA fragments
were from several evolved variants in the first round of directed
evolution. Other 10 genes of AldO from Streptomyces genus were
chosen as templates for synthesis of oligonucleotide fragments in
synthetic shuffling, and their corresponding GenBank IDs, multi-
ple sequence alignment, and molecular phylogenetic analysis are
demonstrated in Supplementary Figs. S1 and S2. The coding se-
quence of mAldO was codon optimized for E. coli and synthesized
as described (Zhan et al., 2020). Positions of introduced diversity
residues into the backbone for synthetic shuffling are shown in
Supplementary Table S2. Each synthetic oligonucleotide was 40
bases in length, the sequences of the forward oligonucleotides
were represented by F1 to F19, and the other complementary re-
verse oligonucleotides were labeled with R1 to R16. All primers
were purchased from Sangon Biotech (Shanghai, China).

To construct the second and third round mutant libraries,
the synthetic shuffling was performed and modified from a pre-
viously reported method (Ness et al., 2002). The sequence of
mAIldO was amplified with primers pSC103-YZ-F and pSC103-YZ-
R (Supplementary Table S1), and then the purified PCR products
(150 ng/ul, 700 ul) were fragmented by ultrasonic treatment to
generate 200-300 bp size DNA fragments as backbone in the as-
sembling process; then these fragments were purified with high
resolution agarose gels (MetaPhor®, Lonza) by using the QlAquick
gel purification kit (Qiagen). Synthetic or fragmentation-based as-
sembly reactions were carried out by primerless PCR. In a 50-pl
mixture, all synthetic oligonucleotides were mixed with a final
concentration of 0.2 uM, combined 300-500 ng DNA fragments,
0.8 mM dNTPs, 2.5 units of Taq polymerase. The following PCR
program parameters were set: 1 cycle of 5 min at 94°C, 30 cycles
of 30 sec at 94°C, 30 sec 40°C, 20 sec + 1 sec per cycle at 72°C,
and 10 min at 72°C. Full-length chimeric sequences were obtained
with flanking primers AldO-CF and AldO-CR (Supplementary
Tables S1) in a standard PCR with 2 pl of primerless PCR products
per 100 pl reaction as template, and the PCR program entailed
94°C for 5 min, 30 cycles of 94°C for 30 s, 60°C for 30 s, 72°C for
1.5 min, and 72°C for 10 min. The shuffled PCR products were pu-
rified with high-resolution agarose gels (MetaPhor®, Lonza), and
mutant libraries were cloned by the method of CPEC into pSC103
vector (Quan & Tian, 2011) and transformed into E. coli TZ-099
host for the growth-coupled selection and subsequent screening
for oxidase activity.

High-Throughput Screening of AldO Libraries

The high-throughput selection and screening system was per-
formed in three steps consisting of growth-coupled selection,
horseradish peroxidase-2,2’-azino-bis-(3-ethylbenzthiazoline-6-
sulfonic acid) (HRP-ABTS) colorimetric assay, and shake flask
rescreening. First, mutants were grown on M9 minimal medium
using 20 g/l glycerol as sole carbon source at 37°C for 96 h.

Following, these larger colonies were picked into 96-well deep-
well plates (Thermo Scientific™ Nunc™ 2.0 ml) containing 0.5 ml
LB medium plus 100 pg/ml ampicillin. After grown at 37°C
and 800 rpm for 18 h, a stock solution of the bacteriophage T7
(100 wl) was added and cultured for 6 h to lyse cells as described
previously (Zhan et al., 2013). A 160 ul of cell-lysis supernatant
was transferred to a 96-well microtiter plate and mixed with
40 pl of reaction buffer, which contained 5 unit/ml HRP in 50 mM
Tris-HCI buffer at pH 7.5, 2 mg/ml ABTS as an indicator (Sun &
Yagasaki, 2003), and 50-100 mM glycerol as a substrate to screen
AldO variants’ activity. The reactions were proceeded at room
temperature for 1 h and the absorbance change at 410nm was
measured and compared with the control plasmid (harboring
a starting gene of mAldO) on an Infinite® 200 PRO Microplate
Reader (Tecan, Switzerland).

Protein Expression and Purification

The purification of recombinant proteins was performed by
gravity-flow chromatography with precharged Ni Sepharose™ (GE
Healthcare). The coding sequences of mAldO and variants were
cloned into the expression vector pET-30a(+) by employing CPEC
method, and the resulting recombinant plasmids were electropo-
rated into E. coli BL21(DE3). E. coli BL21 (DE3) cells were grown in
LB medium containing 50 mg/l kanamycin, and recombinant pro-
tein expressions were induced by adding 0.1 mM IPTG when the
cells reached 0.6-0.8 of OD600nm and cultured at 25°C for 18 h.
Cells were harvested and resuspended in 50 mM Tris-HCI buffer
(pH 7.5), then disrupted by sonication on ice and supernatants of
the cell lysate collected by centrifugation (14 972 g, 30 min, 4°C)
(Sigma 3-18 K). The supernatant was filtered through a 0.22 um
filter and loaded onto a pre-equilibrated HisTrap HP column (GE
Healthcare). The recombinant protein was eluted with 200 mM
imidazole in 20 mM sodium phosphate (pH 7.5) with 0.5 M NaCl.
Further protein purification and concentration was obtained by
Amicon® Ultra-15 10 K Centrifugal Filters (MERCK) with 50 mM
Tris-HCI (pH 7.5). The purified protein was verified by a 10% SDS-
PAGE gel.

Enzymatic Assay and Kinetic Parameter
Determination

The activity of AldO was evaluated by measuring the rate of H,O,
generation from the oxidation of glycerol substrate under the
HRP-ABTS coupled assay, as outlined previously (Arnold & Geor-
giou, 2003). The kinetic parameters for AldO variants were de-
termined by varying the concentration of glycerol substrate. The
reaction mixture (200 ul) containing 130 ul 50 mM Tris-HCI (pH
7.5), 20 ul 20 mg/ml ABTS, 20 pl 50 U/ml HRP, and 20 ul glycerol
(20-800 mM) was incubated at 25°C for 5 min. The H,0, prod-
ucts can be monitored by measuring the absorbance increase at
410 nm using the Infinite® 200 PRO Microplate Reader (Tecan,
Switzerland). The kinetic constants Kp, and keat were calculated
by the Lineweaver-Burk plot in GraphPad Prism 8 software. Pro-
tein concentrations were determined by Bradford Protein Assay
Kit using bovine serum albumin as a standard (Sangon Biotech,
Shanghai, China). One unit (U) was defined as the amount of AldO
generating 1 umol H,O, per minute under the assay conditions.

Multiple Sequence Alignment, Phylogenetic Tree
Analysis and Molecular Modeling

Multiple sequence alignments were generated using ClustalWw
program and ESPript 3.0 web server (Larkin et al., 2007; Robert
& Gouet, 2014). Based on the crystal structure of wild-type AldO



in its native oxidized state (PDB ID: 2VFV) (Forneris et al., 2008),
the initial three-dimensional structures of AldO variant was
modelled using the I-TASSER server (https://zhanglab.ccmb.med.
umich.edu/I-TASSER/) (Roy et al., 2010). The secondary structure
of prediction output was validated by PSIPRED program (Buchan
& Jones, 2019), and the COACH program was used for prothetic
group prediction (Yang et al., 2013). For further model refinement,
the top scoring model created by I-TASSER was submitted to the
GalaxyRefine program (http://galaxy.seoklab.org/index.html) for
rebuilding and repacking side chain, subsequently suffered an
overall structure relaxation by molecular dynamics simulation
(Heo et al., 2013). The structure was visualized and manipulated
using UCSF Chimera (v1.13.1) (Pettersen et al., 2004). Residue sol-
vent accessibility surface (SAS) was calculated using Discovery
Studio Visualizer software (Discovery Studio 2016, Accelrys Inc.,
San Diego, CA, USA), with parameters set as follows: probe radius
was set at 1.40 A by default, SAS values greater than 25% for ex-
posed residues, and less than 10% for buried residues. The sub-
strate glycerol was docked into the homology model of eAldO3-24
using the molecular docking program AutoDock Vina 1.1.0 (Trott
& Olson, 2010).

D-glycerate Production in Shake Flasks and
Bioreactor

To rescreen these improved variants, all candidate variant plas-
mids were transformed into the chassis strain E. coli TZ-108
and tested for the performance of producing D-glycerate from
glycerol, which were performed in shake flasks containing
50 ml LB medium with 50 g/l glycerol, ampicillin (100 wg/ml),
and the medium was buffered at pH 7.5 with 0.1 M 3-
morpholinepropanesulfonic acid (MOPS). All the cultures were
grown at 37°C, 250 rpm for 72 h. For validating the production of
D-glycerate in engineered strains, the experiment was conducted
in shake flasks and performed as described above. IPTG was added
at 0.1 mM toinduce T7 RNAP expression when the OD600 reached
at 0.8. After 72 h growth, cells were collected for measurement of
D-glycerate production with HPLC.

Strain TZ-170 was used for production of D-glycerate through
fed-batch fermentation. The seed cultivation was inoculated 1 ml
overnight culture and grown in 500 ml shake flask containing
100 ml LB medium at 37°C on 250 rpm for 16 h. Then the seed cul-
ture were transferred to a 5-1 bioreactor (Labfors 4; Infors Biotech-
nology Co. Ltd.) containing 2 1 fermentation medium, whose com-
position is described above (Zhan et al., 2020). Overexpression of
AldO was induced by 0.1 mM IPTG when cells were grown for 4 h.
Stirring speed was set between 500 and 1000 rpm and automati-
cally adjusted by dissolved oxygen (DO) concentration set at 20%.
The fermentation temperature was maintained at 37°C, and the
pH was kept at 7.5 by automatic addition of 3 M NaOH. The feed
solution containing 80 g/l glucose and 20 g/l yeast extract. The
air flow was kept at 10 I/min. The cell biomass reached the max-
imum at 22 h, then pumped the feed solution into the bioreactor
containing 700 g/l glycerol at a rate of 0.5-0.8 ml/min for 8 h.

Analytical Methods

Cell growth was monitored by measuring the optical density at
600 nm (OD600) using a SP-723 spectrophotometer (Spectrum
Shanghai, China). The concentrations of glycerol and D-glycerate
were measured using an Agilent 1200 Infinity series (Aminex HPX-
87H, 7.8 x 300 mm, Bio-Rad) equipped with a refractive index de-
tector (RI-150 Thermo Spectra, USA). The mobile phase consisted
of 5 mM H,SO4 at a flow rate of 0.5 ml/min and the temperature
of the column was maintained at 35°C.
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Results
Growth-Coupled Selection and Screening Process
for AldO Mutant Libraries

Owing to its promiscuous activities toward several polyols, AldO
is an industrially interesting enzyme and has some promising
prospects for applying in cleaning compositions, food industry,
and synthetic organic chemistry (Kumar et al., 2013a). Firstly, we
developed a high-throughput growth-coupled selection method,
which relies on a novel alternative route via glycerol oxidation
pathway to generate D-glycerate; then D-glycerate was phos-
phorylated by glycerate 2-kinase 1/2 (GarK/GlIxK) to form 2-
phospho-D-glycerate and enters the glycolytic pathway with glyc-
erol as the sole carbon source (Fig. 2) (Ornston & Ornston, 1969;
Zelcbuch et al,, 2015). Here, to achieve this selection process, the
host strain TZ-099 was obtained, which was derived from strain E.
coli DH5« and deficient in two native glycerol metabolic pathways
by inactivating both genes glpK and gldA, was used as screening
host strain.

In this study, genetic complementary screening is a labor-
saving tool for purging inactive mutants from a large number of
colonies. For instance, in the first round of evolution, most of mu-
tants were inactivity or low-activity and failed to grow under the
selection condition, while about 5%-10% of the total number of
functional colonies were able to be grown for 96 h; then these
mutants were inoculated into 96 deep-well plates. Accordingly, in
the second and third round of evolution, the incubation time of
strain TZ-099 was gradually reduced to 24-48 h in the glycerol-
M9 medium. Followingly, by means of the bacteriophage T7 lysis-
based method (Zhan et al., 2013), the cell lysate supernatants
containing AldO variants were used for oxidase activity screen-
ing based on a chromogenic reaction with ABTS as substrate, and
read the absorbance increase at 410 nm (Arnold & Georgiou, 2003).
These mutants exhibiting a higher absorbance at 410 nm than
control group were subjected to further analysis, and the most
efficient variants were used as templates for the next round of
evolution (Fig. 3).

Directed Evolution of mAldO

To improve the catalytic activity of AldO for glycerol oxidation,
we constructed a series of AldO mutant libraries by using several
directed evolution approaches of random mutagenesis, synthetic
shuffling, and DNA shuffling; and the variant mAIdO served as
evolutionary starting point for the efficient conversion of crude
glycerol to optically pure D-glycerate with > 99% ee based on
the previous study (Gerstenbruch et al.,, 2012; Zhan et al., 2020).
In the first round of directed evolution, we used the method of
error-prone PCR to generate a random mutagenesis library which
contained an average of 1 to 3 residue substitutions per mutant.
The high-throughput growth-coupled selection was performed on
M9 mineral medium with glycerol as sole carbon source, about
10 000 clones were picked and screened for the quantitative
analysis of H,O, formation; fifteen variants were chosen and
showed a higher value of OD410nm than the wild-type mAldO
in the presence of 300 mM glycerol substrate, and these mu-
tant plasmids were transformed into chassis strain TZ-108 for
comparison of D-glycerate production in shake flasks (Fig. 4).
Among these variants, three variants of eAldO1-43, eAldO1-74,
and eAldO1-86 showed an improvement with 1.1 g/l, 1.15 g/l,
and 1.17 g/l compared to the starting enzyme mAldO of 1.02 g/1,
respectively.

Subsequently, to further increase genetic diversity and AldO
activity, the variants eAldO1-43, eAldO1-74, and eAldO1-86 were
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6-sulfonic acid)) oxidation assay used in the screening of AldO variants in 96-well microtiter plate (MTP), and measured absorbance values at 410 nm
by using Microplate Reader. (4) Comparison of the screened variant activities on glycerol substrate and the enzymatic kinetic parameters of final
variants were determined. (5) Production of D-glycerate from evolved AldO variants expression on chassis strain TZ-108 in shake flask with 5%

Glycerol-LB medium.

selected as backbone for the second round of evolution by using a
modified method of synthetic shuffling, and eAldO1-86 was used
as the control group in the 96-well plate screening. For the syn-
thetic shuffled library, 11 AldO genes from Streptomyces sp were
selected as templates to expend the natural sequence diversity
in the recombination processes. The multiple sequence align-
ment and molecular phylogenetic analysis of AldOs are depicted
in Supplementary Figs. S1 and S2. The 34 mutation sites were
distributed throughout the sequence and these oligonucleotide
fragments containing replace residues are listed in Supplemen-
tary Table S2 accordingly. After the growth-coupled selection of
enrichment process as above, about 8000 clones were isolated
from the shuffled library and screened with HRP-ABTS oxida-
tion assay, and 200 mM glycerol was used as substrate for high-
throughput screening. Two variants eAldO 2-11 and eAldO2-13
exhibited a higher activity on glycerol substrate than the con-
trol group of eAldO1-86. Correspondingly, the expression of mu-
tants eAldO2-11 and eAldO2-13 showed 32%-49% increase com-
pared with wild-type mAIdO for the production of D-glycerate

(Fig. 4).

Furthermore, based on the second round of efficient AldO vari-
ants, we combined these beneficial mutations and continued the
introduction of more residue modifications by the synthetic shuf-
fling for the third round of directed evolution. Then, the propor-
tion of functional clones was significantly higher than the first
round of evolution and incresed from 5%-10% to 20%-30%, and
grew faster than the original library with decrease in incubation
time from 96h to 48h. Finally, about 15 000 active clones were
picked and screened for oxidase activity using glycerol substrate.
The chassis strain TZ-108 expressing these more efficient variants
were able to produce 1.85 g/, 1.94 g/1, and 2.53 g/l D-glycerate, re-
spectively. Finally, after two rounds of shuffling eAldO mutants
in the presence of several synthetic oligonucleotides harboring a
cluster of nonconserved residues (Supplementary Table S2), the
libraries exhibited more genetic diversity than the first round and
the isolated active variants containing 11-14 mutations with a
highly enriched in several sites (Fig. 4a). By contrast, the harbor-
ing variant eAld03-24 of low copy number recombinant plasmid
improved the yield of D-glycerate by 2.48-fold higher than the
mAIldO.
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Table 3. Kinetic Parameters of AldO Variants Along the Directed
Evolution Process

Specific activity Km Reat Reat/Km
Enzyme? (mU/mg)* (mM) (s) (sTM?)
Wild-type® 260 £ 25 350 £ 50 16+£01 4.6
mAldO 673.24 + 14.85 109.7 £ 6483 0.72+0.16 6.56
eAldO2-11 877.16 £11.70 98.97 +£3.84 0.70 £ 0.84 7.07
eAld02-13 73434 + 2.61 81.57 £5.00 0.59+£0.16 7.23
eAld03-24 834.08 + 11.01 66.91 £ 3.12 0.57 £0.11 8.52

@Annotation of variants: The first letter e stands for evolved enzyme, the first
digit relates to the number of evolutionary rounds, and the second digit repre-
sents a serial number assigned to each mutant in the rescreening process.
PThe catalytic parameters were measured as described in van Hellemond et al.,
2009.

¢Enzymatic parameters were determined with purified recombinant protein
with six His-tags at the C-terminal, and presented are mean =+ s.d. values ob-
tained from three independent experiments.

Kinetic Parameters and Molecular Modeling
Analysis of AldO Variants

As the evolving of AldO improved the catalytic activity toward
glycerol by the two-stage selection and screening process, the
specific activity and catalytic efficiency (kecat/Km) of variants were
gradually raised due to the iteration evolution. Kinetic parame-
ters of all chosen mutants obtained in the screening process were
determined using glycerol concentration varying in the range
of 20-800 mM. Among them, the most active variant eAldO3-
24 was isolated from the third-shuffled library and exhibited
a 1.85-fold higher catalytic efficiency toward glycerol substrate
(keat/Kry = 8.52 s M™1) than the wild-type AldO (keat/Km =
4.6 s M~1) (van Hellemond et al., 2009), and 1.3-fold higher than
the starting enzyme mAIldO, whose kinetic parameters were de-
termined in this study (Table 3) (Zhan et al., 2020). Encouragingly,
the substrate specificity of the following evolved AldO variants to-
ward glycerol were remarkably increased compared with the wild-
type AldO—the K, value of eAld03-24 was prominently decreased
by 5.23-fold from 350 + 50 mM to 66.91 + 3.12 mM, and also de-
creased by 1.64-fold comparable to mAldO. However, the turnover
number (keat) of eAld03-24 was calculated to be 0.57 £ 0.11 s7¢
with 2.8-fold lower than the wild-type AldO, so that the ke, val-
ues had no improvements in previous and our current studies.
To reveal the relationship between the structural change and
catalytic activity of variant eAldO3-24, based on the crystal struc-
ture of wild-type AldO from S. coelicolor A3(2) (PDB code 2VFR) as

a template (Forneris et al., 2008), the structural model of eAldO3-
24 was generated by homology modelling using the I-TASSER on-
line server (Roy et al., 2010), which possesses 96% sequence iden-
tity with the wild-type AldO. Though, this variant harboring 15
mutations were evenly distributed throughout the variant, and
not located at substrate binding sites, molecular oxygen chan-
nel, and catalytic cavity (Fig. 5; Supplementary Fig. S3), the im-
proved substrate affinity may be attributed to a subtle conforma-
tional change around the active site, and thus elevated enzymatic
activity and selectivity toward glycerol. Furthermore, the solvent
accessibility of protein residues is important for protein folding,
solubility, and conformational stabilization. The solvent acces-
sible surface of variant eAldO3-24 was analyzed on the struc-
tural model of eAld03-24 by the Discovery Studio Visualizer, most
of mutation sites are located at the surface of the protein, ex-
cept for S129p, V133M, and A368G mutations were classified as
buried residues, while V133M was introduced in previous study
(Gerstenbruch et al., 2012). And the buried residues V125M and
S129P were situated between «-helix 3 and disordered loop, which
were located adjacent to V133M and belonged to a motion region
in MD simulations (Gerstenbruch et al.,, 2012). Also, other 12 muta-
tions were located on the surface of protein and perhaps involved
in protein solubility and folding, which had positive effects on the
total enzyme activity of AldO and the subsequent construction of
D-glycerate producing strain. This suggests that the improvement
of variants’ catalytic efficiency was determined by a combinato-
rial effect of multiple mutations. Further structure solution will
be needed to advance our understanding on how these changes
affect the catalytic properties of the variant.

Construction of the D-Glycerate Producing Strain

To elevate the expression level of AldO and construct an op-
tically pure D-glycerate producing strain from glycerol in this
study, a 4.8 kb fragment, which include the repressor gene lacl, g-
galactosidase gene (lacZ), and T7 RNA polymerase encoding gene
under the control of the promoter lacUVS, was amplified from the
strain E. coli BL21(DE3) and then integrated in the rhaBAD site of
the glycolate producing chassis strain TZ-108 via ARed homolo-
gous recombination (Zhan et al., 2020). In this chassis strain, the
genes including glxK and garK (encoding glycerate 2-kinase 1/2),
glxR and garR (encoding tartronate semialdehyde reductase) were
knocked-out, which involved the phosphorylation and reversible
reactions of NAD*-dependent oxidation of D-glycerate and played
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Fig. 5. Surface and ribbon diagram representation of the predicted structure of variant eAldO3-24. All mutated residues are shown as sticks and
labeled. Residues were mutated in this study are labeled in yellow, and the residues derived from the starting gene mAIdO are depicted in blue.

Table 4. The Production of D-Glycerate Using Engineered Escherichia coli Strains

D-glycerate yield

Glycerol consumption

Strain?® Genetic modification D-glycerate (g/1)? (mol/mol) rate (g/1/h) Cell mass (g/1)

TZ-168 TZ-108, rhaBAD::Pj,cyvs-T7RNAP, 0.51+0.02 0.23+£0.01 0.03 £ 0.002 0.80 4+ 0.01
ldhA::P7-eAldO3-24

TZ-170 TZ-168, AyciM 1.60 £0.03 0.20 +£0.03 0.09 £ 0.004 2.84 £0.03

@Fermentations were carried out in shake flasks with LB medium containing 50 g/1 glycerol. The medium was buffered at pH 7.5 with 0.1 M MOPS buffer. The
inoculate initial OD600nm was 0.1, and 0.1 mM IPTG was added when cells grown to OD600nm of 0.5.

P Three repeats were performed and the error bars represent standard deviation.

¢Cell mass was calculated by measuring the OD600nm (340 mg dry cell wt 1™ at 1.0 OD600) (Martinez et al., 2007).

roles in D-glucarate/D-galactarate/glycolate/glyoxylate degrada-
tion pathways (Cusa et al., 1999; Ornston & Ornston, 1969). Sub-
sequently, the expression cassette of Pr7-eAld03-24 was obtained
from the plasmid pET30a-eAldO3-24 (Table 2) and inserted into
ldhA site, resulting in initial strain TZ-168. So far, the one-step en-
zymatic catalysis pathway for producing D-glycerate from glyc-
erol was constructed in E. coli. In shake flask fermentation, the
initial strain TZ-168 produced 0.51 g/l in 72 h with molar yield of
0.23 mol/mol-glycerol (Table 4).

Besides, glucosylglycerate phosphorylase (encoded by ycM),
which was located in a cluster of the y¢ genes in E. coli, cat-
alyzed the synthesis of the compatible solute glucosylglycerate (a-
[1,2]-D-glucose-D-glycerate) from «-D-glucose 1-phosphate and
D-glycerate (Franceus et al,, 2017; Mukherjee et al., 2018). Based
on previous studies of Mukherjee, the Ky, for D-glycerate was de-
termined to be 4.4 mM in the presence of 10 mM «-D-glucose
1-phosphate, and with a keyr = 295 57!, keat/Km = 6.7 x 10*
M1 s (Mukherjee et al,, 2018). To further reduce D-glycerate
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consumption, next we deleted ycjM and resulting strain TZ-170,
which produced 1.6 g/l D-glycerate and with 3.1-fold higher than
that of the parent strain TZ-168, and showed an improvement
of cell growth (1.25-fold) and glycerol consumption rate (3-fold),
but there was no significant enhancement of D-glycerate yield
(0.20 mol/mol versus 0.23 mol/mol) (Table 4), indicating that D-
glycerate can readily enter the synthesis of glucosylglycerate to
accumulate osmotic protective solutes inside the cell.

Production of D-glycerate by Fed-Batch
Fermentation

The fed-batch fermentation for the production of D-glycerate was
conducted using strain TZ-170 in a 5-1 fermenter, and this pro-
cess was carried out in complex medium with two steps (Fig. 6).
To avoid H,0, toxicity for the cell growth caused by the glycerol-
oxidizing activity of AldO, glucose was used as the only carbon
source for the fermentation step 1, and the eAld03-24 was in-
duced by the addition of 1 mM IPTG when cells were grown for
4 h. The glycerol feeding solution was pumped into the fermenter
when cells were grown to the maximum OD of 85.7 from 22 h to
30 h, and 273.6 g glycerol supplement was fed in this process. As
shown in Fig. 6, the addition of glycerol substrate triggered AldO
catalytic reaction, and a large amount of by-product H,O, was
generated and inhibited cell growth from 24-56 h. Between 56 and
72 h, a gradually increasing trend of the OD600nm was observed.
We speculate that there are two possibilities: One is that the wa-
ter evaporation results in an increase of OD value of fermentation
broth; another is that the cells exhibited a diauxic growth curve,
which may be related to the intermediate product of glycerol oxi-
dation catalyzed by AldO, glyceraldehyde fed into the central car-
bon metabolic pathway of E. coli. At the end of fermentation, the
accumulation of D-glycerate reached up to 30.1 g/l at 70 h with a
productivity of 0.63 g/h/l. Meanwhile, the glycerol to D-glycerate
yield was 0.376 mol/mol, which is much lower than the theoretical
yield (1 mol/mol).

Discussion

Previous studies have shown AldO acts as a flavin dependent
oxidase primarily oxidizing alditols to D-aldoses, and involved

carbohydrate degradation for sorbitol or xylitol metabolism
(Heuts et al., 2007). Significantly, the characterization of promis-
cuous substrate specificity of AldO offers an attractive alternative
for reacting with a broad range of substrates, which can serve as
a versatile biocatalyst for the stereoselective oxidation of alditols
and 1,2-diols to form the corresponding D-aldoses and «-hydroxy
carboxylic acids (van Hellemond et al., 2009). However, due to the
structural difference of substrate molecules in the active cavity
(Forneris et al., 2008), the substrate preference of AldO toward C5
and C6 polyol substrates (xylitol, D-sorbitol, and D-mannitol) has
a higher affinity than shorter polyols (glycerol, L-threitol), primary
alcohols and diols (van Hellemond et al., 2009), which may be re-
lated to the structural difference of substrate molecules in the ac-
tive cavity (Forneris et al., 2008). In addition, the substrate scope of
a thermostable alditol oxidase (HotAldO) from Acidothermus cellu-
lolyticus 11B was reported by Winter et al., which exhibited a highly
similar substrate preference toward polyols as S. coelicolor AldO
(Winter et al., 2012). In contrast, to enlarge the space of active cav-
ity for accommodating glycerol as an efficient substrate, Nguyen
et al. designed and mutated two key residues in the vicinity of
the active site of alcohol oxidase from Phanerochaete chrysosporium
(PcAOX, EC 1.1.3.13), which obtained a single point mutant F101S
with significantly improved activity toward glycerol than the wild-
type (keat = 3871 US. kops = 0.2 s71) (Nguyen et al., 2018). Structurally,
similar to other known flavoprotein oxidases, the size of the bind-
ing pocket that has an essential role in determining the substrate
acceptance scopes and catalytic activity of AldO (Dijkman et al.,
2013; Mattevi et al., 1997). Thus, the further improvement can be
expected by reducing the size of the active-site cavity of AldO vari-
ant to enhance catalytic efficiency for the selective oxidation of
these small molecular alcohols, which would offer a promising
candidate biocatalyst for industrial applications or the develop-
ment of oxidase-based biosensors.

In this study, we took advantage of the directed evolu-
tion methods of random mutagenesis and synthetic shuffling,
combining with two steps of growth-coupled selection and
ABTS-HRP colorimetric screening toward glycerol substrate, and
obtained an evolved variant eAldO3-24 from three rounds of
evolution with an improvement of 1.3-fold-higher catalytic effi-
clency than the starting enzyme mAIdO. The variant eAldO3-24
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Fig. 7. Docking representation of glycerol substrate in the wild type AldO (PDB entry 2VFV) and variant eAldO3-24. (a) Close-up view of the surface
around the catalytic pocket in variant eAldO3-24. The glycerol substrate (blue stick model) is accommodated in the active site cavity of the AldO,
facing the isoalloxazine ring of the FAD cofactor (yellow stick model). (b) Superposition of docking poses of the glycerol ligand with the active site
residues in the structures of wild type AldO (green) and eAldO3-24 (purple). Residues that involve in substrate binding and activation are labelled as
stick model. Residues of Arg322 and His343 involved in conformational changes are underlined.

was integrated into the glycolate producing strain and under the
control of T7 promoter and deleted gene ycjM encoding glucosyl-
glycerate phosphorylase to block the conversion of D-glycerate
to a-(1,2)-D-glucose-D-glycerate in the osmoprotectant biosyn-
thesis pathway, an engineered strain E. coli TZ-170 was obtained,
which achieved the bioconversion of glycerol to produce optically
pure D-glycerate with a titer of 30.1 g/l at 70 h and the yield was
0.376 mol/mol.

To gain insights into the structure-activity relationship of the
variant eAld03-24, we used the 1.72 A crystal structure of AldO
from Streptomyces coelicolor A3(2) (PDB entry 2VFV) as a template
for homology modeling of eAldO3-24 (sequence identity of 96%)
(Forneris et al., 2008), and the ligand glycerol was docked into the
AldO catalytic cavity as shown in Fig. 7. As previously reported, the
position of glycerol binding is similar to the natural substrate xyl-
itol in the docking model, which is facing the isoalloxazine ring of
the FAD cofactor and interacted with hydroxyl groups with Ser106,
Glu320, and Thr345 through hydrogen-bonding. In addition, most
of the active site residues were highly overlaped in the superpo-
sition of two models. Yet there are slight conformational changes
in the variant eAldO3-24: The guanidinium moiety of Arg322 and
the imidazole ring of His343 (Fig. 7). Conserved residues Arg322
and Lys375, as shown in the Fig. 7b, are involved in the interaction
with the substrate O1 atom through two hydrogen bonds between
the guanidinium moiety of Arg322 and the amino group of Lys375.
Especially, the residue His343 plays an important role in determin-
ing the size and shape of the substrate channel in catalytic cav-
ity, and the C1-OH bond of glycerol substrate is bonded between
the imidazole ring of His343 and the isoalloxazine ring of the
FAD cofactor to form a sandwich structure (Forneris et al., 2008).
Therefore, it is believed that the conformation changes of these
two critical residues have a positive effect on the improvement
of the substrate affinity of the variant eAldO3-24 toward glycerol.
In addition, due to the cooperative interactions of multiple mu-
tation sites in evolved mutants, it is commonly referred to as the
epistatic effects, which is involved in substrate binding and cat-
alytic cycle by affecting the secondary structures of protein and
changing the enzyme conformational dynamics (Acevedo-Rocha
et al,, 2021). Further detailed studies will help us reveal potential

roles of all mutation sites, including crystallographic data and en-
zymatic mechanism.

However, an obvious question here is why the obtained D-
glycerate yield was far below the theoretical value? Similarly, the
biotransformation of glycerol to D-glycerate by whole-cells with
expressing AldO-His recombinant protein reached a conversion
of 6.3% at 60 h (Gerstenbruch et al., 2012). One possible explana-
tion is that glyceraldehyde is the intermediate product of AldO
catalyzed glycerol oxidation, which was metabolized by other en-
zymes and entered the central carbon metabolic pathway of E. coli.
In truth, Gerstenbruch et al. assumed that the glycerol oxidation
catalyzed by AldO is a two-step reaction, and they also validated
that the oxidase activity wild-type AldO was 185 mU/mg toward
glyceraldehyde, which was equivalent to 71% of the enzyme ac-
tivity for glycerol substrate (Gerstenbruch et al., 2012). Hence, we
infer that the difference in substrate affinity and catalytic effi-
ciencies of AldO toward glycerol and glyceraldehyde is responsi-
ble for the low yield of D-glycerate, and a detailed kinetic property
of AldO active on C3 polyol and aldehyde substrates is required in
the future.

Finally, this is the first study to achieve the production of
optically pure D-glycerate in E. coli by fed-batch fermentation.
Several different sources of AldOs have proven to be a potential
biocatalyst for stereoselective oxidation of polyols in several
biotechnological applications, our study provides an alternative
way of producing optically pure D-glycerate by the AldO from S.
coelicolor and the construction of a novel glycerol oxidation route
in the screening host strain TZ-099, which can serve as a supple-
ment for improving glycerol utilization in E. coli and other species.
In addition, our study shows that the growth-coupled selection
strategy can be employed to pre-evaluate a large number of
mutants from each round library, this high-throughput selection
protocol is also suited for the evolution of other key enzymes in
some metabolic pathways.

Supplementary Material

Supplementary material is available online at JIMB (www.academic.
oup.com/jimb).
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