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A B S T R A C T   

Ethylene glycol (EG) is a promising next generation feedstock for bioprocesses. It is a key component of the 
ubiquitous plastic polyethylene terephthalate (PET) and other polyester fibers and plastics, used in antifreeze 
formulations, and can also be generated by electrochemical conversion of syngas, which makes EG a key com
pound in a circular bioeconomy. The majority of biotechnologically relevant bacteria assimilate EG via the 
glycerate pathway, a wasteful metabolic route that releases CO2 and requires reducing equivalents as well as 
ATP. In contrast, the recently characterized β-hydroxyaspartate cycle (BHAC) provides a more efficient, carbon- 
conserving route for C2 assimilation. Here we aimed at overcoming the natural limitations of EG metabolism in 
the industrially relevant strain Pseudomonas putida KT2440 by replacing the native glycerate pathway with the 
BHAC. We first prototyped the core reaction sequence of the BHAC in Escherichia coli before establishing the 
complete four-enzyme BHAC in Pseudomonas putida. Directed evolution on EG resulted in an improved strain that 
exhibits 35% faster growth and 20% increased biomass yield compared to a recently reported P. putida strain that 
was evolved to grow on EG via the glycerate pathway. Genome sequencing and proteomics highlight plastic 
adaptations of the genetic and metabolic networks in response to the introduction of the BHAC into P. putida and 
identify key mutations for its further integration during evolution. Taken together, our study shows that the 
BHAC can be utilized as ‘plug-and-play’ module for the metabolic engineering of two important microbial 
platform organisms, paving the way for multiple applications for a more efficient and carbon-conserving 
upcycling of EG in the future.   

1. Introduction 

Plastics are omnipresent. In 2017, the annual world plastic produc
tion reached 350 million tons (PlasticsEurope, 2018). Notably, a 

significant amount of plastic is not disposed in a safe and sustainable 
manner. It is estimated that almost 80% of the 6300 million tons of 
plastic waste that had been generated as of 2015 were accumulated in 
landfills or the natural environment (Geyer et al., 2017). Moreover, an 
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estimated 13 million tons of plastic end up in the oceans every year 
(Danso et al., 2019). This plastic pollution in the environment has 
serious consequences for the health of organisms and the stability of 
ecosystems, requiring novel approaches for a sustainable plastic waste 
management. Microbial degradation and/or upcycling of plastic waste is 
a promising solution by which the chemical building blocks of plastics 
are re-used (or upgraded) for the biotechnological production of 
value-added compounds (Wierckx et al., 2015; Narancic and O’Connor, 
2017). While different plastic degradation and assimilation pathways 
were studied in a variety of bacteria (Tiso et al., 2021b), research on 
microbial valorization of polyethylene terephthalate (PET) is currently 
most advanced. Following the discovery of the PET-degrading bacterium 
Ideonella sakaiensis (Yoshida et al., 2016), the physiology and 
biochemistry of PET degradation has been elucidated during the last 
years. The PET polymer is hydrolyzed into its oligo- and monomers, 
terephthalate and ethylene glycol (EG), by the enzymes PETase and 
MHETase, which have been extensively characterized and further 
engineered for biotechnological applications (Han et al., 2017; Palm 
et al., 2019; Knott et al., 2020; Yoshida et al., 2021; Lu et al., 2022). Yet, 
for an efficient assimilation and/or upcycling of PET, understanding and 
engineering the downstream pathways that further convert tere
phthalate and EG are equally important. 

Notably, EG is not only a key building block of PET, as well as other 
polyester resins and fibers (Yue et al., 2012), but also finds applications 
as antifreeze agent or solvent worldwide (Dobson, 2000). Furthermore, 
EG can be electrochemically generated from syngas in a two-step pro
cess, thus gaining increasing attention as a key component for a carbon 
neutral bio-economy (Zheng et al., 2022). Therefore, efforts to develop 

microbial strains with improved conversion capacities for EG is not only 
important for microbial PET upcycling, but also in the broader context of 
establishing circular economic routes for the biotechnological use of this 
abundant chemical. 

Microbial metabolism of EG requires the stepwise oxidation of the C2 
compound to glycolaldehyde, glycolate, and ultimately glyoxylate 
(Fig. 1a). These conversions are catalyzed by alcohol and aldehyde de
hydrogenases, which employ different cofactors such as NAD+, pyrro
loquinoline quinone (PQQ), or cytochromes that funnel the electrons 
into the electron transport chain (ETC). The oxidation of EG has been 
studied in the Gammaproteobacterium Pseudomonas putida KT2440 
(Muckschel et al., 2012; Wehrmann et al., 2017; Li et al., 2019), a 
metabolically versatile bacterium that is frequently used in biotech
nology (Belda et al., 2016; Nikel and de Lorenzo, 2018; Weimer et al., 
2020). Based on these results, P. putida KT2440 has been developed as a 
microbial chassis organism for EG- and PET-upcycling (Wierckx et al., 
2015; Tiso et al., 2021b). 

Glyoxylate is further assimilated in P. putida KT2440 via the glyc
erate pathway (Fig. 1b) (Muckschel et al., 2012), which is regulated by 
the transcription factor GclR (Li et al., 2019). EG assimilation in P. putida 
KT2440 was recently improved via overexpression of the operons 
encoding for glycerate pathway enzymes and glycolate oxidase (Franden 
et al., 2018) and via deletion of gclR and overexpression of the glycolate 
oxidase operon (Werner et al., 2021). However, EG assimilation in 
P. putida still suffers from the very first step in the glycerate pathway, the 
decarboxylating condensation of two molecules of glyoxylate by the 
enzyme glyoxylate carboligase (Gcl) into tartronate semialdehyde 
(Gupta and Vennesland, 1964; Kaplun et al., 2008). Through this first 

Fig. 1. Metabolic pathways involved in EG 
assimilation. a, Oxidative reactions from EG to 
glyoxylate. Several alcohol and aldehyde de
hydrogenases were demonstrated to be involved in 
the pathway in P. putida KT2440 (Muckschel et al., 
2012; Wehrmann et al., 2017; Li et al., 2019). b, The 
glycerate pathway, which converts two molecules of 
glyoxylate into 2-phosphoglycerate and CO2. c, The 
BHAC, a cyclic pathway in which four enzymes 
convert two molecules of glyoxylate into one mole
cule of oxaloacetate. d, The BHA shunt, consisting of 
three of the BHAC enzymes, is a linear pathway that 
converts glyoxylate and glycine into aspartate. If 
non-enzymatic hydrolysis of the labile compound 
iminosuccinate takes place in the absence of imino
succinate reductase, oxaloacetate is formed instead of 
aspartate.   
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step, CO2 is released, which lowers carbon efficiency of EG assimilation 
and wastes reducing equivalents. Therefore, we reasoned that replacing 
the glycerate pathway with a more efficient glyoxylate assimilation 
pathway would result in improved EG conversion in P. putida KT2440. 

The β-hydroxyaspartate cycle (BHAC; Fig. 1c) is a glyoxylate 
assimilation module that was partly described in the 1960s (Kornberg 
and Morris, 1963; Kornberg and Morris, 1965) and recently fully char
acterized in the Alphaproteobacterium Paracoccus denitrificans. The 
pathway employs four enzymes to convert two molecules of glyoxylate 
into oxaloacetate (Schada von Borzyskowski et al., 2019). Notably, the 
BHAC does not release CO2 and requires only one molecule of NADH to 
produce oxaloacetate. Moreover, the enzymes of the BHAC were suc
cessfully implemented in Arabidopsis thaliana recently, demonstrating 
that this pathway can be transplanted into other organisms (Roell et al., 
2021). Altogether, these features make the BHAC a promising alterna
tive for EG assimilation in P. putida KT2440. 

In this work, we implemented the BHAC in P. putida KT2440 to 
improve biomass yield and growth rate of the organism by 20% and 35% 
on EG, respectively. We first prototyped the core reaction sequence of 
the BHAC in different E. coli selection strains, before moving the 
pathway into P. putida KT2440. We then used directed evolution to 
improve BHAC-mediated growth of P. putida KT2440 on EG. Finally, we 
characterized the evolved strain using whole genome sequencing and 
proteomics to identify the molecular basis for its improved growth 
behavior. Altogether, our study reports an engineered P. putida KT2440 
strain that overcomes the limitations of natural EG metabolism through 
successful implementation of an alternative glyoxylate assimilation 
module that significantly increases biomass yield and growth rate, 
laying the foundation for the development of highly efficient chassis for 
different biotechnological applications in PET and EG conversions. 

2. Methods 

2.1. Methods for E. coli work 

2.1.1. E. coli strain construction 
All strains used in this study are listed in Supplementary Table 1. 

Strain SIJ488, which is carrying inducible recombinase and flippase 
genes (Jensen et al., 2015), was used as wildtype. Gene deletions were 
performed by λ-Red recombineering or P1 transduction. 

2.1.2. Gene deletion by λ-Red recombineering 
To delete the genes aspA, ppc, pck, mdh, mqo, and aspC by recom

bineering, PCR with pKD3 (pKD3 was a gift from Barry L. Wanner; 
Addgene plasmid #45604, https://www.addgene.org/45604/) as tem
plate, KO primers with 50 bp homologous overhangs and PrimeStar GXL 
polymerase (Takara Bio) was performed to generate chloramphenicol 
(CapR) resistance cassettes. To prepare cells for gene deletion, fresh 
cultures were inoculated in LB, followed by addition of 15 mM L-arab
inose at OD ~0.4–0.5 for induction of the recombinase genes and in
cubation for 45 min at 37 ◦C. The cells were harvested by centrifugation 
(11,000 rpm, 30 s, 2 ◦C) and washed three times with ice cold 10% 
glycerol. Electroporation was done with ~300 ng of Cap cassette PCR- 
product (1 mm cuvette, 1.8 kV, 25 μF, 200 Ω). Colonies with success
ful gene deletion were selected for by plating on chloramphenicol- 
containing plates. Gene deletion was confirmed via one PCR using 
‘KO-Ver’ primers (Supplementary Table 2) and one PCR using internal 
primers (Supplementary Table 2), both with DreamTaq polymerase 
(Thermo Scientific, Dreieich, Germany). The CapR cassette was removed 
by addition of 50 mM L-rhamnose to 2 ml LB culture at OD 0.2 for in
duction of flippase gene expression, followed by incubation for ≥3 h at 
30 ◦C. After screening colonies for chloramphenicol sensitivity, suc
cessful removal of the CapR cassette was confirmed by PCR using ‘KO- 
Ver’ primers and DreamTaq polymerase (Thermo Scientific, Dreieich, 
Germany). 

2.1.3. Gene deletion via P1 transduction 
tyrB and gcl were deleted by P1 phage transduction (Thomason et al., 

2007). The lysate was produced using strain JW4014 (ΔtyrB) or strain 
JW0495 (Δgcl) from the Keio collection (Baba et al., 2006) with a 
kanamycin-resistance gene (KmR) in the respective locus. Colonies with 
the desired deletion were selected for by plating on 
kanamycin-containing plates. To verify successful gene deletion, the size 
of the genomic locus was verified by PCR with DreamTaq polymerase 
(Thermo Scientific, Dreieich, Germany) and the respective KO-Ver 
primers (Supplementary Table 2). To confirm that no copy of the gene 
was present in the genome of the transduced strain, a PCR with 
DreamTaq polymerase (Thermo Scientific, Dreieich, Germany) and in
ternal primers (“int”) binding inside of the gene coding sequence was 
performed. The selective marker was removed by growing a culture to 
OD600 ~ 0.2 and subsequent addition of 50 mM L-Rhamnose, followed 
by cultivation for ~4h at 30 ◦C for flippase expression induction. Suc
cessful removal of the KmR gene from the respective locus in colonies 
that only grew on LB in absence of the respective antibiotic was 
confirmed by PCR using the locus specific KO-Ver primers and Dream
Taq polymerase (Thermo Scientific, Dreieich, Germany). 

2.1.4. Gene overexpression in E. coli 
Genes encoding for β-hydroxyaspartate aldolase (BhcC, Uniprot 

A1B8Z1), β-hydroxyaspartate dehydratase (BhcB, Uniprot A1B8Z2) and 
iminosuccinate reductase (BhcD, Uniprot A1B8Z0) from Paracoccus 
denitrificans were synthesized by Twist Bioscience (San Francisco, CA, 
USA) after codon adaptation to the codon usage of E. coli (Grote et al., 
2005) and removal of restriction sites relevant for cloning (Zelcbuch 
et al., 2013). The sequences of the codon-optimized genes are given in 
the Supplementary Information. 

Cloning was performed in E. coli DH5α. All genes were cloned into 
the pNivC vector downstream of ribosome binding site “C” (AAGT
TAAGAGGCAAGA) (Zelcbuch et al., 2013) via Mph1103I and XbaI. bhcB 
was added by cutting the vector backbone pNiv-BhcC with NheI and XhoI 
and ligation with bhcB from pNiv-BhcB cut with BcuI and SalI. bhcD was 
added in the same manner with pNiv-BhcCB as accepting vector. For 
transfer of the genes into the expression vector pZ-ASS (p15A origin, 
Streptomycin resistance, strong promoter) (Braatsch et al., 2008; Wenk 
et al., 2018), the restriction enzymes EcoRI and PstI (FastDigest, Thermo 
Scientific) were used. The genes were cloned as an operon; between the 
stop codon of one gene and the start codon of the next gene, there is a 
scar from the restriction-based cloning (TCTAGAGCTAG), a spacer 
sequence (TTAATAGAAATAATTTTGTTTAACTTTA) and the aforemen
tioned ribosomal binding site. Successful ligation of insert and vector 
was confirmed by PCR with the primers pZ-ASS-seq-fwd and Cap-seq-rvs 
(Supplementary Table 2) and DreamTaq polymerase (Thermo Scientific, 
Dreieich, Germany). The correct sequence of constructed vectors was 
confirmed by Sanger sequencing of the plasmid (LGC Genomics, Berlin, 
DE) using the software Geneious 8 (Biomatters, New Zealand) for in silico 
cloning and sequence analysis. 

2.1.5. Media and growth experiments of E. coli 
LB medium (1% NaCl, 0.5% yeast extract, 1% tryptone) (Bertani, 

1951) was used for cloning, generation of deletion strains, and strain 
maintenance. When appropriate, kanamycin (25 μg/mL), ampicillin 
(100 μg/mL), streptomycin, (100 μg/mL), or chloramphenicol (30 
μg/mL) were used as selective antibiotics. Growth experiments were 
carried out without antibiotics in standard M9 minimal medium (50 mM 
Na2HPO4, 20 mM KH2PO4, 1 mM NaCl, 20 mM NH4Cl, 2 mM MgSO4 and 
100 μM CaCl2, 134 μM EDTA, 13 μM FeCl3⋅6H2O, 6.2 μM ZnCl2, 0.76 μM 
CuCl2⋅2H2O, 0.42 μM CoCl2⋅2H2O, 1.62 μM H3BO3, 0.081 μM 
MnCl2⋅4H2O). Carbon sources were used as indicated in the text, with 
the following concentrations except when stated otherwise: 20 mM 
glycerol, 80 mM glycolate, 10 mM glycine, 5 mM 2-oxoglutarate. For 
growth experiments, overnight cultures of the oxaloacetate auxotroph 
or the aspartate auxotroph were incubated in 4 mL M9 medium 

L. Schada von Borzyskowski et al.                                                                                                                                                                                                          

https://www.addgene.org/45604/


Metabolic Engineering 76 (2023) 97–109

100

containing 20 mM glycerol and 5 mM aspartate, while overnight cul
tures of WT and Δgcl were grown in 4 mL M9 medium containing 20 mM 
glycerol. Cultures were harvested by centrifugation (6000 g, 3 min) and 
washed three times in M9 medium to remove residual carbon sources. 
Growth experiments were inoculated with the washed cells to an OD600 
of 0.01 in 96-well microtiter plates (Nunclon Delta Surface, Thermo 
Scientific) at 37 ◦C. In these plates, each well contained 150 μL of culture 
and 50 μL mineral oil (Sigma-Aldrich) to avoid evaporation while 
allowing gas exchange. Growth of technical triplicates was monitored at 
37 ◦C by absorbance measurements (600 nm) of each well every ~10 
min with intermittent orbital and linear shaking in a BioTek Epoch 2 
plate reader (BioTek, Bad Friedrichshall, Germany). As had previously 
been established empirically for the instrument, blank measurements 
were subtracted and OD600 measurements were converted to cuvette 
OD600 values by multiplying with a factor of 4.35. 

2.1.6. Isolation and sequence analysis of Δgcl pZ-ASS-BhcCBD mutant 
strains 

The Δgcl pZ-ASS-BhcCBD strain was inoculated to an OD600 of 0.01 
in tube cultures of 4 mL M9 + 80 mM glycolate +10 mM glycine. Cell 
growth was monitored during prolonged incubation at 37 ◦C for 7–20 
days. Within 18 days one culture started to grow and reached an OD of 
1.93. To generate single colonies, cells were dilution-streaked on LB. 
Isolates were inoculated into tube cultures of 4 mL M9 + 80 mM gly
colate +10 mM glycine, and the culture which grew to OD 1.97 (mutant 
Δgcl 1) within a day was conserved and subsequently used for genome 
resequencing. To that end, both mutant Δgcl 1 and parental Δgcl pZ-ASS- 
BhcCBD were inoculated in LB + Strep100 medium. Of these overnight 
cultures, 2 ml with approx. 2 x 109 cells were used for extraction of 
genomic DNA using the Macherey-Nagel NucleoSpin Microbial DNA 
purification kit (Macherey-Nagel, Düren, Germany). PCR-free libraries 
(microbial short insert libraries) for single-nucleotide variant detection 
and 150 bp paired-end reads on an Illumina HiSeq 3000 platform were 
constructed and sequenced by Novogene (Cambridge, UK). The reads 
were mapped to the reference genome of E. coli K-12 MG1655 (GenBank 
accession U00096.3) using the software Breseq (Deatherage and Barrick, 
2014). Additionally, the reads were mapped against the plasmid 
sequence and searched for mutations with the Find Variations/SNPs tool 
(minimum coverage = 20; minimum variant frequency = 50%) in 
Geneious. With the algorithms supplied by the software package, we 
identified single-nucleotide variants (with >50% prevalence in all 
mapped reads) and searched for regions with coverage deviating more 
than 2 standard deviations from the global median coverage. For gen
eration of more mutants in a high-throughput manner, cells from a 
LB-Strep100 overnight culture of the Δgcl pZ-ASS-BhcCBD strain were 
washed three times in M9 and then plated on selective M9 plates sup
plemented with 40 mM glycolate, 10 mM glycine and Strep100. Within 
13 days, small colonies were obtained which were restreaked on 
LB-Strep100 plates. From these single colony restreaks, tubes with M9 +
40 mM glycolate +10 mM glycine + Strep100 were inoculated to an 
OD600 of 0.01. Of 34 tubes, growth occurred in two tubes within three 
(mutant Δgcl 2) and ten days (mutant Δgcl 3), respectively. Both mutants 
were propagated three times in M9 + 40 mM glycolate +10 mM glycine 
+ Strep100. Using cells from propagation 1 (mutant Δgcl 2) and prop
agation 2 (mutant Δgcl 3) as preculture, growth dependent on glycolate 
and glycine was confirmed in a plate reader-based growth assay. 2 ml of 
mutant culture from propagation round 3 were used for gDNA isolation 
using the Macherey-Nagel NucleoSpin Microbial DNA purification kit 
(Macherey-Nagel, Düren, Germany). Whole genome sequencing was 
performed via the INVIEW Resequencing service for bacterial genomes 
up to 10 Mb with an Illumina standard genomic library provided by 
Eurofins Genomics (Ebersberg, Germany). The generated reads were 
mapped against the reference genome of E. coli K-12 MG1655 (GenBank 
accession U00096.3) using the software Breseq as described previously. 
Mutations found in all mutants were compared to the ones found in the 
parental Δgcl pZ-ASS-BhcCBD strain, and all deviations from the 

parental genome were listed as mutant specific mutations. 

2.1.7. 13C labeling of proteinogenic amino acids 
For stationary isotope tracing of proteinogenic amino acids, the 

oxaloacetate auxotroph + pZ-ASS-BhcCBD and a wildtype control were 
cultured in 4 ml of M9 medium supplemented with 5 mM unlabeled 
glycolate, 5 mM 13C2-labeled glycine, 20 mM glycerol, and 5 mM 2-oxo
glutarate. The Δgcl pZ-ASS-BhcCBD mutant Δgcl 1 was cultured in 4 ml 
of M9 medium supplemented with either unlabeled glycolate and 13C2 
glycine, or 13C2 glycolate and unlabeled glycine. Cells that reached 
stationary growth phase were collected by centrifugation (3 min, 
18,407 g) and hydrolyzed by incubation for 24 h at 95 ◦C with 1 ml of 6N 
hydrochloric acid. HCl was removed by evaporation under an air stream 
at 95 ◦C for 24 h, followed by sample resuspension in 200 μl H2O and 
removal of insoluble compounds by centrifugation (10 min, 16,000 g). 
Supernatants were used for analysis of amino acid masses by UPLC-ESI- 
MS with a Waters Acquity UPLC system using a HSS T3 C18 reversed 
phase column (100 mm × 2.1 mm, 1.8 μm; Waters) as described pre
viously (Giavalisco et al., 2011). The mobile phases were 0.1% formic 
acid in H2O (A) and 0.1% formic acid in acetonitrile (B). The flow rate 
was 0.4 ml/min with a gradient of 0–1 min–99% A; 1–5 min – linear 
gradient from 99% A to 82%; 5–6 min – linear gradient from 82% A to 
1% A; 6–8 min – kept at 1% A; 8–8.5 min – linear gradient to 99% A; 
8.5–11 min – re-equilibrate. Mass spectra recorded during the first 5 min 
of the LC gradients were determined with an Exactive mass spectrometer 
(Thermo Scientific) in positive ionization mode with a scan range of 
50.0–300.0 m/z. Data were analyzed using Xcalibur (Thermo Scientific). 
Amino acid standards (Sigma-Aldrich, Germany) were analyzed for 
determination of the retention times under the same conditions. 

2.2. Methods for P. putida work 

2.2.1. Chemicals & reagents 
Unless otherwise stated, all chemicals and reagents were acquired 

from Merck/Sigma-Aldrich (Taufkirchen, Germany), and were of the 
highest purity available. 

2.2.2. Strains, media and cultivation conditions 
All strains used in this study are listed in Supplementary Table 1. 

Escherichia coli DH5α (for genetic work) and BL21 AI (for protein pro
duction) were grown at 37 ◦C in lysogeny broth (Bertani, 1951). Pseu
domonas putida KT2440 (Bagdasarian et al., 1981) and its derivatives 
were grown at 30 ◦C in lysogeny broth or in mineral salt medium 
(Hartmans et al., 1989) supplemented with ethylene glycol. P. putida 
transformants harboring pBG35-BhcABCD were selected on LB agar 
plates with 25 μg mL− 1 tetracycline. To monitor growth, the OD600 of 
culture samples was determined on a photospectrometer (Merck 
Chemicals GmbH, Darmstadt, Germany). 

2.2.3. Vector construction 
The genes encoding for the four enzymes of the BHAC from 

P. denitrificans (bhcABCD) were amplified in two separate fragments 
(bhcAB, bhcCD) using the primers given in Supplementary Table 2. The 
resulting PCR products were used to perform Gibson assembly (Gibson 
et al., 2009) with the vector backbone pTE104 that had been digested 
with the restriction enzyme SpeI (New England Biolabs, Frankfurt am 
Main, Germany) to generate pTE104-BhcABCD. The PcoxB promoter 
was subsequently excised from the plasmid using XbaI and HindIII and 
replaced with the synthetic PBG35 promoter that had been generated via 
primer hybridization to generate pBG35-BhcABCD. Successful cloning 
was verified by DNA sequencing (Eurofins Genomics, Ebersberg, Ger
many). All plasmids used in this study are listed in Supplementary 
Table 1. 

2.2.4. Enzyme activity assays in P. putida cell extracts 
P. putida cultures were harvested during mid-exponential phase 
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(OD600 0.5–0.7), resuspended in ice-cold 100 mM potassium phosphate 
buffer (pH 7.2) and lysed by sonication. Cell debris was separated by 
centrifugation at 35,000×g and 4 ◦C for 1 h. Total protein concentration 
of the resulting cell-free extracts was determined by Bradford assay 
(Bradford, 1976) using bovine serum albumin as standard. The assays 
for activity of BhcA/B/C/D were performed as described previously 
using the relevant purified coupling enzymes (Schada von Borzyskowski 
et al., 2019). In all enzyme assays, the oxidation of NADH was followed 
at 340 nm and 30 ◦C on a Cary 60 UV–Vis photospectrometer (Agilent, 
Santa Clara, USA) in quartz cuvettes with a pathlength of 10 mm 
(Hellma Optik GmbH, Jena, Germany). 

2.2.5. High-throughput growth assays and cell dry weight determination 
Cultures of P. putida KT2440 derivatives were pre-grown at 30 ◦C in 

LB medium containing 25 μg mL− 1 tetracycline, when appropriate. Cells 
were harvested, washed once with minimal medium containing no 
carbon source and used to inoculate growth cultures of 180 μL minimal 
medium containing 20 mM ethylene glycol. Growth in 96-well plates 
(Thermo Fisher Scientific, Waltham, USA) was monitored at 30 ◦C at 
600 nm in a Tecan Infinite M200Pro reader (Tecan, Männedorf, 
Switzerland). The resulting data was evaluated using GraphPad Prism 
8.1.1. 

Cell dry weight was determined by taking 5 mL samples from 
growing 150 mL cultures, centrifuging the samples for 15 min at 4000×g 
and 4 ◦C, and pipetting the supernatant into a new tube. The supernatant 
was subsequently used for quantification of ethylene glycol (see 2.2.7), 
while the pellet was transferred into a pre-weighed 2 mL Eppendorf tube 
that was incubated at 95 ◦C over night. The Eppendorf tube with the 
dried pellet was subsequently weighed to determine cell dry weight. 

2.2.6. Adaptive laboratory evolution 
Three replicate populations of Δgcl + BHAC were established in 

shake flasks and subjected to serial transfer in minimal medium con
taining 60 mM ethylene glycol. The cultures were inoculated to an 
OD600 of 0.01 and allowed to grow for 6–7 generations. Subsequently, 
the cultures were diluted 1:100 into fresh medium. The cultures were 
subjected to 29 transfers in total, resulting in growth for 180–200 gen
erations. At the end of the experiment, diluted culture samples were 
plated on minimal medium plates containing 60 mM ethylene glycol and 
single colonies were isolated. These evolved isolates were cryo- 
conserved and used for subsequent experiments. 

2.2.7. Quantification of ethylene glycol in spent medium 
Quantitative determination of ethylene glycol was performed using 

LC-MS/MS. Chromatographic separation was performed on an Agilent 
Infinity II 1290 HPLC system using a Kinetex EVO C18 column (150 ×
1.7 mm, 3 μm particle size, 100 Å pore size, Phenomenex) connected to a 
guard column (20 × 2.1 mm, 5 μm particle size, Phenomenex) at a 
constant flow rate of 0.1 mL/min with mobile phase A being 0.1% for
mic acid in water and phase B being 0.1% formic acid in methanol 
(Honeywell, Morristown, USA) at 25 ◦C. 

Sample injection volume was 1 μL. The mobile phase profile con
sisted of the following steps and linear gradients: 0–4 min constant at 0% 
B; 4–6 min from 0 to 100% B; 6–7 min constant at 100% B; 7–7.1 min 
from 100 to 0% B; 7.1–12 min constant at 0% B. An Agilent 6495B ion 
funnel mass spectrometer was used in positive mode with an electro
spray ionization source and the following conditions: ESI spray voltage 
2000 V, nozzle voltage 500 V, sheath gas 400 ◦C at 11 L/min, nebulizer 
pressure 45 psi and drying gas 170 ◦C at 5 L/min. Compounds were 
identified based on their mass transition and retention time compared to 
standards. Chromatograms were integrated using MassHunter software 
(Agilent, Santa Clara, USA). Absolute concentrations were calculated 
based on an external calibration curve prepared in sample matrix. 

Mass transitions, collision energies, cell accelerator voltages and 
dwell times have been optimized using chemically pure standards. For 
the quantifier 63.2 → 63.2, the collision energy was 0; for the qualifier 

63.2 → 45.2, the collision energy was 9, the dwell time was 400, the 
fragmenter voltage was 80, and the cell accelerator voltage was 5. 

2.2.8. Whole-cell shotgun proteomics 
To acquire the proteome of parental and evolved P. putida strains, 20 

mL cultures were grown to mid-exponential phase (OD600 ~0.4) in 
minimal medium supplemented with 20 mM EG. Three replicate cul
tures were grown for each strain. Main cultures were inoculated from 
precultures grown in the same medium in a 1:1000 dilution. Cultures 
were harvested by centrifugation at 4000×g and 4 ◦C for 15 min. Su
pernatant was discarded and pellets were washed in 40 mL phosphate 
buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 
mM KH2PO4, pH 7.4). After washing, cell pellets were resuspended in 1 
mL PBS, transferred into Eppendorf tubes, and repeatedly centrifuged. 
Cell pellets in Eppendorf tubes were snap-frozen in liquid nitrogen and 
stored at − 80 ◦C until they were used for the preparation of samples for 
LC-MS analysis and label-free quantification. 

For protein extraction, bacterial cell pellets were resuspended in 2% 
sodium lauroyl sarcosinate (SLS) and lysed by heating (95 ◦C, 15 min) 
and sonication (Hielscher Ultrasonics GmbH, Teltow, Germany). 
Reduction was performed for 15 min at 90 ◦C in the presence of 5 mM 
tris(2-carboxyethyl)phosphine (TCEP) followed by alkylation using 10 
mM iodoacetamide at 25 ◦C for 30 min. The protein concentration in 
each sample was determined using the BCA protein assay kit (Thermo 
Fisher Scientific, Waltham, USA) following the manufacturer’s in
structions. Protein cleanup and tryptic digest were performed using the 
SP3 protocol as described previously (Moggridge et al., 2018) with 
minor modifications regarding protein digestion temperature and solid 
phase extraction of peptides. SP3 beads were obtained from GE 
Healthcare (Chicago, USA). 1 μg trypsin (Promega, Fitchburg, USA) was 
used to digest 50 μg of total solubilized protein from each sample. 
Tryptic digest was performed overnight at 30 ◦C. Subsequently, all 
protein digests were desalted using C18 microspin columns (Harvard 
Apparatus, Holliston, USA) according to the manufacturer’s 
instructions. 

LC-MS/MS analysis of protein digests was performed on a Q-Exactive 
Plus mass spectrometer connected to an electrospray ion source 
(Thermo Fisher Scientific, Waltham, USA). Peptide separation was car
ried out using an Ultimate 3000 nanoLC-system (Thermo Fisher Scien
tific, Waltham, USA), equipped with an in-house packed C18 resin 
column (Magic C18 AQ 2.4 μm; Dr. Maisch, Ammerbuch-Entringen, 
Germany). The peptides were first loaded onto a C18 precolumn (pre
concentration set-up) and then eluted in backflush mode with a gradient 
from 98% solvent A (0.15% formic acid) and 2% solvent B (99.85% 
acetonitrile, 0.15% formic acid) to 25% solvent B over 48 min, 
continued from 25% to 35% of solvent B for an additional 34 min. The 
flow rate was set to 300 nL/min. The data acquisition mode for the 
initial LFQ study was set to obtain one high-resolution MS scan at a 
resolution of 60,000 (m/z 200) with scanning range from 375 to 1500 
m/z followed by MS/MS scans of the 10 most intense ions. To increase 
the efficiency of MS/MS shots, the charged state screening modus was 
adjusted to exclude unassigned and singly charged ions. The dynamic 
exclusion duration was set to 30 s. The ion accumulation time was set to 
50 ms (both MS and MS/MS). The automatic gain control (AGC) was set 
to 3 × 106 for MS survey scans and 1 × 105 for MS/MS scans. Label-free 
quantification was performed using Progenesis QI (version 2.0). MS raw 
files were imported into Progenesis and the output data (MS/MS 
spectra) were exported in mgf format. MS/MS spectra were then 
searched using MASCOT (version 2.5) against a database of the pre
dicted proteome from P. putida KT2440 downloaded from the UniProt 
database (www.uniprot.org; download date 03/01/2021), containing 
386 common contaminant/background proteins that were manually 
added. The following search parameters were used: full tryptic speci
ficity required (cleavage after lysine or arginine residues); two missed 
cleavages allowed; carbamidomethylation (C) set as a fixed modifica
tion; and oxidation (M) set as a variable modification. The mass 
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tolerance was set to 10 ppm for precursor ions and 0.02 Da for fragment 
ions for high energy-collision dissociation (HCD). Results from the 
database search were imported back to Progenesis, mapping peptide 
identifications to MS1 features. The peak heights of all MS1 features 
annotated with the same peptide sequence were summed, and protein 
abundance was calculated per LC–MS run. Next, the data obtained from 
Progenesis were evaluated using the SafeQuant R-package version 2.2.2 
(Glatter et al., 2012). Hereby, 1% FDR of identification and quantifi
cation as well as intensity-based absolute quantification (iBAQ) values 
were calculated. 

2.2.9. DNA extraction, library preparation, Illumina sequencing 
Genomic DNA extraction from the parental and evolved strains of 

P. putida KT2440 Δgcl + BHAC was performed with the NucleoSpin 
Microbial DNA kit (Macherey Nagel, Düren, Germany). Eppendorf DNA 
LoBind Tubes were used at all times. DNA concentrations were 
measured using the Qubit dsDNA BR Assay Kit (Thermo Fischer Scien
tific, Waltham, USA). Libraries were prepared using 250 ng of isolated 
genomic DNA following the NEBNext® Ultra™ II FS DNA Library Prep 
(New England Biolabs, Frankfurt am Main, Germany) with Sample Pu
rification Beads (NEB E6177S). NEBNext® Multiplex Oligos for Illu
mina® (NEB E7500) were used. An approximate insert size distribution 
of 200–350 bps was selected using the provided beads according to 
manufacturer’s instructions. Adaptor-ligated DNA was enriched through 

4 cycles of PCR. Quality and size distribution of the libraries was 
assessed on a Bioanalyzer High Sensitivity DNA Analysis chip on an 
Agilent 2100 Bioanalyzer (Agilent, Waldbronn, Germany). Prepared li
braries were sequenced with the MiniSeq High Output Reagent Kit (300- 
cycles) (Illumina, Berlin, Germany) on a MiniSeq system in paired-end 
mode (2 x 150 bp). Sequence analysis was carried out using Geneious 
Prime 2020.1.2 (Biomatters, Auckland, New Zealand). Reads were 
mapped against the P. putida KT2440 genome using GenBank Accession 
file AE015451 and pBG35-BhcABCD (BHAC expression plasmid) as 
reference replicons. Variants were detected with the Find Variations/ 
SNPs tool (minimum coverage = 20; minimum variant frequency =
95%) and compared to variants detected in parental control reads 
mapped to the same reference replicons. 

3. Results 

3.1. Developing the BHA shunt for prototyping the core reactions of the 
BHAC in E. coli 

The core reaction sequence of the BHAC consists of three enzymes, 
BHA aldolase (BhcC), BHA dehydratase (BhcB), and iminosuccinate 
reductase (BhcD). Together, these three enzymes convert glyoxylate and 
glycine into aspartate, constituting a linear metabolic module that we 
termed BHA shunt (Fig. 1d). To probe whether the BHA shunt would 

Fig. 2. Selection schemes and growth assays of 
E. coli auxotrophic strains engineered with the 
BHA shunt. Compounds that are underlined in the 
schemes were provided in the growth medium. a, The 
aspartate auxotrophic strain cannot aminate oxalo
acetate to generate aspartate due to deletion of aspC 
and tyrB. When expressing the BHA shunt, this strain 
is able to grow in the presence of glycerol, glycolate, 
and glycine (blue growth curve). Supplementation of 
1 mM tyrosine to the medium results in improved 
growth (orange). In contrast, the same strain without 
the BHA shunt (black) or with a plasmid expressing 
only bhcC and bhcB (light blue) is unable to grow. b, 
The oxaloacetate auxotrophic strain lacks all enzymes 
producing oxaloacetate via the TCA cycle or anaple
rosis due to deletion of ppc, pck, mdh, mqo and aspA. 
When expressing the BHA shunt, this strain is able to 
grow in the presence of glycerol, glycolate, glycine, 
and 2-oxoglutarate (blue). In contrast, the same strain 
without the BHA shunt (black) or with a plasmid 
expressing only bhcC and bhcB (light blue) is unable 
to grow. c, The Δgcl strain cannot utilize glyoxylate 
via the glycerate pathway. When expressing the BHA 
shunt, this strain was not able to grow in the presence 
of glycolate and glycine (blue), similar to the same 
strain without the BHA shunt (black). However, three 
isolated mutants of Δgcl expressing the BHA shunt 
were able to grow on those carbon sources (shades of 
green). In all cases, representative growth curves 
from n ≥ 3 independent cultures are shown, with 
errors <5%.   
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work in a gammaproteobacterial host, we designed three E. coli selection 
strains with different auxotrophies. These strains show increasing de
mand for flux through the BHA shunt, starting from a specific amino acid 
auxotrophy (aspartate auxotroph), over central carbon metabolism 
auxotrophy (oxaloacetate auxotroph) to biosynthesis of the complete 
biomass (glyoxylate caboligase (gcl) deletion strain) from glycine and 
glycolate. We chose glycolate over glyoxylate, the actual substrate of 
BhcC, as the latter is a reactive aldehyde that can be detrimental to cells 
in higher concentrations. E. coli converts glycolate into glyoxylate via 
glycolate oxidase (Pellicer et al., 1996). 

3.2. The BHA shunt complements an aspartate auxotrophic E. coli strain 

We first created an aspartate auxotrophic strain as described previ
ously (Gelfand and Steinberg, 1977) by deleting the genes aspC, 
encoding for aspartate aminotransferase, and tyrB, encoding for aro
matic amino acid aminotransferase (Fig. 2a). Both of these enzymes 
catalyze the transfer of an amino group from glutamate to oxaloacetate 
for aspartate biosynthesis (Hayashi et al., 1993; Reitzer, 2014), making 
the double mutant auxotrophic for aspartate and amino acids of the 
aspartate family (asparagine, lysine, methionine, threonine, isoleucine). 
Note that the aspartate auxotroph is only incapable of oxaloacetate 
amination, while the TCA cycle and other central metabolic pathways 
are still fully functional in this strain. 

When growing with glycerol as carbon source together with glyco
late and glycine, the mutant expressing the BHA shunt immediately 
grew with a doubling time of 18.2 ± 0.4 h, while negative control strains 
expressing an incomplete BHA shunt (without bhcD) or carrying an 
empty plasmid did not grow (Fig. 2a). The slow growth of the strain is 
likely due to tyrosine limitation caused by the tyrB knockout, which can 
be only partially complemented by the branched-chain amino acid 
aminotransferase IlvE (Lee-Peng et al., 1979). Indeed, addition of 1 mM 
tyrosine to the medium improved growth of the aspartate auxotroph 
with the BHA shunt (SI Fig. 1), resulting in a doubling time of 13 ± 0.4 h. 
Altogether, these results showed that the BHA shunt was generally 
active in E. coli. 

3.3. The BHA shunt complements an oxaloacetate auxotrophic E. coli 
strain 

Next, we created a strain that is auxotrophic for oxaloacetate, which 
is required both for the biosynthesis of aspartate and amino acids of the 
aspartate family, as well as for fueling the TCA cycle. We deleted the 
genes encoding for phosphoenolpyruvate carboxylase (Ppc), phospho
enolpyruvate carboxykinase (Pck), malate dehydrogenase (Mdh), ma
late:quinone oxidoreductase (Mqo), and aspartate ammonia-lyase 
(AspA) to suppress oxaloacetate synthesis in E. coli (Fig. 2b). This strain 
would only be able to grow if both aspartate and oxaloacetate are 
formed through the BHA shunt, the latter either through spontaneous 
hydrolysis of iminosuccinate or through amino transfer from aspartate 
to 2-oxoglutarate (2-OG) by the previously mentioned AspC and TyrB. 

However, we did not observe growth of the oxaloacetate auxotroph 
on glycerol, glycine, and glycolate or glyoxylate (SI Fig. 2), unless we 
provided additionally 5 mM 2-OG (Fig. 2b). Furthermore, only the 
oxaloacetate auxotroph expressing the full BHA shunt grew on glycerol, 
glycine, glycolate and 2-OG, while an oxaloacetate auxotroph lacking 
iminosuccinate reductase couldn’t grow in the same conditions 
(Fig. 2b). When tested on glycerol and 2-OG alone, the oxaloacetate 
auxotroph could not grow (SI Fig. 2), indicating that growth of the 
oxaloacetate auxotroph indeed required both, a functional BHA shunt 
and 2-OG. We concluded that 2-OG addition was necessary to provide 
the amino group acceptor for glutamate and glutamate family amino 
acids, and to facilitate oxaloacetate synthesis. Since expression of imi
nosuccinate reductase was required for growth of the oxaloacetate 
auxotroph, we suggest that no relevant spontaneous hydrolysis of imi
nosuccinate into oxaloacetate took place in vivo (Mortarino et al., 1996; 

Schada von Borzyskowski et al., 2019). We used 13C-labeling to follow 
the fate of the different carbon sources in vivo. When growing the 
oxaloacetate auxotrophic strain with the BHA shunt on glycerol, 2-OG, 
glycolate, and fully 13C-labeled glycine, aspartate and threonine were 
double-labeled, in line with the hypothesis that half of the backbone was 
derived from 13C-labeled glycine, while the other half was derived from 
unlabeled glycolate. Methionine was triple-labeled in line with the hy
pothesis that the methyl-group was derived from 13C-labeled glycine via 
the glycine cleavage complex. These results (Fig. 3a) demonstrated that 
the three amino acids were indeed synthesized via the BHA shunt. In 
contrast, proline was unlabeled, demonstrating that it was solely syn
thesized from 2-OG via glutamate. In summary, the 13C-labeling 
underlined that the BHA shunt is active in the oxaloacetate auxotroph, 
but that addition of 2-OG is required as precursor for the production of 
glutamate family amino acids. 

3.4. The BHA shunt provides all biomass in an evolved E. coli Δgcl strain 

Finally, we sought to test whether the BHA shunt would be able to 
sustain complete biomass formation in E. coli. To this end, we used a 
selection strain, in which gcl, the gene encoding for glyoxylate carboli
gase, the key enzyme of the glycerate pathway, is deleted. This strain 
cannot grow on glycolate or glyoxylate anymore, unless the BHA shunt 
is able to complement the gcl deletion (Fig. 2c). 

When inoculating the Δgcl strain + BhcCBD in M9 medium with 
glycolate and glycine, we did not observe any growth. However, after 
prolonged incubation, we were able to isolate a spontaneous mutant 
(Δgcl + BhcCBD mut. 1) that was capable of growth on the two carbon 
sources (Fig. 2c). Δgcl + BhcCBD mut. 1 was not able to grow on M9 with 
glycine only, excluding the possibility that the combined activities of the 
glycine cleavage system and serine-hydroxymethyl transferase would 
permit growth. The evolved strain also did not grow on glycolate as sole 
carbon source, confirming that no latent glyoxylate assimilation 
pathway is present in E. coli (SI Fig. 3). The 13C-labelling pattern using 
different combinations of labeled glycolate and glycine independently 
confirmed that the BHA shunt was responsible for growth of this mutant 
(Fig. 3b). 

We isolated two more mutants (Δgcl + BhcCBD mut. 2 and 3), which 
were also capable to grow with the BHA shunt (Fig. 2c). Whole genome 
sequencing demonstrated that all evolved strains had acquired muta
tions in genes encoding for enzymes of the TCA cycle. In Δgcl + BhcCBD 
mut. 2 and 3, sucC, the gene encoding for the β-subunit of succinyl-CoA 
synthetase was mutated (an insertion resulting in a frameshift in Δgcl +
BhcCBD mut. 2, and a nonsense mutation in Δgcl + BhcCBD mut. 3), 
while Δgcl + BhcCBD mut. 1 showed a mutation in sdhA, the gene 
encoding for succinate dehydrogenase. Furthermore, Δgcl + BhcCBD 
mut. 1 showed three additional mutations, which seemed not directly 
related to central carbon metabolism (Table 1). 

Altogether, these experiments showed that in principle the whole 
biomass of E. coli can be generated through enzymes of the BHA shunt 
and that the native metabolic network of E. coli required only slight 
adaptations. Encouraged by these results, we next sought to exploit the 
complete four-enzyme BHAC for assimilation of EG in P. putida. 

3.5. Implementation of the BHAC in P. putida enables improved EG 
assimilation 

Having demonstrated that it is possible to generate all biomass 
through the BHA shunt in E. coli, we next aimed at implementing the full 
BHAC into P. putida. We used a broad host range expression vector 
(Schada von Borzyskowski et al., 2015) to express the bhc gene cluster 
and exchanged its original promoter with the defined synthetic pro
moter PBG35 (Zobel et al., 2015). We then introduced this vector into 
P. putida KT2440 Δgcl, which is not able to grow with EG as sole carbon 
source due to the interruption of the glycerate pathway. The resulting 
strain, P. putida KT2440 Δgcl + BHAC, immediately started to grow on 
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Fig. 3. 13C-labeling of selected amino acids in auxotrophic E. coli strains expressing the BHA shunt. a, 13C-labeling of aspartate, threonine, methionine, and 
proline in the oxaloacetate auxotroph strain with the BHA shunt or a WT control grown on glycerol, 2-OG, glycolate, and either fully 13C-labeled or unlabeled glycine. 
b, 13C-labeling of aspartate, threonine, methionine, and proline in Δgcl + BhcCBD mut. 1 grown on different combinations of fully 13C-labeled and unlabeled 
glycolate and glycine. 

Table 1 
Mutations found in genome resequencing data of three isolated mutants of E. coli Δgcl with the BHA shunt.  

Strain Gene Mutation Annotation Position Protein 

Δgcl + BhcCBD mut. 1 sdhA G → T G179C 755,665 succinate dehydrogenase, flavoprotein subunit  
kgtP A → T L238I 2,724,682 2-OG:H+ symporter  
yhiM (A)6 → 5 coding (1050/1053 nt) 3,635,538 inner membrane protein with role in acid resistance  
entF G → A E499E 614,877 apo-serine activating enzyme 

Δgcl + BhcCBD mut. 2 sucC +G coding (1161/1167 nt) 763,398 succinyl-CoA synthetase, β-subunit 
Δgcl + BhcCBD mut. 3 sucC C → T Q380* 763,375 succinyl-CoA synthetase, β-subunit  

Fig. 4. Characterization of P. putida KT2440 Δgcl þ BHAC and an evolved derivative. a, Specific activities of BHAC enzymes in cell-free extracts of EG-grown 
Δgcl + BHAC. The bars labeled ‘P’ correspond to the parental engineered strain, while the darker bars labeled ‘E’ correspond to an evolved strain isolated after ALE on 
EG. Note that the activity of BhcD is plotted on the right y axis. Data are the mean ± s.d. of n = 3 replicate experiments. b, c, Growth curves of E6.1 (black), Δgcl +
BHAC (blue), and its evolved derivative (green) grown in the presence of 20 mM (b) or 60 mM EG (c). Shown are the mean curves from n = 6 independent cultures, 
with standard deviation being shown as smaller dots around the curves d, e, Growth rates (μ) and f, g, Max. OD600 of E6.1 and Δgcl + BHAC (parental and evolved) 
grown in the presence of 20 mM (d, f) or 60 mM EG (e, g). Data are the mean ± standard deviation of n = 6 independent cultures, and results were compared using 
an unpaired t-test with Welch’s correction in GraphPad Prism 8.1.1 (****, p < 0.0001; **, p < 0.01; ns, not significant). h, Cell dry weight (CDW) and i, Ethylene 
glycol concentration in spent medium of E6.1 and Δgcl + BHAC (parental and evolved) grown in the presence of 120 mM EG. 
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EG. Quantification of enzyme activities in cell-free extracts confirmed 
that the heterologous BHAC enzymes were functional, at activities be
tween 0.5 and 10 U/mg (Fig. 4a). 

When growing on 20 or 60 mM EG, P. putida KT2440 Δgcl + BHAC 
notably behaved similar to P. putida KT2440 E6.1, a strain that was 
recently evolved to grow on EG with the glycerate pathway (Li et al., 
2019) (Fig. 4b + c). While the yield, measured as maximum OD600, was 
comparable between the two strains (Fig. 4f + g), P. putida KT2440 Δgcl 
+ BHAC grew at a growth rate that was increased by 5–10% compared to 
E6.1 (Fig. 4d + e). In summary, these results showed that the Δgcl strain 
expressing the BHAC instantly compared to the evolved E6.1 strain with 
the glycerate pathway, without any optimization of promoter, ribosome 
binding sites, or gene sequences. 

3.6. Proteome analysis reveals changes in central carbon metabolism of 
P. putida upon introduction of the BHAC 

We next were interested in understanding how the heterologously 
expressed BHAC affected the genetic and metabolic network in P. putida 
KT2440 Δgcl + BHAC compared to strain E6.1 (Fig. 5). To that end, we 
analyzed the proteome of both strains grown on EG. 

Significant differences between the two strains were observed on the 
level of enzymes in central carbon metabolism, in particular the C3–C4 
node that connects and balances glycolysis and gluconeogenesis. Pyru
vate carboxylase (PycAB), malate:quinone oxidoreductase (Mqo1), and 
malic enzyme B (MaeB) levels were all decreased in Δgcl + BHAC 
compared to E6.1. In contrast, oxaloacetate decarboxylase (Oad) levels 
were increased. Decreased PycAB levels in the BHAC strain are in line 
with the notion that EG assimilation via the glycerate pathway produces 
2-phosphoglycerate (2-PG), a glycolysis intermediate, which requires 
PycAB to anaplerotically feed the TCA cycle, while the BHAC yields 
oxaloacetate, thus directly feeding the TCA cycle (without the need for 
PycAB). Similarly, Mqo1, which catalyzes the quinone-dependent 
oxidation of malate to oxaloacetate (Koendjbiharie et al., 2021), might 
become obsolete in the strain carrying the BHAC, as the concentration of 

oxaloacetate is already much higher in the BHAC strain compared to the 
E6.1 strain. The observed increased levels of Oad in the BHAC strain 
support this notion and suggest that the enzyme acts as a valve to funnel 
excess oxaloacetate to pyruvate (Klaffl et al., 2010). 

On the level of the TCA cycle and glyoxylate shunt, we observed an 
increase in succinate dehydrogenase (SdhAB) levels in the BHAC strain, 
while malate synthase (GlcB) was decreased. The latter is probably 
explained by direct feeding of the BHAC into the TCA cycle, which 
makes malate supply via the glyoxylate shunt obsolete in the BHAC 
strain. 

Furthermore, enzyme levels in aspartate metabolism (AspA, AnsB) 
were increased in the BHAC strain, suggesting that part of the aspartate 
pool is deaminated to feed fumarate into the TCA cycle. Increased 
enzyme levels in glycine metabolism (GcvPT-I, TdG-II) indicated that 
some of the glyoxylate-derived glycine is further used to generate serine 
and pyruvate via the glycine cleavage complex and serine dehydratase 
in the BHAC strain. Interestingly, the levels of erythronate 4-phosphate 
dehydrogenase (PdxB) were also increased. Since PdxB is involved in the 
biosynthesis of pyridoxal 5-phosphate (PLP), the cofactor of three en
zymes of the BHAC (BhcA, BhcB, BhcC), it is tempting to speculate that 
its upregulation provides sufficient PLP supply for growth. 

As expected, glycerate pathway enzyme levels (Hyi, GlxR, TtuD) as 
well as pyruvate kinase (PykF), which is part of the same operon 
(Franden et al., 2018), were strongly decreased in Δgcl + BHAC 
compared to E6.1. It was previously reported that E6.1 was able to grow 
on EG due to a mutation that resulted in truncation of the regulator GclR 
(Li et al., 2019). This was verified by our proteomics data, which 
additionally showed that (truncated) GclR levels were decreased in the 
E6.1 strain compared to GclR in the Δgcl + BHAC strain. Furthermore, 
enzyme levels of a purine/allantoin degradation pathway (PP_4285-89) 
were also decreased, which can be explained by the fact that the cor
responding genes are part of the GclR regulon (Li et al., 2019). 

Finally, we observed increased levels of enzymes of the Entner- 
Doudoroff pathway (Edd, Eda) and several other glycolytic enzymes 
(ZwfA, Pgl, Gap, Pgm) in Δgcl + BHAC. However, these changes are not 

Fig. 5. Proteome analysis of P. putida KT2440 Δgcl þ BHAC. a, Analysis of the proteome of EG-grown Δgcl + BHAC compared to E6.1. All proteins quantified by 
at least three unique peptides are shown, and the proteins involved in central carbon metabolism that showed the strongest decrease or increase in abundance are 
marked in red or blue in the volcano plot, respectively. b, The log2 fold change of these proteins, sorted by locus name (in brackets). c, The role of these up- and 
downregulated proteins in central carbon metabolism of P. putida KT2440. Altered enzyme production levels in key metabolic routes, such as the TCA cycle, the 
C3–C4 node, and several amino acid biosynthesis pathways demonstrate marked changes upon introduction of the heterologous BHAC. 
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easy to rationalize, as glycolytic pathways in P. putida KT2440 form a 
complex network (Nikel et al., 2015), and there are three different iso
forms of Zwf with different cofactor specificities (Volke et al., 2021). 

In summary, distinct changes of the native metabolic network of 
P. putida KT2440 resulted in immediate growth of Δgcl + BHAC on EG. 
However, we speculated that the true potential of the BHAC was still 
masked and that more adaptations of the host would be required for a 
better integration of the heterologous module into the metabolic 
network of the cell. 

3.7. Evolution and characterization of a P. putida Δgcl + BHAC strain 
with improved growth performance on EG 

Next, we aimed at further improving growth of P. putida KT2440 
Δgcl + BHAC via adaptive laboratory evolution (ALE). We established 
three replicate populations in shake flasks and subjected them to serial 
transfer in minimal medium containing 60 mM EG. After about 200 
generations, we isolated individual evolved strains and compared their 
growth on EG to their parental strain (SI Fig. 4). One evolved isolate that 
exhibited the fastest growth and highest final OD was selected for in- 
depth analysis, and its growth performance on different concentra
tions of EG was compared to E6.1. Notably, this evolved Δgcl + BHAC 
strain showed an improved growth rate of 35% or 33% compared to the 
E6.1 strain when growing on 20 or 60 mM EG, respectively (Fig. 4d + e). 
The maximum OD600 was improved by ca. 20% on both 20 and 60 mM 
EG (Fig. 4f + g). On 120 mM EG, both E6.1 and the parental and evolved 
Δgcl + BHAC strains exhibited decreased growth compared to lower EG 
concentrations. This is in agreement with previous results, showing that 
growth performance of P. putida KT2440 is reduced on high concen
trations of EG (Franden et al., 2018; Li et al., 2019). While the parental 
Δgcl + BHAC strain was barely capable of growth on 120 mM EG, the 
evolved Δgcl + BHAC strain reached a similar cell dry weight (CDW) as 
E6.1 (Fig. 4h). Notably, the EG uptake of the evolved Δgcl + BHAC strain 
was lower than the EG uptake of E6.1 at the end of the experiment 
(Fig. 4i); while E6.1 had consumed 39% of the provided EG, the evolved 
Δgcl + BHAC strain had consumed only 29%. This results in 13.3 g CDW 
per mol EG for E6.1 and 16.6 g CDW per mol EG for the evolved Δgcl +
BHAC strain, an increase of 25% over E6.1. In summary, the evolved 
Δgcl + BHAC strain demonstrated increased growth rates and maximum 
ODs on 20 and 60 mM EG, and improved biomass yield on 120 mM EG. 

Next, we set out to understand the underlying changes resulting in 
this improved growth performance on EG. Plasmid sequencing 
confirmed that the bhcABCD expression module was unchanged in the 
evolved Δgcl + BHAC strain. Quantification of BHAC enzyme activities 
in cell-free extracts showed no drastic differences compared to the 
parental strain (Fig. 4a). While activities of BhcB, BhcC, and BhcD were 
slightly increased in the evolved strain, BhcA activity was slightly 
decreased. However, these observed changes were of rather subtle na
ture, suggesting that the major changes allowing for improved growth of 
the evolved strain occurred on the level of the native metabolic and 
genetic networks of P. putida KT2440 Δgcl. 

Whole genome sequencing of the evolved Δgcl + BHAC strain 
confirmed deletion of gcl and revealed five mutations, compared to the 
parental strain (Table 2). We observed a point mutation in a LysR family 
transcriptional regulator of unknown function (PP_1861), as well as a 
point mutation and a 227 bp deletion in flhB, encoding for a substrate 
specificity protein of the flagellin export apparatus. Furthermore, we 
also noted a point mutation in LldR, the transcriptional regulator of the 
lactate utilization gene cluster (Gao et al., 2012), as well as 6 bp deletion 
in regB, encoding for a sensor histidine kinase (Fernandez-Pinar et al., 
2008). 

LldR controls expression of the genes lldD (encoding for L-lactate 
dehydrogenase) and dld2 (encoding for D-lactate dehydrogenase) in 
P. aeruginosa (Gao et al., 2012). Proteomics data showed that in the 
evolved strain, the levels of both lactate dehydrogenases were increased 
(Fig. 6), indicating that the balance between lactate and pyruvate, and 

thus cellular redox management, is fine-tuned by the lldR mutation in 
the evolved Δgcl + BHAC strain. 

Redox management was likely also changed by the 6-bp regB dele
tion. RegAB is part of a conserved two-component regulatory system 
that regulates redox control in a wide variety of photosynthetic and non- 
photosynthetic bacteria (Elsen et al., 2004) (Fernandez-Pinar et al., 
2008). Proteomics showed that RegA and RegB levels were increased in 
the evolved Δgcl + BHAC strain. In P. aeruginosa, the homologous reg
ulatory system RoxRS interacts with the promoter region of cioAB, the 
genes encoding for cyanide-insensitive ubiquinol oxidase, regulating 
their expression (Comolli and Donohue, 2002). Interestingly, CioA was 
the most upregulated protein in the evolved Δgcl + BHAC strain, sug
gesting that the regB mutation directly affected the composition of the 
ETC. Proteomics identified additional changes in the ETC proteome. The 
levels of six subunits of NADH ubiquinone oxidoreductase (complex I), 
as well as two subunits of a a cytochrome c oxidase were decreased, 
while CyoAB, another ubiquinol oxidase, and a cytochrome c-type 
protein (PP_2675) as well as cytochrome c4 were increased. Even though 
we note that subunits of ETC complexes are membrane-bound proteins, 
which are more difficult to quantify, our data nevertheless suggests that 
the ETC was partly remodeled in the evolved Δgcl + BHAC strain. This 
remodeling is likely caused by an increased influx of ubiquinol, derived 
from PedE/H-mediated oxidation of EG. Our data also suggests that the 
majority of electrons are directly transferred to oxygen as terminal 
electron acceptor by the two ubiquinol oxidases, while a smaller share is 
shuttled to cytochromes, which are subsequently re-oxidized. Since 
ethylene glycol is a highly reduced growth substrate, these changes 
might serve to accommodate a higher electron uptake rate, which in 
turn reduces cellular redox stress in the evolved Δgcl + BHAC strain. 
Concomitant with this hypothesis, the levels of stress-induced peroxir
edoxin OsmC and alkyl hydroperoxide reductase AhpCF were decreased. 

Finally, the proteomics data showed further changes in central car
bon metabolism in the evolved Δgcl + BHAC strain. Two isoforms of 
isocitrate dehydrogenase (Icd and Idh) were upregulated, indicating 
increased flux through the TCA cycle, and eventually increased NADPH 
production. Together with the increased production of NAD(P) trans
hydrogenase, which can interconvert NADP(H) and NAD(H), this would 
ensure that the NAD(P)H requirements of the BHAC and biosynthetic 
reactions can be covered. In contrast, succinate-CoA ligase (SucCD) was 
downregulated, indicating decreased substrate-level phosphorylation in 
the evolved strain. 

In amino acid metabolism, glutamate synthase levels (GltDB) were 
decreased, while dioxovalerate dehydrogenase (Dvd), which in
terconverts 2-OG and its semialdehyde, was slightly increased, as were 
the last two enzymes in lysine biosynthesis, DapF and LysA-I. The sub
units of the glycine cleavage complex as well as serine dehydratase, 
which had already been upregulated in the parental Δgcl + BHAC strain, 
were even further upregulated in the evolved strain. In contrast, the 
production of aspartate semialdehyde dehydrogenase (Asd) was 

Table 2 
Mutations found in genome resequencing data of an isolated mutant of P. putida 
KT2440 Δgcl + BHAC.  

Gene ID Mutation Annotation Position Protein 

PP_0887 ΔCCTGCG ΔR100L101 1,030,236 Sensor histidine kinase 
RegB 

PP_1861 C → T G65S 2,083,041 Transcriptional regulator, 
LysR family 

PP_4352 T → A I175F 4,946,058 flagellin export apparatus, 
substrate specificity protein 
FlhB 

PP_4352 Δ227 bp  4,946,139 flagellin export apparatus, 
substrate specificity protein 
FlhB 

PP_4734 T → C E242G 5,382,556 DNA-binding 
transcriptional dual 
regulator LldR  
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decreased, indicating a decreased flux from this branching metabolite 
into lysine, methionine, threonine, and isoleucine biosynthesis. Finally, 
the levels of two enzymes in leucine biosynthesis (LeuB, LeuCD) was 
decreased as well, indicating a fine-tuning of amino acid biosynthesis in 
the evolved strain. In summary, analysis of the evolved Δgcl + BHAC 
strain revealed pleiotropic effects that adapt the cellular networks of 
P. putida KT2440 for efficient integration of the BHAC. 

4. Discussion 

This work aimed at replacing the native glycerate pathway in 
P. putida KT2440 by a heterologous BHAC to establish a more efficient 
EG metabolism in this organism. To that end, we first implemented a 
linear BHA shunt in three different E. coli auxotrophic strains of 
increasing selection pressure. Having demonstrated that the BHA shunt 
was able to support complete biomass formation in E. coli Δgcl after 
laboratory evolution, we subsequently transferred the full BHAC into a 
P. putida KT2440 Δgcl strain. This allowed the strain to immediately 
grow on EG, notably at a similar growth rate and biomass yield as 
P. putida KT2440 E6.1, a strain that had recently been evolved to grow 
on EG via the glycerate pathway (Li et al., 2019). Laboratory evolution 
further improved growth of P. putida KT2440 Δgcl + BHAC on EG. The 
final strain grows 35% faster than E6.1, with an increased maximum OD 
of 20%. Notably, the growth rate of the evolved Δgcl + BHAC strain is 
not only improved compared to the previously evolved E6.1 strain 
(Fig. 4) (Li et al., 2019), but also to a P. putida strain that was engineered 
to overexpress the operon encoding for the glycerate pathway (MFL168: 
μ = 0.12 ± 0.01 h− 1 when growing on 50 mM EG) (Franden et al., 2018). 

Our work highlights that the transfer of complete heterologous 
metabolic modules combined with ALE is a powerful approach to 
overcome the inherent limitations of native metabolism and obtain 

strains with improved growth behavior. Genome sequencing and pro
teomics identified a multitude of changes as underlying factors of 
improved growth in the evolved P. putida KT2440 Δgcl + BHAC strain. 
Notably, these changes are caused by genetic mutations, as well as 
plastic adaptations of the native genetic and metabolic network. Our 
studies with E. coli and P. putida KT2440 shed light on key changes that 
seem to be essential for an efficient integration of the BHAC. Three 
independently evolved E. coli Δgcl + BhcCBD strains showed point 
mutations in genes encoding succinate dehydrogenase (sdhA) or 
succinyl-CoA synthetase β-subunit (sucC), which enabled E. coli Δgcl to 
grow on glycine and glycolate with the BHA shunt. Notably, succinyl- 
CoA synthetase was also decreased in the evolved P. putida KT2440 
Δgcl + BHAC strain, likely as a result of altered regulation in central 
carbon metabolism. 

Beyond succinate, there were other adaptations in central carbon 
metabolism, cellular redox regulation, the ETC, and amino acid 
biosynthesis that seemed important. Upon implementation of the 
pathway into P. putida KT2440, the native regulatory network imme
diately reacted and enzyme levels of the C3–C4 node shifted. This 
enabled the BHAC strain to shift from C3 assimilation (glycerate 
pathway) to C4 assimilation (BHAC) and made immediate E6.1-like 
growth of the engineered strain possible. Further adaptations required 
mutations of the regulatory network of P. putida KT2440, in particular, 
lldR, regB and a LysR-family regulator gene of unknown function, which 
showed pleiotropic effects on the metabolic network of P. putida 
KT2440. This multitude of changes to fully embed the BHAC with the 
genetic and metabolic network of the cell could most likely not have 
been realized by rational engineering, even though there is a broad 
variety of advanced genetic tools for P. putida (Martínez-García et al., 
2017; Choi and Lee, 2020; Wirth et al., 2020; Patinios et al., 2021; 
Velázquez et al., 2021; Abdullah et al., 2022; Liu et al., 2022). In our 

Fig. 6. Proteome analysis of P. putida KT2440 Δgcl þ BHAC after ALE on EG. a, Analysis of the proteome of evolved Δgcl + BHAC compared to its parental strain. 
All proteins quantified by at least three unique peptides are shown, and the enzymes and regulators involved in central carbon and energy metabolism that showed 
the strongest decrease or increase in abundance are marked in red or blue in the volcano plot, respectively. b, The log2 fold change of these proteins, sorted by locus 
name (in brackets). c, The role of these up- and downregulated proteins in central carbon and energy metabolism of P. putida KT2440. Enzyme production levels in 
the TCA cycle and several amino acid biosynthesis pathways, as well as in the electron transport chain, demonstrate marked changes upon prolonged growth on EG 
via the heterologous BHAC. Changes in protein production that are connected to mutations in the evolved strain are denoted by a black frame (LldD + Dld2, RegAB). 
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view, the different changes in production of enzymes and respiratory 
complexes would have been nearly impossible to achieve by over
expressing genes or introducing point mutations. Therefore, the directed 
evolution approach will probably remain the method of choice to enable 
or improve complex phenotypes such as complete biomass synthesis via 
an engineered pathway. 

The results of this study further advance the possibilities for micro
bial valorization of EG. This includes the upcycling of EG into bio
polymers as reported recently in Pseudomonas (Kenny et al., 2008; 
Narancic et al., 2021; Tiso et al., 2021a), the microbial breakdown of 
PET in Pseudomonas (Narancic et al., 2021), as well as the engineering of 
biotechnologically and environmentally relevant Pseudomonas strains 
for improved growth. Notably, P. umsongensis GO16 was recently also 
evolved for better growth on EG (Tiso et al., 2021a). While this strain 
already shows a growth rate of 0.4 h− 1, it is tempting to speculate that 
growth of P. umsongensis GO16 could be further improved by imple
mentation of the BHAC in the future. 
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Ingham, Colin J., Kengen, S.W.M., van der Oost, J., Staals, R.H.J., 2021. Streamlined 
CRISPR genome engineering in wild-type bacteria using SIBR-Cas. Nucleic Acids Res. 
49 (19), 11392–11404. 

Pellicer, M.T., Badia, J., Aguilar, J., Baldoma, L., 1996. Glc locus of Escherichia coli: 
characterization of genes encoding the subunits of glycolate oxidase and the glc 
regulator protein. J. Bacteriol. 178 (7), 2051–2059. 

PlasticsEurope, 2018. Plastics - the facts 2018: An analysis of European plastics 
production, demand and waste data. https://plasticseurope.org/wp-content/uploads 
/2021/10/2018-Plastics-the-facts.pdf. 

Reitzer, L., 2014. Amino Acid Synthesis. Reference Module in Biomedical Sciences. 
Elsevier. 

Roell, M.S., Schada von Borzykowski, L., Westhoff, P., Plett, A., Paczia, N., Claus, P., 
Urte, S., Erb, T.J., Weber, A.P.M., 2021. A synthetic C4 shuttle via the beta- 
hydroxyaspartate cycle in C3 plants. Proc. Natl. Acad. Sci. U. S. A. 118 (21). 

Schada von Borzyskowski, L., Remus-Emsermann, M., Weishaupt, R., Vorholt, J.A., 
Erb, T.J., 2015. A set of versatile brick vectors and promoters for the assembly, 
expression, and integration of synthetic operons in Methylobacterium extorquens AM1 
and other Alphaproteobacteria. ACS Synth. Biol. 4 (4), 430–443. 

Schada von Borzyskowski, L., Severi, F., Kruger, K., Hermann, L., Gilardet, A., Sippel, F., 
Pommerenke, B., Claus, P., Cortina, N.S., Glatter, T., Zauner, S., Zarzycki, J., 
Fuchs, B.M., Bremer, E., Maier, U.G., Amann, R.I., Erb, T.J., 2019. Marine 
Proteobacteria metabolize glycolate via the beta-hydroxyaspartate cycle. Nature 575 
(7783), 500–504. 

Thomason, L.C., Costantino, N., Court, D.L., 2007. E. coli genome manipulation by P1 
transduction. Curr. Protoc. Mol. Biol. 1. Unit 1 17.  

Tiso, T., Narancic, T., Wei, R., Pollet, E., Beagan, N., Schroder, K., Honak, A., Jiang, M., 
Kenny, S.T., Wierckx, N., Perrin, R., Averous, L., Zimmermann, W., O’Connor, K., 
Blank, L.M., 2021a. Towards bio-upcycling of polyethylene terephthalate. Metab. 
Eng. 66, 167–178. 

Tiso, T., Winter, B., Wei, R., Hee, J., de Witt, J., Wierckx, N., Quicker, P., Bornscheuer, U. 
T., Bardow, A., Nogales, J., Blank, L.M., 2021b. The metabolic potential of plastics as 
biotechnological carbon sources - Review and targets for the future. Metab. Eng 71, 
77–98. 

Velázquez, E., Al-Ramahi, Y., Tellechea-Luzardo, J., Krasnogor, N., de Lorenzo, V., 2021. 
Targetron-assisted delivery of exogenous DNA sequences into Pseudomonas putida 
through CRISPR-aided counterselection. ACS Synth. Biol. 10 (10), 2552–2565. 

Volke, D.C., Olavarria, K., Nikel, P.I., 2021. Cofactor specificity of glucose-6-phosphate 
dehydrogenase isozymes in Pseudomonas putida reveals a general principle 
underlying glycolytic strategies in bacteria. mSystems 6 (2). 

Wehrmann, M., Billard, P., Martin-Meriadec, A., Zegeye, A., Klebensberger, J., 2017. 
Functional role of lanthanides in enzymatic activity and transcriptional regulation of 
pyrroloquinoline quinone-dependent alcohol dehydrogenases in Pseudomonas putida 
KT2440. mBio 8 (3). 

Weimer, A., Kohlstedt, M., Volke, D.C., Nikel, P.I., Wittmann, C., 2020. Industrial 
biotechnology of Pseudomonas putida: advances and prospects. Appl. Microbiol. 
Biotechnol. 104 (18), 7745–7766. 

Wenk, S., Yishai, O., Lindner, S.N., Bar-Even, A., 2018. An engineering approach for 
rewiring microbial metabolism. Methods Enzymol. 608, 329–367. 

Werner, A.Z., Clare, R., Mand, T.D., Pardo, I., Ramirez, K.J., Haugen, S.J., Bratti, F., 
Dexter, G.N., Elmore, J.R., Huenemann, J.D., Peabody, G.L.t., Johnson, C.W., 
Rorrer, N.A., Salvachua, D., Guss, A.M., Beckham, G.T., 2021. Tandem chemical 
deconstruction and biological upcycling of poly(ethylene terephthalate) to beta- 
ketoadipic acid by Pseudomonas putida KT2440. Metab. Eng. 67, 250–261. 

Wierckx, N., Prieto, M.A., Pomposiello, P., de Lorenzo, V., O’Connor, K., Blank, L.M., 
2015. Plastic waste as a novel substrate for industrial biotechnology. Microb. 
Biotechnol. 8 (6), 900–903. 

Wirth, N.T., Kozaeva, E., Nikel, P.I., 2020. Accelerated genome engineering of 
Pseudomonas putida by I-SceI-mediated recombination and CRISPR-Cas9 
counterselection. Microb. Biotechnol. 13 (1), 233–249. 

Yoshida, S., Hiraga, K., Takehana, T., Taniguchi, I., Yamaji, H., Maeda, Y., Toyohara, K., 
Miyamoto, K., Kimura, Y., Oda, K., 2016. A bacterium that degrades and assimilates 
poly(ethylene terephthalate). Science 351 (6278), 1196–1199. 

Yoshida, S., Hiraga, K., Taniguchi, I., Oda, K., 2021. Ideonella sakaiensis, PETase, and 
MHETase: from identification of microbial PET degradation to enzyme 
characterization. Methods Enzymol. 648, 187–205. 

Yue, H., Zhao, Y., Ma, X., Gong, J., 2012. Ethylene glycol: properties, synthesis, and 
applications. Chem. Soc. Rev. 41 (11), 4218–4244. 

Zelcbuch, L., Antonovsky, N., Bar-Even, A., Levin-Karp, A., Barenholz, U., Dayagi, M., 
Liebermeister, W., Flamholz, A., Noor, E., Amram, S., Brandis, A., Bareia, T., Yofe, I., 
Jubran, H., Milo, R., 2013. Spanning high-dimensional expression space using 
ribosome-binding site combinatorics. Nucleic Acids Res. 41 (9), e98. 

Zheng, J., Huang, L., Cui, C.H., Chen, Z.C., Liu, X.F., Duan, X., Cao, X.Y., Yang, T.Z., 
Zhu, H., Shi, K., Du, P., Ying, S.W., Zhu, C.F., Yao, Y.G., Guo, G.C., Yuan, Y., Xie, S. 
Y., Zheng, L.S., 2022. Ambient-pressure synthesis of ethylene glycol catalyzed by 
C60-buffered Cu/SiO2. Science 376 (6590), 288–292. 

Zobel, S., Benedetti, I., Eisenbach, L., de Lorenzo, V., Wierckx, N., Blank, L.M., 2015. 
Tn7-based device for calibrated heterologous gene expression in Pseudomonas putida. 
ACS Synth. Biol. 4 (12), 1341–1351. 

L. Schada von Borzyskowski et al.                                                                                                                                                                                                          

http://refhub.elsevier.com/S1096-7176(23)00019-8/sref30
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref30
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref30
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref30
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref30
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref30
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref31
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref31
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref31
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref32
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref32
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref33
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref33
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref34
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref34
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref34
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref34
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref35
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref35
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref35
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref35
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref36
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref36
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref36
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref36
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref37
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref37
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref37
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref37
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref38
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref38
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref38
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref38
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref39
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref39
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref39
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref40
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref40
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref40
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref41
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref41
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref41
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref42
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref42
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref43
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref43
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref43
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref43
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref43
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref44
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref44
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref44
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref44
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref45
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref45
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref45
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref46
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref46
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref46
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref47
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref47
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref47
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref47
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref48
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref48
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref48
https://plasticseurope.org/wp-content/uploads/2021/10/2018-Plastics-the-facts.pdf
https://plasticseurope.org/wp-content/uploads/2021/10/2018-Plastics-the-facts.pdf
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref50
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref50
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref51
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref51
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref51
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref52
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref52
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref52
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref52
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref53
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref53
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref53
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref53
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref53
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref54
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref54
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref55
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref55
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref55
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref55
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref56
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref56
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref56
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref56
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref57
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref57
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref57
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref58
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref58
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref58
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref59
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref59
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref59
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref59
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref60
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref60
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref60
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref61
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref61
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref62
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref62
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref62
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref62
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref62
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref63
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref63
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref63
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref64
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref64
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref64
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref65
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref65
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref65
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref66
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref66
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref66
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref67
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref67
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref68
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref68
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref68
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref68
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref69
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref69
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref69
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref69
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref70
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref70
http://refhub.elsevier.com/S1096-7176(23)00019-8/sref70

	Implementation of the β-hydroxyaspartate cycle increases growth performance of Pseudomonas putida on the PET monomer ethyle ...
	1 Introduction
	2 Methods
	2.1 Methods for E. coli work
	2.1.1 E. coli strain construction
	2.1.2 Gene deletion by λ-Red recombineering
	2.1.3 Gene deletion via P1 transduction
	2.1.4 Gene overexpression in E. coli
	2.1.5 Media and growth experiments of E. coli
	2.1.6 Isolation and sequence analysis of Δgcl pZ-ASS-BhcCBD mutant strains
	2.1.7 13C labeling of proteinogenic amino acids

	2.2 Methods for P. putida work
	2.2.1 Chemicals & reagents
	2.2.2 Strains, media and cultivation conditions
	2.2.3 Vector construction
	2.2.4 Enzyme activity assays in P. putida cell extracts
	2.2.5 High-throughput growth assays and cell dry weight determination
	2.2.6 Adaptive laboratory evolution
	2.2.7 Quantification of ethylene glycol in spent medium
	2.2.8 Whole-cell shotgun proteomics
	2.2.9 DNA extraction, library preparation, Illumina sequencing


	3 Results
	3.1 Developing the BHA shunt for prototyping the core reactions of the BHAC in E. coli
	3.2 The BHA shunt complements an aspartate auxotrophic E. coli strain
	3.3 The BHA shunt complements an oxaloacetate auxotrophic E. coli strain
	3.4 The BHA shunt provides all biomass in an evolved E. coli Δgcl strain
	3.5 Implementation of the BHAC in P. putida enables improved EG assimilation
	3.6 Proteome analysis reveals changes in central carbon metabolism of P. putida upon introduction of the BHAC
	3.7 Evolution and characterization of a P. putida Δgcl ​+ ​BHAC strain with improved growth performance on EG

	4 Discussion
	Author statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


