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Abstract

Triacetic acid lactone (TAL) is aplatform chemical biosynthesized primarily through decarboxylative
Claisen condensation by type 111 pol yketide synthase 2-pyrone synthase (2-PS). However, this reaction
suffers from intrinsic energy inefficiency and feedback inhibition by and competition for malonyl-CoA.
TAL production through non-decarboxylative Claisen condensation by polyketoacyl-CoA thiolase
alleviates many of these disadvantages. We discovered five more thiolases with TAL production activity
by exploring homologs of a previously reported polyketoacyl-CoA thiolase, BktB, from Cupriavidus
necator. Among them, the BktB homolog from Burkholderia sp. RF2-non_BP3 has ~ 30 times higher in
vitro and in vivo TAL production activity and led to ~10 times higher TAL titer than 2-PS when
expressed in Escherichia coli, achieving atiter of 2.8 g/L in fed-batch fermentations. This discovery of a
novel polyketoacyl-CoA thiolase with superior TAL production activity paves the way for realization of
total biomanufacturing of TAL.

Introduction

Microbial biosynthesis of chemicals and fuels is an important research topic as it seeks to

replace petroleum feedstocks with renewable biomass or one-carbon gasses, reduce the emissions of
greenhouse gasses and pollutants, and improve flexibility and capital efficiency 3, Enzymatic reactions
constitute the biosynthetic pathways to those molecules, so the selection of enzymes with high activity
and selectivity towards the target product is crucia to improve the titer, rate, and yield (TRY). Therise of
bioinformati cs and systems biology has offered more diverse tools for enzyme discovery and
selection®*®, and directed evolution and computational- and artificial intelligence-assisted rational design

can be used to further enhance the desired enzyme activity and performancea&g.

Triacetic acid lactone (4-hydroxy-6-methyl-2-pyrone, TAL) is aplatform chemical used in the synthesis
of food preservatives and additives, fragrances, and avariety of other chemical s*"and pol ymerslz_m.
Assuch, it isaprivileged molecule, and it can be synthesized both chemically and biological Iy15. Plants
such as Gerbera hybrida (Daisy) naturally produce TAL through two rounds of decarboxylative Claisen
condensation with acetyl-CoA asinitial precursor and malonyl-CoA as extension units catalyzed by a
type 111 polyketide synthase, 2-pyrone synthase (2-PS) (Fig. 1a)16. Heterol ogous expression of 2-PS
enabled TAL synthesis from different carbon sources in severa platform microbial hosts like Escherichia
colil7'19, Saccharomyces cere\/isiae17'2°'22, Yarrowia Iipolytica“'ze”24 and Rhodotor ula toruloi desZS, with
some publications reporting titers of more than 20 g/L. However, use of 2-PS and malonyl-CoA has
several disadvantages: ATP consumption to produce malonyl-CoA from acetyl-CoA by acetyl-CoA
carboxylase (ACC); allosteric inhibition of malonyl-CoA on ACC; and competition for malonyl-CoA
with native pathways like fatty acid biosynthesis®. In 2020, Tan et al. discovered that BktB from
Cupriavidus necator is apolyketoacyl-CoA thiolase and demonstrated its activity to produce polyketides,
including TAL, through repetitive non-decarboxylative Claisen condensation reactions with acetyl-CoA
as both precursor and extension unit in vitro or in vivo in E. coli (Fig. 1a)27. The omission of malonyl-
CoA by palyketoacyl-CoA thiolase circumvents the disadvantages of 2-PS, so polyketoacyl-CoA thiolase
isapromising alternative enzyme for microbial biosynthesis of TAL.

Here, we report a BktB homolog from Burkholderia sp. RF2-non_BP3 (bktBbr, WP_059700748.1),
discovered through tests on candidates selected from thousands of BktB homolog pools with different
phylogenetic distances to BktB from Cupriavidus necator (BktBcn). In addition to possessing the
advantages of being a polyketoacyl-CoA thiolase compared to 2-PS, it also has ~30 times higher TAL-
producing activity in vitro and in vivo than BktBcn and ~10 times higher activity than 2-PS. Expression of
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bktBbr in E. coli led to TAL titersin excess of 2.8 g/L in afed-batch bioreactor, the highest reported TAL
titer from E. coli. We anticipate that its implementation in other microbial hosts more tolerant than E. coli
to TAL, such as yeasts, could further increase the titer.

Results
Discovery of novel BktB homologsfor triacetic acid lactone production.

Unlike most other thiolases, BktBcn is a polyketoacyl-CoA thiolase able to accept acetoacetyl-CoA asthe
substrate for its non-decarboxyl ative Claisen condensation, generating TAL through spontaneous
cyclization of the triketide CoA. Hereafter, for convenience, all thiolase homologs of BktBcn will be
termed “ BktB”s. In thefirst step, the protein sequence of BktBcn was aligned using MAFTT with 2910
thiol ase sequences obtained from the Uniprot database. Based on the previous findings about C. necator
BktB structure (PDB, 4W61) possessing uni%uefeatures in a-helix-3 and a-helix-5 that expand the
substrate binding pocket relative to PhbAzr 2 , an additional analysis focusing on the a-helix-3 and o-
helix-5 was performed, which filtered the sequence pool from 2910 to 1798. Finally, a circular version of
a phylogenetic tree with the top 300 sequences was constructed accordingly by EMBL-EBI Phylogeny
(Fig. 1b). Hereafter, the name of BktBs from various microbial species are smplified as BktBxx, with xx
representing the genus and species names, respectively (Extended Data Table 1). Six BktB candidates
were then selected based on the evolutionary distance in three clusters, <0.004, 0.014~0.023 and >0.023.
Admittedly, there are still many homol ogs that are not addressed in this study, but it does not influence
our aim of selecting different homologs at distinct evolutionary distances.

To vaidateif the selected BktB candidates could produce TAL using acetoacetyl-CoA, all seven BktB
proteins including BktBcn were expressed in E. coli BL21(DE3) and purified for in vitro studies
(Extended Data Fig. 1a, 1b). Except for the nearly insoluble BktBrs, which failed to purify (Extended
Data Fig. 1a, 1b), all other BktB candidates converted acetyl-CoA and acetoacetyl-CoA into TAL (Fig.
2b, Extended Data Fig. 1c), leading to a hypothesis that BktB TAL-producing activity exists quite
broadly in thiolases. LC-MS analysis revealed that BktBs from Burkholderia species produced TAL at a
faster rate than BktBs from other microorganisms.


https://doi.org/10.1101/2022.12.04.519061

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.04.519061; this version posted December 5, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

o . . b Tree scale: 0.1 —m—
)LS_CQA )LS_CQA BktBbb
o Acetyl-CoA Acetyl-CoA
)l\ M BktBba
S~-CoA! HO' 'S-CoA .
‘ N .
Acetyl-CoA Thiolase  Malonyl-CoA 2PS BktBbr ——— . Qq’b‘
’ .
CoA CO,+ CoA ey »
o o 9 9
MSLnA MS' CoA
Acetoacetyl-CoA Acetoacetyl-CoA
A i
S~CoA HOMS-CQA
Acetyl-CoA Thiolase  Malonyl-CoA 2-PS
CoA CO,+ Coh
o 0 0 o O 0O
J ALK con o
Triketide Triketide

Spontaneous Spontaneous
lactonization lactonization
CoA CoA
o} o

/ﬁ )Oj BktBrs —/
= x
OH OH \— BkiBel

Triacetic acid lactone (TAL) Triacetic acid lactone (TAL) \ \— BktBen
BkiBct

Fig. 1. Biosynthetic pathways for triacetic acid lactone and evolutionary analysis of BktBcn
homologs. a) Two pathways for TAL production catalyzed by BktB and 2-PS. b) Circular phylogenetic
tree constructed after MAFFT alignment with 1798 homol ogous sequences, of which a-helix-3 and a-
helix-5 were identified for the alignment. Other regions of proteins were excluded from the alignment,
resulting in a specific focus on the featured region of homologs functionally equivalent to BktBcn.

Burkholderia BktBs displaying superior enzyme activity

To better understand how the seven selected BktBs are different from each other, protein sequences and
enzyme kinetics were analyzed. With the known structures of thiolase PhbAzr from Z. ramigera (PDBs
1DLV and 1DM3) and BktBcn (PDB 4W61), accurate secondary structures of the entire amino acid
sequence can be depicted. As reported, Y 66 is a unique feature of BktBs™ compared with thiolase
PhbAzr, which shares the ability to condense two units of acetyl-CoA into acetoacetyl-CoA with
BktBcn?® but cannot synthesize TAL®, Important regions in the alignment of seven BktB protein
sequences and PhbAzr highlight that these proteins have identical active sites of C90, N317, H350, C380
and G382 (amino acid positions referred to positions in BktBcn), with the conserved a-helix-5 for thiolase
biosynthetic activity. The differencein a-helix-3 diverges PhbAzr from BktBs, of which PhbAzr hasa
shorter helix with the amino acid sequence PARQAAMK, possibly aswell asthe variation in the loop
region of B-turn around the active site residue H350. Notably, Burkholderia BktBs are almost identical in
the highlighted regions with BktBcn, except for A68, which is only consistent in Burkholderia BktBs but
not in al other BktBs (Fig. 2a). Combining this with the aforementioned LC-MSin vitro TAL

bi osynthesis data showing that Burkholderia BktBs generate more TAL than other BktBs (Fig. 2b), we
hypothesize that Burkholderia BktBs are more active in enzyme activity.

There are two common ways to determine the enzyme activity, either monitoring the decrease of the
substrates or the increase of the products. Monitoring at UV wavel ength 298 nm has been widely used for
measuring the kinetics of TAL producing enzymes, including 2-PS and BktB®%". Here, we determined
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the kinetics of TAL formation by the consumption of CoA substrates, coupled with NADH formation by
a-ketoglutarate dehydrogenase (a-K GDH) utilizing free CoA released during TAL formation. Monitoring
NADH formation by excitation at 360 nm and emission at 460 nm is more sensitive than directly
monitoring TAL absorbance at 298 nm, which overlaps with protein absorbance at 280 nm. The activities
of all six soluble BktBs were compared by reacting with 0.1 mM acetyl-CoA and 0.1 mM acetoacetyl-
CoA. All three Burkholderia BktBs exhibited much higher activity than all other BktBs, especially the
fastest Burk sp. RF2-nonBP3 BktB activity, which was surprisingly nearly 30-fold higher than BktBcn
(Fig. 2c). As such, Burkholderia BktBs should be very efficient in TAL production in vivo.
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Fig. 2. Protein sequence alignment of selected BktB proteins and the kinetics under different
conditions. @) Regions of importance including the featured Y 66 and a-helix-5, active sites of the
sequences are highlighted. PhbAzr is used to show the difference between classic Thiolase Il and BktBs.
Red arrows indicate amino acids in the active site. X represents the non-consensus amino acids in the
alignment. The a-helices, -sheets and B-turns are underlined, and the 3-sheet has a gray background in
the consensus row. Amino acid positions referred to positions in BktBcen. b) Functional determination of
TAL formation by LC-M S with various BktBs in vitro.The reaction contains 1 mM acetyl-CoA and 1
mM acetoacetyl-CoA, incubated at room temperature for 30 min. ¢) Enzyme assays of six soluble BktBs.
The reaction contains 0.1 mM acetyl-CoA and 0.1 mM acetoacetyl-CoA, monitored at 460 nm
absorbance of NADH formation coupled with a-KGDH reaction at room temperature. Rate of enzyme
reactionsisindicated in the legend. BSA is used as the non-relevant protein for the negative control.

Genes encoding the tested BktBs along with 2-PS and the negative RFP control were then cloned into
pBbA5a31, amedium-copy BioBrick vector with medium strength promoter, and the resulting vectors
were transformed into E. coli JBEI-3695 (BW25113 AadhE AldhA AfrdBC Apta). The E. coli strains
harboring these resultant plasmids were grown, and the TAL concentration was measured. JBEI-3695 was
used as the host strain, asits deficiency in most of mixed-acid fermentation enzymes improved the supply
of substrate acetyl-CoA, which is converted to another substrate acetoacetyl-CoA by native acetyl-CoA
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acetyltransferase AtoB or overexpressed BkitBs themselves (Fig. 3a). After 48-hour post-induction
growth in 24-well plates under different temperatures, we determined that 25 -C growth led to highest
TAL titers (Extended Data Fig. 3). Strains expressing Burkholderia BktBs produced more than 75 mg/L
TAL, while most other BktBs only produced approximately 10 mg/L titer. Thetiter of the strain
overexpressing 2-PS produced approximately 30 mg/L, and strains with RFP and BktBrs had no
detectable TAL production. Among three Burkholderia BktBs, BktBbr yielded 0.3 g/L TAL, 30 timesthe
titer from BktBcn, resembling their in vitro test results (Fig. 3b). BioBrick vectors with different copy
numbers and promoter strengths were then tested for BktBbr, and as expected, the TAL titer improved
when the vector copy number was higher. Further implementation of a stronger promoter on pBbEla
resulted in 0.8 g/L TAL production (Fig. 3c). JBEI-3695 pBbEla-bktBbr, the strain with highest TAL
production in 24-well plates, was also grown in shake flasks with glycerol and glucose as carbon sources,
resultingin 0.4 g/L and 0.2 g/L of TAL, respectively (Fig. 3d).
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Fig. 3. Invivo TAL production. a) Pathway scheme of TAL production host strain JBEI-3695, an E. coli
BW25113 strain with most mixed acid fermentation pathways eliminated through knock-out of adhE,
IdhA, frdBC and pta (indicated by red crosses) for improved acetyl-CoA supply. Black arrows indicate
native pathways related to conversion of carbon sourcesto TAL; purple arrows indicate the reactions
catalyzed by overexpressed BktBs; orange arrows mean the reactions catal yzed by overexpressed 2-PS. b)
TAL titers of JBEI-3695 expressing different BktBs and 2-PS on pBbA5a, a medium copy humber vector
with medium strength promoter. c) TAL titers of JBEI-3695 expressing bktBbr on plasmids with different
copy numbers and different promoter strengths. Production runs (b and c) were performed in 24-well
plates with glycerol as carbon source. d) TAL titers from shake flask growth of JBEI-3695 pBbEla-
bktBbr, which expresses BktBbr on a high copy number vector with a strong promoter showing highest
TAL titer in 24-well plates. The experiments were performed in shake flasks with glycerol or glucose
carbon source. All growths were conducted under 25 -C.

Enhanced E. coli TAL production in fed-batch fer mentation.
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Fed-batch fermentation for TAL production with E. coli using 2-PS has been well

studied 8%, However, fed-batch fermentation with E. coli using BktB has not been reported in the
literature to our knowledge. Thus, we performed a 1-L fed-batch fermentation of E. coli JBEI-3695
pBbAb5a-bktBbr with glucose or glycerol as a carbon source. During the 5-day fermentation, cells grew
faster with glycerol, while TAL production was higher with glucose. Compared with ~1.6 g/L TAL
production in glycerol media, ~2.8 g/L TAL was produced in glucose media, becoming the highest titer
ever reported using E. coli (Fig. 4a, 4b, Extended Data Fig. 4a, 4b). Further analysis of the glucose and
secondary metabolite levels during the fermentation indicates that less TAL was produced after 74 h than
before 74 h. Although E. coli JBEI-3695 had nearly all mixed-acid production enzymes knocked out, the
acetic acid was probably produced by the remaining enzyme PoxB % The acetate was probably used asa
carbon source for growth and TAL production after glucose was exhausted (Extended Data Fig. 4a).
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Fig. 4. Fed-batch fermentation for enhanced TAL production. E. coli JBEI-3695 with pBbA5a-
BktBbr was used for TAL production, with &) glucose or b) glycerol as carbon source. The fermentation
was performed for 5 days. IPTG was added for protein expression at 4 h. Carbon source feeding was
controlled using a DO detector. Samples for measurement of cell density (OD,,) and TAL titer taken were
removed from the bioreactor at different time points and measured.

It is commonly accepted that TAL poses some toxicity to E. coli, but there has been no detailed study of
thistoxicity to our knowledge. Overcoming TAL toxicity iscritical for TAL productionin E. coli,
particularly if avery efficient TAL production enzyme, like BktB, is used. Here, three strains were
selected to test the TAL toxicity in the TAL production medium with various amounts of TAL spiked into
the medium. These three strains were BW25113, JBEI-3695 (BW25113 with deletions of genes adhE,
IdhA, frdBC and pta), and JBEI-3695 pBbEla-BktBbr which produces TAL (Extended Data Table 2).
After monitoring cell growth for 78 h at 37 -C, al three strains exhibited comparable TAL toxicity (Fig.
5a-c). Cells harboring a plasmid expressing BktB experienced higher growth inhibition due to potential
production of TAL (Fig. 5¢). Overall, the cell growth inhibition was only mildly inhibited with 2 g/L
TAL, while a significant inhibition occurred at 4 g/L. TAL, and no cell growth observed with 6 g/L and 8
o/L TAL. Thiscould aso explain why the highest titer achieved in bioreactors was not higher than 2.8
g/L. In conclusion, production of TAL in E. coli becomes challenging due to such toxicity, athough this
spike test does not represent the actual fermentation conditions.


https://doi.org/10.1101/2022.12.04.519061

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.04.519061; this version posted December 5, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

a b

- OglL — 4glL - 8glL = 0glL = 4glL - 8glL

—~ 2gL —~ 6glL 29l —« 6gl
1. s 20 9

- 0glL —— 4glL —= 8giL
«~ 2g/L — 6g/lL ® Comparisonwith LB, 1g/L

/

=
=
E. coli JBEI-3695 with BktBbr Cell density 0D600 O

0w

o
.

E. coli BW25113 Cell density ODE00

0.5m

hd

E. coli JBEI-3695 Cell density OD600

0 T g | T 1 OO T TTT TP I I I T] |
20 40 60 80 20 40 60 80 0 20 40 50 80
Time /h Time/h Time/h

Fig. 5. TAL toxicity to various E. coli strains. The incubation was conducted in a48-well plateat 37 [ 1,
running for 78 h. Cell growth is monitored at OD,,. Three biological replicates were included,
contributing to the error bars of standard deviation. a) E. coli BW25113. b) E. coli JBEI-3695.

¢) E. coli JBEI-3695 pBbEla-BktBbr and hence with TAL production ability.

TAL toxicity isdifferent for E. coli in LB broth, which is not asrich asthe TAL production medium. At 1
g/L TAL, thetoxicity was already so high that the cell growth was significantly inhibited, and no
adaptation to TAL toxicity was observed over a 100-h period (Extended Data Fig. 5). In comparison,
cell growth inhibition was equivalent with 4 g/L TAL inthe TAL production mediumand 1 g/L TAL in
LB medium (Fig. 5¢). This finding may |lead to a solution to reduce the TAL toxicity for E. coli because
the richer medium enhances most protein expression level s$® possibly including transporters responsible
for exporting intracellular TAL from the cell. Identification and up-regulation of the TAL transportersin
E. coli may beimportant for it to achieve the high TAL titers produced by yeast. Such transporter
engineering, for example efflux pumps, in E. coli has been reported to reduce the toxicity of bi ofuels*.
Therefore, further increases of TAL production by E. coli may require strain engineering or adaptive
laboratory evolution to mitigate TAL toxici ty35. Additionally, an efficient organic overlay could be also
helpful by transferring TAL from the fermentation broth to the overlay solution.

Summary

As abio-privileged molecule for organic synthesis in industrial manufacturinng, TAL has attracted a
growing interest. Yarrowia lipolitica and Rhodotorula tor uloides have been engineered to produce 36 g/L
and 28 g/L TAL, respectively 1425 "However, both studies used 2-PS as the TAL producer. 2-PS
consumes intracellular malonyl-CoA, which is critical for cell growth and maintaining other basic cell
activities, and whose supply from acetyl-CoA suffers from high energy use to fix carbon dioxide and
allosteric feedback. In this scenario, pol yketoacyl-CoA thiolase BktB exhibits advantages as an
aternative TAL producer by bypassing malonyl-CoA and directly using acetyl-CoA, one of the most
abundant intracellular CoA derivatives. In this study, BktBs from Burkholderia were shown to be
superior for TAL production, compared with the first reported BktB from C. necator. Highlighting the
featured structures and amino acids found in BktBcn, a phylogenetic analysis enabled us to discover other
Burkholderia BktBs among the numerous thiolases. These BktBs performed similarly in vitro and in vivo,
and BktBbr led to arecord-breaking titer of TAL production, 2.8 g/L, in E. coli, even if the production
may have been inhibited by TAL toxicity. Undoubtedly, this superior TAL producing enzyme could be
used in yeast for TAL production, by enhancing the acetyl-CoA level. Furthermore, due to the large
number of secondary metabolites potentially synthesized from TAL*®, there could be even more efficient
BktBs than the best onein this study. These additional enzymes, and their associated structures and
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functions, would enable usto understand the natural evolution of BktBs and to potentially produce even
more TAL using engineered microorganisms. Moreover, more BktBs could be discovered in the future to
serve as potential alternatives to native polyketide synthases for biosynthesis of diverse small

polyketides.

M ethods

Strain construction

Strain JBEI-3695 was constructed through step-by-step knockouts of adhE, IdhA, frdBC and pta in E. coli
K-12 BW25113. Each step of knock-out was conducted through A-Red-mediated recombination based
replacement of target gene with kanamycin resistance marker amplified from corresponding strains of
Keio Callection, alibrary of E. coli strains with each single gene replaced with kanamycin resi stance®’,
followed by FLP-mediated removal of resi stance®. All strains were stored in 30% glycerol under -80 -C.
Strains were streaked or plated on LB agarose plates (Teknova, Hollister, CA) with addition of antibiotics
at the following concentrations if necessary: carbenicllin (100 ug/ mL) and kanamycin (50 ug/ mL).
Unless specified, al media components and supplemented chemicals for strain growths and constructions
were acquired from Sigma-Aldrich (St. Louis, MO), Thermo Fisher Scientific (Waltham, MA) and
Becton, Dickinson and Company (Franklin Lakes, NJ).

Plasmid construction

All genes encoding BktBs and 2-PS were synthesized with GenSmart™ codon optimization, based on the
"Population Immune Algorithm", for E. coli and subcloned into pET-28a(+)-TEV vector between
Ndel/Xhol restriction sites by Genscript (Piscataway, NJ). Genbank Accession Numbers of proteins
tested in this study can be seen in Extended Data Table 1, and the list of plasmids used in this study can
be seen in Extended Data Table 2. Other plasmids were constructed through Gibson Assembly between
vector and genetic parts amplified by PCR with Phusion High-Fidelity DNA polymerase with all kits
from New England Biolabs (Ipswich, MA). The PCR amplified DNAs were purified by DNA Clean and
Concentrator or Zymoclean™ Gel DNA Recovery Kit (Zymo Research, Irvine, CA). Primers were
synthesized by Integrated DNA Technologies (Coralville, 1A). Biobrick plasmi ds®! with different copy
numbers and promoter strengths were used as vectors. The constructed plasmids were chemically
transformed to DH5a competent cells (New England Biolabs) and then their sequences were confirmed
through Sanger Sequencing by Sequetech Corporation (Mountain View, CA). The sequence confirmed
plasmids were then transformed into JBEI-3695 or other host strains through TSS chemical
transformation.

Protein purification

E. coli BL21(DE3) transformed with pET-28a (+)-TEV harboring the gene encoding BktBs or 2-PS was
inoculated into 10 mL of LB broth containing kanamycin, incubated at 37 | overnight at 225 rpm
shaking. This seed culture was used to inoculate 1 L of LB broth containing kanamycin and then
incubated at 37 [ for 2 to 3 hours at 225 rpm shaking. When the OD,,, reached 0.6, the culture was cooled
onicefor 15~20 min. 0.2 mM isopropyl p-D-1-thiogalactopyranoside (IPTG) was added to induce protein
expression followed by incubation at 18 71 to allow the protein expression. Cells were harvested by
centrifugation at 5,000 x g at 4 1. Harvested cells were transferred to a 50 mL Falcon tube kept at -80 |
until needed. Pelletsfrom 0.2 L of cell culture were thawed at room temperature and resuspended in a 10
mL cell lysis buffer (50 mM sodium phosphate, pH 7.4, 300 mM NaCl, 10 % glyceral). Cells were lysed
by sonication for 15 min (500-Watt, 30% amplitude, pulse 5s on and 10s off). Cell debris and other
insoluble material were removed by centrifugation for 45 min at 13,000 x g at 4 [1. The soluble fraction
was filtered using a0.22 um filter, mixed with 1 mL of Ni-NTA resin (Thermo Scientific, USA), and
incubated at 4 [1 for 1 hour under constant mixing. The resulting resin was washed twice with 10 mL
wash buffer (50mM sodium phosphate, pH 7.4, 0.3 M NaCl, 20 mM imidazole€), and the target protein


https://doi.org/10.1101/2022.12.04.519061

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.04.519061; this version posted December 5, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

was eluted using 5 mL elution buffer (50 mM sodium phosphate, pH 7.4, 0.3 M NaCl, 200mM
imidazole). Purity of the target proteins was checked using an SDS-PAGE gel. The protein concentration
was quantified by Bradford Assays using the BSA standard curve. Purified proteins were kept at -80 ' in
small aliquots until needed.

Protein sequence alignment and phylogenetic tr ee construction

Alignment of the protein sequences obtained from Uniprot (https://www.uniprot.org/) were performed in
MAFTT (https://mafft.cbrc.jp/alignment/server/) using UniRef50. The aligned sequences were analyzed
on ClustalW2 Phylogeny of EMBL-EBI (www.ebi.ac.uk/Tools/phylogeny/) by applying neighbor-joining
clustering methods. Visualization of the phylogenetic tree was generated by iTOL (itol.embl.def/tree).
The mode of thetreeis circular with rotation of 210 ° and arc of 350 °. The branch lengths were used to
represent the circular tree.

In vitro assays

Thein vitro assays for functional determination of TAL formation by LC-MS were performed in a 200 pl
total reaction volume containing 3 mM EDTA, 1 mM acetoacetyl-CoA, 1 mM acetyl-CoA and 50 ug (~6
uM) of purified enzymesin 100 mM potassium phosphate buffer, pH 7.2. The reaction isincubated at
room temperature for 30 min before LC-MS analysisfor TAL synthesis.

Thein vitro assays for kinetics using a-KGDH for CoA conversion has been reported ¥ For BktBs,
enzyme activities were performed at 22 ' in a 100 pL total reaction volume containing 50 mM sodium
phosphate, 3mM EDTA, 1mM dithiothreitol, 24 mU/uL o-ketoglutarate dehydrogenase, 2.5 mM NAD",
0.4 mM thiamine pyrophosphate, 2 mM a-ketoglutaric acid, 100 uM acetoacetyl-CoA, 100 uM acetyl-
CoA, and 3 uM of purified enzyme. The increase in absorbance at 460 nm (NADH generation) was
monitored in a SpectraMax M2 (Mol ecular Devices, USA) microplate reader for 30 min. Data pointsin
theinitial 4 min were used to generate the linear curve for the quantification of the initial reaction rate v,
slope of thelinear curve.

Invivo TAL production

The cell growth medium for TAL production was EZ-rich media (Teknova, Hollister, CA) supplemented
with 10 g/L tryptone, 5 g/L yeast extract, 5 mM calcium pantothenate and 20 g/L glycerol or glucose
carbon source and with replacement of 1.32 mM K,HPO, to 2.8 mM NaHPO, when glycerol was the
carbon source, modified from a previous report4°. During comparisons of different BktBs, cells were
grown in 2.5 mL media contained in Axygen® 24-well Clear V-Bottom 10 mL Polypropylene
Rectangular Well Deep Well Plates (Corning, Corning, NY') sealed with sterile AeraSea™ films (Excel
Scientific, Victorville, CA), while the flask growth was performed in 20 mL media contained in 250 mL
Pyrex narrow mouth Erlenmeyer flasks with screw cap (Corning). Before cell growth, a small portion of
glycerol stock was inoculated into a glass tube containing 5 mL LB with carbenicllin and grown overnight
under 37 °C. 1% volume of overnight seed cultures were then inoculated in the mediafollowed by
incubation under 37 -C initially. After three to four hours when cell growth reached exponential phase,
100 uM IPTG was added for induction and cells were transferred to Kuhner 1SF-1-W incubators (Kuhner
Shaker, Birsfelden, Switzerland) set at 200 rpm shaking and different temperatures of 37, 30, 28 and 25 -C
as needed. Cell cultures were collected for analysis after 48 hours of post-induction growth. At least three
biological replicates were grown in each round, and pre-screening of the colony with highest titer was
performed if colony-to-colony variance was high.

LC-MSTAL identification and quantification
TAL analysis was performed using an Agilent LC/MSD 1Q system (Agilent Technologies, Santa Clara,
USA). Bothin vitro and in vivo, 50~100 uL samples were mixed with equal volume of 100 % acetonitrile
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containing internal standard, (5S,6S)-6-i sopropyl-5-methyldihydro-2H-pyran-2,4(3H)-dione (C,H..O,,
170.21 Da), followed by filtration with 3 MWCO 96-well plate (Pall Corporation, Port Washington, NY).
Kinetex XB-C18, 2.6 um, 3 mm x 100 mm column (Phenomenex, USA) was used for LC separation of
the molecules. 3 uL sample was injected in the LC-MS for analysis. Mobile phase A was water with 0.1
% formic acid, and mobile phase B was methanol with 0.1 % formic acid. The detailed method and
parameters are shown in Extended Data Table 3. MS was run in negative mode, leading to m/z of TAL
is125.1 and m/z of internal standard is 169.1. Target peaksin SIM mode were auto integrated for peak
area. The peak area of TAL is calibrated by the interna standard signal.

HPLC TAL quantification

The TAL titers were quantified using an Agilent 1200 HPLC System (Agilent Technologies, Santa Clara,
CA) with Diode Array Detector (DAD) under 298 nm. 500 uL of collected TAL production broth was
mixed with 500 uL acetonitrile, followed by 5000 x g centrifuge for 5 min. 300 pL of supernatant was
filtered under 3 kDathrough Amicon Ultra-0.5 mL Centrifugal Filters (Millipore, Burlington, MA) or 96-
well plates (Pall Corporation, Port Washington, NY), then transferred to HPLC vials. Different
concentrations of TAL standard samples were also prepared and measured through the same way to create
the standard curve. Kinetex 2.6 um EVO C18 100 A LC Column with 100 x 4.6 mm size (Phenomenex,
Torrance, CA) was used. The sample injection volume was 10 pL. The mobile phase and LC program
were the same as LC-MS.

Fed-batch fer mentation conditions

Fed-batch bioreactor experiments were performed in 2-L bench top glass fermenters (Biostat B, Sartorius
Stedim, Gottingen, Germany) equipped with two 6-blade Rushton impellers. Cells were grown at 37 °C,
200 rpm for 16 h in LB media. All tanks were batched with 1 L of LB-like EZ-Rich media containing
glucose or glyceral as carbon source. The bioreactors were inoculated with seed cultures at a starting OD
of 0.05. Temperature, agitation, and air flow were maintained constant at 22 °C, 300 rpm and 0.5 vvm,
respectively and pH was controlled to 7.0 using 10% (v/v) H.SO. and 14% (v/v) NH.,OH. Protein
expression was induced with 0.1 mM IPTG when OD reached 0.6 and temperature was adjusted to 22 °C
after induction. Fed-batch experiments employed a DO signal-triggered feeding loop (ADO = 15 %, Flow
rate = 40mL/h, Pump duration = 5 min). Glucose feeding started when the initial amount of glucose was
depleted with a feed solution containing 600 g/L glucose or glycerol and 50 mg/L carbenicillin, 2 ml
samples were taken in regular intervals and centrifuged at 15,000 x g for 5 min. For anaysis, the
supernatant was filtered (0.2 mm) and stored at -20 °C, and the cell pellet was stored at -80 °C.
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Extended Data Figures and Tables

Extended Data Table 1. GenBank Accession numbers of proteinsused in this study.

Protein Source Accession Number
BktBct Cupriavidus taiwanensis WP_116336749.1
BktBba Burkholderia ambifaria WP_012371925.1

BktBbr Burkholderia sp. RF2-non_BP3WP_059700748.1
BktBbb Burkholderia sp. Bp8998 WP_124663072.1

BktBcn Cupriavidus necator WP_011615089.1
BktBcl Cupriavidussp. L7L WP_133094381.1
BktBrs Rhodosalinus sediminis WP_115980015.1
PhbAzr Zoogloea ramigera WP_160787147.1
2-PS  Gerberahybrida CAAB86219.2

Extended Data Table 2. Strains and plasmids used in this study.

Strain/Plasmid Genotype Source
Strains
BW25113 lacl” rrnBrys AlacZ,,, hsdR514 AaraBAD,,., ArhaBAD,., rph-  Ref ¥’
1A(araB-D)567 A(rhaD—B)568 Alacz4787(::rrnB-3) hsdR514
rph-1
BL21(DE3) B F ompT gal dcmlon hsdS(r.my) A(DE3 [lacl lacUV5-T7p07 New England
ind1l sam7 nin5]) [mal B]...(A?) Biolabs
JBEI-3695 BW25113 AadhE::FRT AldhA::FRT AfrdBC::FRT Apta::FRT This study
Plasmids
pET28a(+)-TEV ColEl1 ori; P, Genscript

PET28 his6 TEV_bktBct ColE1 ori; Kans; P,.: bktBct with N-terminal 6x his-tag and This study
TEV protease site

pPET28 his6 TEV_bktBba ColE1 ori; Kans; P,.: bktBba with N-terminal 6x histagand  This study
TEV protease site

pPET28 his6 TEV_bktBbr ColE1 ori; Kans; P,.: bktBbr with N-terminal 6x his-tag and This study
TEV protease site

pPET28 his6 TEV_bktBbb ColE1 ori; Kans; P,.: bktBbb with N-terminal 6x histagand  This study
TEV protease site

PET28 his6 TEV_bktBcn ColE1 ori; Kans; P,,: bktBcn with N-terminal 6x his-tag and This study
TEV protease site

pPET28 his6 TEV_ bktBcl ColEl ori; Kanr;, P, bktBcl with N-terminal 6x his-tag and This study
TEV protease site

pPET28 his6 TEV bktBrs ColE1 ori; Kans; P,,: bktBrswith N-terminal 6x histag and This study
TEV protease site

pBbA5a-RFP p15A ori; Amps; P..... RFP Ref 3
pBbS5a-RFP SC101 ori; Amp; P..... RFP Ref 3
pBbESa-RFP ColE1 ori; Amp; P....: RFP Ref 3
pBbEla-RFP ColE1 ori; Ampr; P,.: RFP Ref %

pBbA5a-bktBct p15A ori; Amps; P....: bktBct This study
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pBbAb5a-bktBba p15A ori; Amps; P....: bktBba This study
pBbA5a-bktBbr p15A ori; Amps; P...: bktBbr This study
pBbA5a-bktBbb p15A ori; Amps; P..... bktBbb This study
pBbA5a-bktBcn p15A ori; Amps; P.... bktBcn This study
pBbA5a-bktBcl p15A ori; Amps; P....: bktBcl This study
pBbAS5a-bktBrs p15A ori; Amps; P....: bktBrs This study
pBbA5a-2PS p15A ori; Amps; P, 2-PS This study
pBbS5a-bktBbr SC101 ori; Amp?; P...: bktBbr This study
pBbESa-bktBbr ColE1 ori; Ampr; P, bktBbr This study
pBbEla-bktBbr ColEL1 ori; Ampr; P,.. bktBbr This study

Extended Data Table 3. L C-M S method and parametersfor TAL identification and quantification.

Time/ min Al% B/% Flow rate / mL/min
0 80 20 0.42
6.5 28 72 0.42
HPLC method 7.8 5 95 0.42
8.8 5 95 0.42
9 80 20 0.42
11.2 80 20 0.42
Column temperature/ C 40
DAD /nm 254, 298
MS Scan [M+H]- m/z 100-200
SIM-1, m/z 126.12 TAL
SIM-2, m/z 170.21 Interna standard, (5S,65)-6-isopropyl-5-methyldihydro-2H-

pyran-2,4(3H)-dione
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Extended Data Fig. 1. Purified proteinsand LC-M S of in vitro TAL formation. a) Protein
concentrations, measured by Bradford assay, of purified BktBs from E. coli BL21(DE3) by nickel resin.
b) SDS-PAGE gel result of purified proteins used in this study. 55 ug of proteins was loaded into each
lane. SDS-PAGE gel (Bio-Rad, USA) was precast to 4~20 %, run at 140V for 1 h. ¢) LC-MS result of
TAL identification with mass spectrum. TAL eluted at 3.82 min. Mass spectrum of pure TAL standard
and in vitro reaction of TAL production are shown on theright. m/z of 124.9isTAL, and 169.0 isthe
internal standard.
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Consensus - - - S6 RTAIG FGG L LGA L' RA 'V 6 VGH 'FG V TEP DMYL RVAA

10 20 30 40 50 60 70 80
BktBen - - APA D 77
BktBot - - APA D 77
BktBel - - - APA D 77
BktBbb MSN SPT A 80
BktBba MSN SPT A 80
BktBbr MSN SPT A 80
BkiBrs - - --MN PPIT 76

Consensus VNRLCGSG QAIVS LGDA GG E MSRAPY MGD DMMLGAL

90 100 110 120 130 140 150 160

BktBcn SINAP
BkiBct SINAP
BktBcl SINAP
BkiBbb ARIHTP

157
157
157
160

BktBba ARHTP 160
BktBbr A HTP N PS 160
BktBrs PETVP N PEQ R NCP 156

Consensus MGVTAENVA ALES RRA QI P TDEH LKP F
170 180 190 200 210 220 230 240

BktBcn SA P 237
BktBct SA P 237
BktBcl SA P 237
BktBbb K AR P 240
BktBba K AR P 240
BktBbr AR P 240
BkiBrs T.Q AA AR ETRQMT PKPS P 236

I AL s I lul III| I|IIII|I JHIHE ikl o I|IIII|
Consensus KE GTVT GNASG ND AAA ARL Y HAGV P MGIGPVPA LER GL D DVIE
250 260 270 280 290 300 310 320

BktBcn ERAEMAERR PKT P 317
BktBct ERAEAERR PKT B 317
BktBcl ERAEAERR PKT P 317

BktBbb SABAARAQ A PAY P 320

BktBba SADAARAQ A PAY P 320
BktBbr 5 A AARAQ A PAY P 320
BktBrs AAKAABLTPR A RPEV P 315

Consensus NEAFAAQA AV LGLDP KVNPNG I LGHPIGATGA IT KAL EL R GRYALVTMCIGGGQGIA
330 340 350 360 370 380 390

BktBcn KA P 394
BktBct KA P 394
BktBcl KA P 394

BktBbb QE P 397

BktBba QE P 397
BktBbr QE P 397
BkiBrs DA P 392

Extended Data Fig. 2. Complete protein sequence alignment of BktBs. Seven selected BktBs are
aligned by MAFFT. The consensus amino acid residues are highlighted in different colors and shown in
the Consensus row. The bar graph shown above each sequence alignment represents the identity % of
amino acids at different positions.
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Extended Data Fig. 3. In vivo TAL production by E. coli strains expressing different BktBs and 2-
PSin 24-well plates under different temperatures. The host strain was JBEI-3695 (BW25113 AadhE

AldhA AfrdBC Apta), and strains were cultivated with glycerol carbon source.
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Extended Data Fig. 4. Analysisof 1 L fed-batch fer mentation with E. coli JBEI-3695. Samples were
collected at different time points, allowing the HPLC analysis of the glucose/ glycerol level and
metabolites levels. @ Growth and production with glucose in the medium. b) Growth and production with
glyceral in the medium. The y axisis adjusted to be the same between @) and b).
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Extended Data Fig. 5. TAL toxicity to E. coli strainsin L B medium. The incubation was performed in
a48-well plate under 37 [ for 100 h. Cell growth was monitored by measuring OD,,. Three biological
replicates were included, contributing to the error bars of standard deviation. a) E. coli BW25113, b) E.
coli JBEI-3695.
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