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Characterization of Carboxylic Acid Reductases for Biocatalytic

Synthesis of Industrial Chemicals

Levi Kramer," Erome Hankore, ' Yilan Liu,” Kun Liu,® Esteban Jimenez, Jianta

Nyt

Abstract: Carboxylic acid reductases (CARs) catalyze the reduction
of a broad range of carboxylic acids into aldehydes, which can serve
as common biosynthetic precursors to many industrial chemicals.
This work presents a systematic biochemical characterization of five
carboxylic acid reductases from different microorganisms, including
two known and three new ones, using a panel of short-chain
dicarboxylic acids and hydroxyacids, which are common cellular
metabolites. All enzymes displayed broad substrate specificities.
Higher catalytic efficiencies were observed when the carbon chain
length of either the dicarboxylates or the terminal hydroxyacids was
increased from C; to Cs. In addition, when substrates of the same
carbon chain length are compared, carboxylic acid reductases favor
hydroxyacids over dicarboxylates as their substrates. Whole-cell
bioconversions of twelve carboxylic acid substrates into
corresponding alcohols were investigated by coupling the CAR
activity with an aldehyde reductase in E. coli hosts. Alcohol products
were obtained at yields ranging from 0.5% to 71%. The de
stereospecific  biosynthesis of 1,2-propanediol isomers
successfully demonstrated with CAR being used as the key pathway
enzyme. E. coli strains accumulated 7.0 mM R-1,2-P
yield) or 9.6 mM S-1,2-PDO (1.4% yield) from glucose.
consolidates carboxylic acid reductases as promising
sustainable synthesis of industrial chemicals.
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Scheme 1. Catalytic mechanism of CAR enzymes. Abbreviations: A,
adenylation domain; R, reduction domain; -SH, phosphopantetheinyl group.

Chemical reduction of a carboxylate to an aldehyde group is
an energetically demanding reaction, which is also hard to
control because of the low energy barrier for the further
reduction of the aldehyde product into an alcohol. Three
biological routes are currently known to accomplish this
challenging transformation: (a) a single enzyme-catalyzed direct
reduction;® (2) a two-enzyme cascade reaction through a
coenzyme A thioester intermediate;'*'? (3) a two-enzyme

cascade reaction through a phosphoester intermediate.”™ In
comparison to the two-enzyme systems, single enzyme-
1
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catalyzed reactions present a simpler and more practical option,
even though the two-enzyme route (2) has been well explored in
microbial production of energy and industrial molecules such as
n-butanol and1,4-butanediol.'*' The CAR enzymes catalyze
an irreversible reduction of a carboxylate through in situ
activation and covalent linkage of the substrate to its
posttranslationally added phosphopantetheinyl arm at the
expense of an ATP, followed by the reduction of the resulting
thioester using NADPH (Scheme 1).°*'® The overall reaction
sequence is orchestrated by three distinct domains of CAR, the
adenylation (A) domain, the phosphopantetheinylation (PPT)
domain, and the reduction (R) domain (Scheme 1). A recent
structural biology study of CARs demonstrated the importance of
domain dynamics during the catalytic cycle.'” Although the
native substrate is generally identified as benzoic acid, studies
showed that CAR enzymes could tolerate a range of
substituents of various properties on the phenyl ring."® More
interestingly, CARs were reported to be active on aliphatic
mono-, di- or tricarboxylic acid metabolites, such as citric acid
and malic acid."®*” Recent studies also highlighted the use of a
CAR from Mycobacterium marinum for the biosynthesis of
alkanes as biofuel, due to its appreciable activity on C4-C+s fatty
acids.?'* Additional examples of incorporating CAR activities

in (bio)syntheses were recently reviewed.?*2

NADPH NADP*

ATP AMP, PP;
(@V O NADPH NADP*
\)LOH B >~ S o

OH OH

D-glucose D- or L-| Iactlc a(:|d

D- or L-| Iactaldehyde R-

\ \S)LSCOA PduP

D- or L Iactoyl CoA

Scheme 2. De novo biosynthesis of 1,2-PDO. a. Direct ri
by CAR; b. Two-enzyme reduction of lactic acid by Pct and
carboxylic acid reductase; Pct, lactoyl-CoA transferase; PduP, CoA-:
propionaldehyde dehydrogenase; YahK, lactaldehyde reductase.
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Ib/year.”®  1,2-PDO is mainly used in the production of

unsaturated polyester resin and asgheicer in anti-freeze products.
Due to its unique solubility for non- oluble molecules and
its GRAS statue, 1,2-PDO is also widel in formulations of
food, cosmetics, and medlcmes the CAR
enzyme in engineered E. capable of
homo-lactate fermentation onversion of lactic acids
ere further reduced to
nzyme replaced a
cheme 2) with a
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biosynthesis of
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nt commercial route of 1,2-PDO
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R®ults and Discussion

ation of New CAR Enzymes.

Bioche nd structural characterization of CAR enzymes
from Nocaldia iowensis (NiCAR), Mycobacterium marinum
(MmMCAR), and Segniliparus rugosus (SrCAR) have been
reported."”?*?"!  Based on their protein sequences, a
enetic tree was constructed from potential CAR enzymes
ere identified in the GenBank database using BLAST
ch (Figure S1 of Supporting Information). Three CAR
ndidates from Kutzneria albida (KaCAR), Mycobacterium
romaticivorans (MarCAR), and Mycobacterium avium K-10
(MavCAR), which have no previous literature precedent, were
chosen for further biochemical analysis. Phylogenetic analysis
shows that the three Mycobacterium CARs form one clad, while
the KaCAR and NiCAR form another clad (Figure 1). The two
clads are evolutionarily more closely related than to the SrCAR.

Mycobacterium avium (Mav)
-: Mycobacterium marinum (Mm)*
Mycobacterium aromaticivorans (Mar)
Kutzneria albida (Ka)
_|:Nocard/a iowensis (Ni)*

Segniliparus rugosus (Sr)*

0.04

Figure 1. The phylogeny is constructed using MEGA7.0.2% * The structure of
the adenylation and/or the reduction domain of the enzyme is available.

To evaluate their catalytic activities, each of the three
potential CAR candidates (KaCAR, MarCAR, and MavCAR) was

2
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expressed as fusion proteins with a C-terminal 6xHis affinity tag
in E. coli. The phosphopantetheinyl transferase (Sfp) from either
Bacillus subtilis or Nocardia iowensis was co-expressed to
ensure  efficient activation of CAR enzymes by
phosphopantetheinylation. Activities of purified enzymes were
assayed on benzoic acid, a commonly accepted CAR substrate
(Figure 2). Reduction of the carboxylates were followed by
monitoring the oxidation of NADPH at 340 nm.”! Blank controls
either without the carboxylic acid substrate or without the
purified enzyme were included for each set of assay. Two
known CARs (NiCAR and MmCAR) were also included in the
experiment to help gauge the activities of the three candidate
enzymes. As shown in Figure 2, all three candidate CARs could
indeed catalyze the reduction of benzoic acid. They were
confirmed as true carboxylic acid reductases. Among all the
enzymes tested, the MavCAR displayed the highest catalytic
activity, which was nearly six times more active than the
previously characterized MmCAR and slightly more active than
the best reported CAR from Mycobacterium abscessus.?*

200 T
1.50 T
1.00 T

0.50 T

Specific activity (U/mg)

0.00 -+

NiCAR

KaCAR MarCAR MavCAR MmCAR

Figure 2. Specific activities of CAR candidates on benzoic aci
pH 7.5. Data are shown as the averages of three measurem
represent the standard deviations.

A 4.00
3.50 +
=) -e-KaCAR —*MarCAR
£ 3.00 T +~MavCAR —*-MmCAR
=) NiCAR
> 250
2 200
[}
@®©
o 150 F  F——o
=
8 1.00
Q.
9 050
0.00
B

elative residual activity

erature (°C)
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Figure 3. Effect of temperature on CAR variants. A. The specific activities of
CARs at various reaction temperaturesy B. The thermostability of CAR
enzymes. The relative residual activity i ated using specific activity of
enzymes stored at 4 °C as the benchmark. shown as the averages
of three measurements. Error bars represent stan

Next, we examined how

med at 25, 30, 37,
.5; Figure 3A). A
nt increase of activities
re pronounced activity
KaCAR between 40 and
as tested using enzymes
eratures for 30 min (Figure
me assays at room temperature under
er treatment at 45 °C, all CAR enzymes
completely inactivated, while KaCAR
is the lea enzyme. The MavCAR retained
over 90% of the activity wing heating at 45 °C. It rapidly lost
activity between 47.5 °C and 50 °C, and became inactive at
5 °C. higher specific activity at elevated reaction
peratur d the good thermostability make the MavCAR an
ctive choice as a biocatalyst. The pH profiles of the CAR
es were tested between pH 5.5 and 9.0 at 25 °C. All
s were most active when the pH was near neutral.
showed an optimum activity at pH 6.5, KaCAR
isplayed an optimum activity at pH 7.5 (Figure 4).
Both MavCKRR and NiCAR showed a broad optimum pH range
between 6.5 and 7.5. Significant reductions in catalytic activity
were observed at lower or higher pH values (Figure 4).

increase was dete
45 °C. The t

standard conditions?

200 T

-e-KaCAR  —*-MarCAR
—*-MavCAR -*-MmCAR
NiCAR

Specific activity (U/mg)

Figure 4. Effect of reaction pH on the activity of CAR variants. Data are
shown as the averages of three measurements. Error bars represent standard
deviations.

Kinetic Studies of CAR Enzymes on C;-C¢ Dicarboxylic
Acids and Hydroxyacids.

Short chain carboxylic acids, such as lactic acid and succinic
acid, are common metabolites that can be accumulated as
bioproducts. Further enzymatic reduction of the carboxylates
leads to aldehyde products that can serve as precursors to
various industrial chemicals, such as 1,2-propanediol and 1,4-
butanediol. We therefore examined the kinetic properties of

3
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NiCAR, MmCAR, KaCAR, MarCAR, and MavCAR by using a
panel of C,-Cs dicarboxylic acid (Table 1) and hydroxyacid
(Table 2) substrates. The straight-chain carbon skeleton of
above molecules deviates significantly from the aromatic
scaffold of benzoic acid, the native CAR substrate. In addition, a
second hydrophilic functional group, carboxylate in dicarboxylic
acids or hydroxyl group in hydroxyacids, exists in these
substrates. Nevertheless, all the five CAR enzymes were able
to tolerate the structural changes and showed broad substrate
promiscuity to different extents, while benzoic acid remained as
the preferred substrate.

Table 1. Kinetic studies of CARs on dicarboxylate substrates (C»-Cs). * CARs,
1, KaCAR; 2, NiCAR; 3, MmCAR; 4, MarCAR; 5, MavCAR. * n.d., Activity
was not detected. Data are the average of three measurements with standard
deviation.

CAR® K, (mM)® Ko (min!) Kou/K;y (MM“'min)
oxalate
. )OHrO' 1-5 n.d.
O
malonate | 14 n.d.
A o | 5 1605:497 1.50.2 0.009:0.003
succinate 13 n.a.
o 4 281.3:84.3 5.9:0.8 0.02:0.01
'OJ\/\JO 5  13.2:33 3.410.2 0.26+0.07
1 4432152 6.3:0.6 0.14:0.05
2 314.2:1723  16.8+4.4
Q'Utara:)e 3 2733430  7.3:05
»o"o’\/\)Lor 4 n.d.
5 55140 13.5:0.4
1 4642107 15.6+1.3
_ 2 362470 14.120.9 0.39:0.
oad'pate 3 316122 10.9:0.2 0.3420.02
'o”\/\/\roro' 4 4444130 39.7+4.2 0.89:0.28
5 3706 13.520. 3.64:0.6
1 0.24x0.06 731.7+188.8
benzoate 2 0.78+0.08 33.2+14.6
o 3 0.30:0.06 35.541.4
@AO 4 42:08 209.6:18.1
5 14202
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Table 2. Kinetic studies of CARs on hydroxyacid substrates (C,-Cs). * CARs,
1, KaCAR; 2, NiCAR; 3, MmCAR; 4, MarCAR; 5, MavCAR. b n.d., Activity
was not detected. Data are the average measurements with standard
deviation.

CAR® K, (mM)° Kou/K, (MMmin)
1 133.4x13.4 0.1020.01
2 0.03£0.01
glyzo'ate 3 0.0820.01
N 4
5 0.09:0.01
0.0520.01
3-hydroxy 0.1420.02
procf)lonate 0.06+0.01
o*on 34.4+2.4 0.31:0.06
46.3:3.3 0.69:0.13
66.72.6 11201
4-hydroxy 34.8+1.6 1.1+0.2
butyrate 66.96.5 23.9:0.9 0.36:0.04
12824185  61.7x4.1 0.48:0.08
16.042.1 42,6117 2.7:0.4
26.6+4.9 1325100  5.0+1.0
101217 43.3:1.8 4.3:0.8
39.9:4.0 33.8:1.3 0.8520.09
36.0:3.8 65.8:2.8 1.820.2
12.8+1.8 50.3:2.7 4.6:0.7
1.7+1.2 109.2+4.1 9.3:1.0
6-hydroxy 2 4.6+0.7 46.2+2.5 10.1+1.6
heggnodte | 5 5r0.33 27.31.7 1.210.2
4 10620 79.9:6.0 7.5+1.5
5 10.0+1.4 93.5:3.3 9.3+1.4
1 1004:202  17.9:14 0.1820.04
2 1656643  55:0.9 0.030.01
""iCtate 3 22951235  14.820.8 0.0620.01
o 4 3402:718 300137 0.0920.02
- 5  217.3:266 653139 0.300.04
1 10032217 4603 0.0520.01
2 1420:413 58106 0.0420.01
D"idate 3 2409:518 5606 0.02:0.01
oAy 4 310.4:48.1 17.041.3 0.05:0.01
o 5 16209233 234115 0.1420.02

Two general trends of CAR activity were observed: (1) When
the carbon chain length of either the dicarboxylates (Table 1) or
the terminal hydroxyacids (Table 2) was increased from C, to Ceg,
all CARs showed lower K, and higher k.. values, which
correlates with an increase in catalytic efficiency. In an extreme
case of C, dicarboxylate, oxalate, none of the CAR enzymes
showed any detectable activity. The observed preference for
substrates of longer carbon chain length resonates with previous
report where fatty acids were examined as substrates of
MmCAR.?" (2) When substrates of the same carbon chain
length were compared, all CARs favored hydroxyacids over

4
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dicarboxylates as their substrates. This trend was more
prominent for KaCAR, NiCAR, and MmCAR, which showed no
detectable activity on any of the C; and C, dicarboxylic acids,
but were still active on the corresponding hydroxyacids. Among
all the examined enzymes, MavCAR showed the best activities
on dicarboxylic acids and was the only CAR that could utilize
malonate as the substrate. The MavCAR was also highly active
on hydroxyacids, while KaCAR and NiCAR displayed
appreciable activities on this group of substrates as well. We
speculate that varied activities on dicarboxylate and hydroxyacid
of the same chain length are resulted from the active site
properties of CAR enzymes. With benzoic acid as the native
substrate, a highly hydrophobic active site with limited ability to
engage hydrogen bond or ionic interaction was observed for
selected CARs.!" In comparison to hydroxyl group, the
negatively charged carboxylate group may lead to even greater
unfavorable interaction(s). We also tested two non-terminal
hydroxyacids, stereoisomers of lactic acid, and observed that all
the examined CAR enzymes were active with slight preference
to the L-isomer. The activities were generally lower than when
3-hydroxy propionate was used as the substrate.

Whole-Cell Reduction of Short-Chain Carboxylic Acids
using MavCAR.

Activities of CAR enzymes on short-chain carboxylic acids wegge
further investigated using E. coli strains that expressed Mav
which was shown to be the most promiscuous CAR variat E.
coli cells were cultured in media (pH 7.0) spiked with an
indicated short-chain carboxylic acid of interest to
concentration of 100 mM. Glucose was included in t
the carbon source for cell growth and to sup
NADPH as co-substrates for CAR activities.

0 0
MavCAR YahK
R —" L R —~,R
“non H ™AOH g _ cooH, -oH
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Figure 5. Reduction of short-chain carboxylates using E. coli cells expressing
MavCAR and YahK. The x-axis represgnts the substrates spiked in the
culture media. (A) Dicarboxylic acid sub. (B) Hydroxyacid substrates.
Cells were cultured in media (pH 7.0) ci 100 mM of indicated
carboxylate. Data are the average of three ents with standard
deviation.

jn vivo bioconversion of
ucted E. coli strain
ivities of D- and L-
ermentative D-lactate
hydrogenase due to
, and adhE genes. As a
isomers as the carbon
ducing lactic acid. It was
loconversion of lactic acids into
a CoA acylating pathway.”® Since the
and adhE eliminated reactions that
lent and reduced accumulation of
byproducts, the P rain is generally beneficial to the
reduction reaction of other carboxylic acids. Therefore, the
0-A* straigivas employed in all of our in vivo bioconversion

for glycolic acid. The consumption of glycolic
by E. coli significantly affected the bioconversion efficiency.
inimize the loss of glycolic acid to cellular metabolism, E.
in EG-A* was constructed and used in the bioconversion
cid to ethylene glycol. It was derived from MG1655
letion of glcD, gcl, aceB, and glcB genes, which
glycolate oxidase, glyoxylate carboligase, malate
synthase A, and malate synthase G, respectively. Above
manipulations abolish cells’ ability to use glycolic acid as the
n source. Preliminary experiment for 1,2-PDO synthesis
omers of lactic acid also showed that the expression of a
-encoded broad substrate range aldehyde reductase was
eficial for the reduction of aldehydes into alcohols (Figure S5
f Supporting Information).?®  This enzyme was therefore
overexpressed in all the whole-cell reduction experiments
(Figure 5).

As an initial test, we exami
lactic acids into 1,2-PD

lactate  dehydro
dehydrogenase,
chromosomal dele

Suitable E. coli hosts were transformed with an F plasmid
that encoded the Sfp protein and a pSC101-based plasmid,
which contained a MavCAR-yahK gene cassette. Following 72
h of aerobic cultivation, metabolites in the media were analyzed
by HPLC. For each of the C3-C¢ dicarboxylic acid substrate,
both the hydroxyacid, the product from the reduction of a single
carboxylate, and the diol, the fully reduced products, were
observed (Figure 5A). For each of the C,-Cs hydroxyacid
substrate, the corresponding diol product was detected (Figure
5B). By using the formation of the alcohol product as a measure
of the in vivo activity of MavCAR, a similar trend of substrate
preference as that observed in the kinetic characterization was
detected. With the increase of carbon chain length, higher
yields of the corresponding alcohol products were obtained with
either the dicarboxylic acid or the hydroxyacid substrates. In
addition, when substrates of the same carbon chain length were
used, significantly higher yields were obtained with hydroxyacid
substrates. The only deviation from this general trend was the

5

This article is protected by copyright. All rights reserved.



ChemBioChem

higher bioconversion yield of malonate than those of its C4 and
Cs analogs. It is possible that higher activity of YahK enzyme on
malonate semialdehyde leads to faster overall kinetics of the
bioconversion from malonate to 3-hydroxypropionate. Possible
toxicity caused by the carboxylate substrates was evaluated by
monitoring the cell growth (Figure S4 and Table S4 of
Supporting Information). Although extended lag phase was
observed in the presence of several compounds, minimal effect
on the doubling time was observed (less than 32%) for all
substrates except 3-hydroxypropionate. Products formed in the
above whole-cell experiments are all industrial chemicals with
varied market volumes and values. In particular, ethylene glycol
(production of glycolate), 1,3-propanediol (product of
malonate/3-hydroxypropionate), 1,4-butanediol (product of
succinate/4-hydroxybutyrate), and 1,2-propanediol (product of
lactates) are important monomers in polymer industry. The
whole-cell bioconversion results further emphasized the great
biosynthetic potential of CAR enzymes.

De novo Biosynthesis of 1,2-Propanediol (1,2-PDO) using
MavCAR

We further demonstrated the utility of CAR enzymes in the de
novo biosynthesis of 1,2-PDOs through the reduction of lactates.
Two previously constructed host strains were used in the
synthesis of each stereoisomer.®" E. coli, PDO-A, which
chromosomal deletions of dld, /ldD, adhE, frdA, pflIB, mgsA,
aldA genes,’ was used in the production of R-1,
through the reduction of D-lactic acid. E. coli, PDO-A’lldh, which

was used in the production of S-1,2-PDO through
of L-lactic acid.®” Each host was transformed
encoding MavCAR, YahK, and Sfp.
examined for 1,2-PDO synthesis from gluco
fermentor-controlled two-phase cultivation scheme.!*

additional hour of growth, the airflow was reduced
microaerobic cultivation and the gluco
point of transition was defined as
condition was chosen to enable the pro
oxidative phosphorylation, while still
biosynthesis of lactic acid as
Sampling was done at indic
growth and metabg
concentration in the
strains produced 7.0 mM
9.6 mM S-1,2-PDO from L-I
1.0% and 1.4% yield from
Optical purity a
at over 99% ee
addition, the PDO-4A
while the, PDO-4"lidh

the glucose
e two E. coli

orting Information). In
ated 695 mM D-lactate,
in produced 407 mM L-lactate (Figure
Information). Other metabolites,
nd ethanol, were also detected

(Figure S7 and S8 o Information). Since the two E.
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coli hosts lost the native pathway of ethanol biosynthesis
because of the adhE deletion, ossible source of ethanol

[Metabolites] (mM)

20 24
Time (h)

Figure 6. De novo biosynthesis of 1,2-PDO isomers by E. coli. (A) R-1,2-PDO
accumulation by PDO-A" strain. (B) S-1,2-PDO accumulation by PDO-A’lldh
strain. Open circles, ODggo nm; filled bars, 1,2-PDO. Data are the average of

Biocatalytic synthesis is becoming an indispensible choice for
chemical productions. Fulfilment of its full potential requires
relentless efforts into the discovery and the characterization of
enzymes that can catalyze the transformation of common
cellular metabolites into desirable industrial products. In this
study, we characterized five CAR enzymes on a panel of C»-Cs
short chain dicarboxylic acids and hydroxyacids, which can be
synthesized by microbial hosts through endogenous or
engineered pathways. The data showed that CAR enzymes
were active on a broad range of substrates and could tolerate
the presence of additional functional groups (i.e., hydroxyl and
carboxyl) in the substrates. The carbon chain length is a major
factor that influences the activity of CARs. Using the most
promiscuous CAR variant from our study, we completed whole-
cell bioconversions of dicarboxylic acid and hydroxyacid
substrates into corresponding alcohols, including industrially
important platform chemicals ethylene glycol, 1,2-propanediol,
1,3-propanediol, 1,4-butanediol, and 1,6-hexanediol. The utility
of CAR enzyme in the de novo biosynthesis from a renewable
starting material was further demonstrated through the
production of R- and S-1,2-PDO stereoisomers from glucose by

6
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engineered E. coli strains. The present work lays a solid
foundation to employ CAR enzymes in biocatalytic syntheses.
In light of recent advance in the structural studies of CARs, our
efforts currently focus on protein engineering and pathway
engineering to enable and optimize the de novo biosynthesis of
industrial chemicals (e.g., ethylene glycol and propanediols).
Overall, CARs’ ability to catalyze a single-step reduction of acid
metabolites positions them as promising enzymes for the
sustainable synthesis of chemicals.

Experimental Section
General.

All chemicals are of reagent grade or higher. All solutions were
prepared in deionized water that was further treated by
Barnstead Nanopure® ultrapure water purification system
(Thermo Fisher Scientific Inc). LB medium® (1 L) contained
Bacto tryptone (10 g), Bacto yeast extract (5 g), and NaCl (10 g).
M9 salts (1 L) contained Na,HPO, (6 g), KH.PO4 (3 g), NH4CI (1
g), and NaCl (0.5 g). M9 glucose medium contained glucose (10
g), MgSO, (0.12 g), and thiamine hydrochloride (0.001 g) in 1 L
of M9 salts. For whole-cell bioconversion experiments,
dicarboxylic acid or hydroxyacid substrates were included in M9
glucose medium at a final concentration of 100 mM. The pH of
the media was adjusted to 7.0 using KOH prior to inoculati
Fed-batch fermentation media (850 mL) contained NayH
(6.78 g), KH2PO4 (3 g), NH4CI (2 g), NaCl (0.5 g), and (NH,
(1 g). Antibiotics were added where appropriate to the following
final concentrations: chloramphenicol (in methanol), 1
kanamycin, 50 mg/L; ampicillin, 100 mg/L.
concentrations were determined using the Bio-R
protein assay kit (Bio-Rad Laboratories Inc). A Bi
HTX platereader was used to record UV-vis spectr,

CAR Cloning and Protein Purification.

Standard protocols were used for the construction, purifica
and analysis of plasmid DNA.P® PCR amplifications were
carried out using KOD HotStart DNA polymerase by folloYing
manufacture's protocol. Primer synthgflis and DNA seque
services were provided by Eurofin Operon. Tabj@ S1
(see Supporting Information) lists
primers that were used in this study. Bact
albida (ATCC25243), Mycobacterium
(ATCCBAA-1378), and Bacil

purchased from American (ATCC).
Strain Nocardia iowen purchased from the
German Collection of, Itures GmbH.

Mini Kit (Thermo Fisher Sci
Mycobacterium
Mycobacterium
from ATCC. The

. The genomic DNAs of
(ATCCBAA-968D) and
A535D) were purchased
B. subtilis or N. iowensis
ter® into the Xbal site

). Genes encoding CARs were
odon and cloned between the Ndel
ied pET30b vector. Table S2 of
all plasmids that were used in
lasmids were transformed into

this study. Sequence-veri
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protein expression host E. coli BL21(DE3). Following cultivation
in LB media to the exponential groyth phase, protein expression
was induced with IPTG at 0.5 CAR proteins with C-
terminal Hisx6 tags were purified us b Sepharose 6 Fast
Flow resin (GE Healthcare) by following re’s protocol.
containing
(150 mM), glycerol
mical assays. Purity of
jgure S2 of Supporting

Information).
Biochemical Assa

ased either as free acid
id and 4-hydroxybutyric
the hydrolysis of the
ing lactones. CAR enzyme
ted procedures at indicated temperature,
I The enzyme assay solution
H (0.15 mM), ATP (1 mM), MgCl, (10
ol (5%), DTT (1 mM), appropriate
amount of purified pro nd a substrate of interest. In 2-(N-
morpholino)ethanesulfonic acid buffer (MES, 50 mM) with pH
rgnge of 5.? and Tris-HCI buffer (60 mM) with pH range of

All carboxylic acid
or salt excepfy 5-h

commercially a
assays followed
pH, and substrate c
(0.15 ined

ed in the experiments to study the pH effects on
enzymes. All other assays were carried out in phosphate
(25 mM, pH 7.5). Sodium benzoate at a final
tration of 5 mM was used in assays where the specific
(Figure 2), the temperature profiles (Figure 3A), the
litv_(Figure 3B), and the pH profiles (Figure 4) of
were examined. In thermostability studies,
n CAR enzyme were incubated at the indicated
temperature for 30 min, then stored on ice for 5 min prior to
experiments. Enzyme assays were initiated upon the addition of
ubstrate of interest. CAR activity was measured
photometrically by following the oxidation of NADPH at
34m. A molar extinction coefficient of 6,220 M'cm™ (340 nm)
used for NADPH. Blank controls either without the
rboxylic acid substrate or without the purified enzyme were
cluded for each set of assay. Triplicate experiments were
performed for each condition. Data of kinetics assays were
analyzed using Prism 7 (GraphPad Software).

Whole-Cell Bioconversions.

E. coli EG-A* and PDO-A* were constructed following the PCR
product-mediated gene deletion method using primers in Table
S1 of Supporting Information.®® The appropriate host was
transformed with plasmid pZF-Sfp(Ni) and pZSC101-MavCAR-
YahK (Table S2 of Supporting Information). For bioconversions,
a single colony was inoculated in 5 mL LB media with
appropriate antibiotics and cultured at 37 °C overnight. A 100
uL of the overnight culture was transferred into 5 mL of M9
minimal salts media (pH 7.0) containing glucose (10 g/L), IPTG
(0.25 mM), and a carboxylic acid substrate of interest (100 mM)
in 30 mL culture tubes. Triplicate cultures of each strain were
cultivated at 37 °C with shaking at 250 rpm for 72 h. Products in
cell-free broth were identified and quantified by HPLC based on
previously established retention times (Table S3 of Supporting
Information) and calibration curves using authentic standards.
For products with low concentrations, including ethylene glycol
and 1,4-butanediol, 'H NMR was also used to confirm their
formation.
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De novo Biosynthesis.

Fermentations were carried out in a 2.0 L working capacity
UniVessel® controlled by a Biostat® B controller (Sartorius AG).
Temperature and pH were controlled with proportional-integral-
derivative (PID) control loops. The temperature was controlled
at 37 °C. The pH was controlled at 7.0 by the addition of acid (2
N H;SO,) and base (concentrated NH,OH at the first stage or
20% NaHCO; at the second stage). Dissolved oxygen was
measured using an OxyFerm probe. Fed-batch fermentations
were run in duplicate. Results were reported as the average of
the two runs. A seed culture was started by the introduction of a
single colony into 5 mL of M9 glucose medium. Culture was
grown at 37 °C with shaking for 16 h and subsequently
transferred into 95 mL of M9 glucose medium. The culture was
grown under the same condition for an additional 10 h. A
fermentation was initiated by transferring the seed culture (100
mL) into the fermentation vessel, which contained the fed-batch
fermentation medium (850 mL) and 20 g of glucose (50 mL).
The total initial volume of the fermentation culture was 1 L. A
two-stage cultivation scheme was used. In the first stage, the
D.O. was maintained at 10% air saturation through sequential
ramping of impeller speed and airflow rate to the preset values
of 1100 rpm and 1.0 cubic liter per minute, respectively. At this
point, IPTG was added to a final concentration of 0.25 mM.
Following an additional 1 h of cultivation, the microaerobic stage
was initiated by reducing the airflow rate to 50 cubic centimeter
per minute. At the same time, glucose solution (600 g/L) was
fed into the fermenter at a rate of 4.17 g/h for 24 h. Through
the second stage, the D.O. value registered as 0% air satur:
Samples were taken at indicated time points. Cell de
were determined by measurement of absorption at 600 nm
(ODego). Glucose concentration was monitored by HP Cell-
free broth was obtained for metabolite analysis. G,
were lysed for protein expression analysis.

Analytical Methods.

equipped with an Aminex HPX-87H column (300x7.8 m
Rad Laboratories) was used for metabolite identification

(v/v) ratio, then filtered through a 0.2
10 uL of the prepared sample wa
eluted at 45 °C with 5 mM sulfuric ac
carboxylic acids were detected at 210 nm
detector. Alcohols and glucosgq were detecte
index detector. Retention ti

ium salt of 3-
s included in the
for calibration. A solvent
to suppress the signal of
1,2-PDO from the de novo
a previously reported

(trimethylsilyl)propionic-2,2,
D,O as the internal stan
suppression pK
water. The opti
biosynthesis was
procedure.®
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