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ABSTRACT: Rapid evolution of enzyme activities is often
hindered by the lack of efficient and affordable methods to
identify beneficial mutants. We report the development of a new
growth-coupled selection method for evolving NADPH-consuming
enzymes based on the recycling of this redox cofactor. The method
relies on a genetically modified Escherichia coli strain, which
overaccumulates NADPH. This method was applied to the
engineering of a carboxylic acid reductase (CAR) for improved
catalytic activities on 2-methoxybenzoate and adipate. Mutant
enzymes with up to 17-fold improvement in catalytic efficiency
were identified from single-site saturated mutagenesis libraries. Obtained mutants were successfully applied to whole-cell conversions
of adipate into 1,6-hexanediol, a C6 monomer commonly used in polymer industry.
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Carboxylic acid reductase (CAR) catalyzes the NADPH-
consuming direct reduction of a carboxylic acid into its

corresponding aldehyde through an in situ activation
mechanism that is enabled by a post-translationally grafted
phosphopantetheinyl group on a serine residue (Figure 1A).1,2

Over 40 bacterial and fungal CARs have been identified and
characterized for in vitro or in vivo syntheses of aldehydes
either as end products or as intermediates for subsequent
production of alcohols, amines, and hydrocarbons.3−17

Structural and mechanistic studies of CAR reveal a highly
organized catalytic process that is orchestrated by sequentially
shuttling substrates through an adenylation (A), a phospho-
pantetheinylation (P), and a reduction (R) domain.18−20 The
modular structure of CAR enables the application of its
individual domains in catalysis and the engineering of hybrid
enzymes through domain shuffling.21,22 Due to the broad
substrate specificity, CAR can potentially be applied to the
syntheses of a wide range of pharmaceutical and industrial
chemicals. Meanwhile, CARs often have suboptimal catalytic
activities on nonnative substrates, which have prompted large
enzyme engineering efforts.23−26 A high-throughput assay was
established to quantify the aldehyde products of CAR-
catalyzed reactions.27 Although the method was successfully
applied to the screening of a CAR mutant library of 6 × 103

variants, it is a highly instrument-intensive approach.23

■ RESULTS AND DISCUSSION

In order to greatly facilitate CAR engineering efforts, we seek
to develop an efficient and affordable method that is based on
redox balance, which plays a key role in the survival of cells.

Inefficient cycling of redox molecules between oxidized and
reduced states results in poor fitness, which can be rescued by
the introduction of new redox enzyme(s) to reestablish the
balance. Several growth-coupled schemes have been designed
and applied to the engineering of redox enzymes and microbial
cell factories.28−34 Among them, an NADPH auxotrophic E.
coli strain was generated as a sensor host for NADPH-
producing enzymes.29 Repurposing a metabolic engineering
strategy31 to elevate intracellular NADPH concentrations
through the replacement of an NADH-dependent glycolytic
enzyme with NADPH-dependent ones led to an E. coli host
that was successfully used for the growth-coupled selection of
lactate dehydrogenase mutants with altered cofactor preference
for NADPH.30 In this report, we developed an NADPH
overaccumulating E. coli strain (Figure 1B), which enabled
low-cost and rapid identification of CAR mutants with
improved catalytic activities on desired substrates. The strain
design entails redirecting the carbon flux of aerobic glucose
metabolism from the Embden−Meyerhof−Parnas (EMP) to
the oxidative pentose phosphate (PP) and the Entner−
Doudoroff (ED) pathways by deleting the pgi gene, which
encodes glucose 6-phosphate (G6P) isomerase.35 As a result,
one NADPH molecule is produced when one G6P molecule is
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oxidized by the G6P dehydrogenase (encoded by zwf) (Figure
1B). Furthermore, elevated flux through the PP pathway
results in additional NADPH synthesis through the oxidative
decarboxylation of 6-phosphogluconate (6PG), which is
catalyzed by 6PG dehydrogenase (encoded by gnd, Figure
1B). Since wild-type E. coli is capable of shuttling electrons
between NADPH and NADH through activities of trans-
hydrogenases that are encoded by sthA and pntAB, the strain
design also included the deletion of the sthA gene, which
encodes the soluble transhydrogenase that has the major
function of oxidizing NADPH to reduce NAD+.36,37

Establishing Growth-Coupled NADPH-Recycling Se-
lection. An E. coli strain, R-Δ2, was constructed by deleting
both pgi and sthA genes in the K-12 strain BW25113. When
cultured in minimal media with glucose as the sole carbon
source, R-Δ2 showed severe growth retardation with extended
lag phase and doubling time (td) in comparison to the wild-
type strain (Figure 1C). The observed fitness change was
hypothesized to be the result of the cell’s inability to oxidize
excessive NADPH. To verify that cell growth can be rescued
by an exogenously introduced NADPH-consuming reaction,
the wild-type CAR from Mycobacterium avium (MavCAR) was
expressed in R-Δ2 together with a phosphopantetheinyl
transferase (Sfp) from Nocardia iowensis. To minimize
metabolic burden caused by high level expression of the
MavCAR, the enzyme was expressed from a low copy number
vector with pSC101 replication origin and its expression was
inducible in the presence of IPTG. The obtained strain was
cultured in media with or without benzoate, which is a
preferred substrate of MavCAR.11 In the presence of benzoate,
a substantially shorter lag phase was observed (Figure 2A).
Meanwhile, the cytotoxicity of the compound led to slower
growth rate, which was also observed when the wild-type E. coli
strain was cultured in the same type of media (Figure S1). A
similar trend of cell growth was observed when cells were
cultured on agar plates. Colonies of MavCAR-expressing R-Δ2
cells appeared earlier on plates with benzoate (Figure S2).
Results from both liquid and solid cultures therefore confirmed

that CAR-catalyzed reaction recovered the aerobic growth of
R-Δ2 cells on glucose.
Next, we investigated the correlation between the growth

rate of R-Δ2 and the activity level of CAR. To avoid growth
difference caused by changes in the expression level of
MavCAR, activities of the enzyme in R-Δ2 strain were tuned
by culturing cells on minimal media plates containing varied
concentrations of 6-hydroxyhexanoic acid (6-HHA), which is
not a carbon source and has low cytotoxicity to E. coli (data
not shown). Since our previous study showed that MavCAR
has a Km value of 10.0 mM toward 6-HHA,11 we chose to
include this compound at concentrations that were equal or
lower than the Km. After 24 h of incubation, growth of R-Δ2/
MavCAR strain was observed on plates containing 6-HHA
(no. 2 in Figure 2B). Faster growth was observed at higher
concentrations. No unambiguous growth was observed for R-
Δ2 transformed with empty vector (no. 1 in Figure 2B). To
investigate potential cytotoxicity caused by the aldehyde
product of CAR-catalyzed reaction, a broad substrate

Figure 1. NADPH recycling-based whole-cell growth-coupled strategy for CAR engineering. (A) Reactions catalyzed by CAR enzymes. (B)
Schematic representation of an NADPH overaccumulating E. coli. Genes encoding the G6P isomerase (pgi) and the soluble transhydrogenase
(sthA) are deleted. (C) Growth characterization of E. coli strains in liquid minimal media with glucose. (Data are the average of biological triplicates
with standard deviations.) Cultures in pictures: right, wild-type, BW25113; left, R-Δ2, BW25113ΔpigΔsthA. Abbreviations: 6PGL, 6-
phosphogluconolactone; Ru5P, ribulose 5-phosphate; KDGP, 2-keto-3-deoxygluconate 6-phosphate; F6P, fructose 6-phosphate; G3P,
glyceraldehyde 3-phosphate.

Figure 2. Growth characterization of R-Δ2 strains expressing
MavCAR. (A) In liquid minimal media (1% glucose) without and
with benzoate (5 mM). Data are the average of biological triplicates
with standard deviations. (B) On solid minimal media (1% glucose)
with indicated concentrations of 6-hydroxyhexanoic acid (6-HHA).
Plates were incubated at 37 °C for 24 h. Strains were R-Δ2 expressing
Sfp with (1) empty vector, (2) MavCAR, (3) MavCAR-YahK. Strain
4 is wild-type E. coli. IPTG at a concentration of 0.25 mM was
included in both liquid and solid media.
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specificity aldehyde reductase (YahK) was expressed in R-Δ2/
MavCAR. This addition did not significantly affect the cell
growth (no. 3 in Figures 2B). The positive correlation between
activities of CAR and the growth of R-Δ2 strains was further
verified using MavCAR and a second CAR from Mycobacte-
rium marinum (MmCAR). The two enzymes have different
kinetic properties toward 6-HHA but behave similarly on
benzoate.11 Expression of the kinetically better MavCAR led to
faster growth in media containing 6-HHA (Figure S3). In the
case of benzoate, similar growth rate was observed for cells
expressing either CAR (Figure S3). Above results demon-
strated that E. coli R-Δ2 is an appropriate host for the
detection of CAR variants with improved activities in a protein
engineering experiment.
Engineering CAR for 2-Methoxybenzoate Substrate.

Our CAR engineering efforts focused on the adenylation step,
which is critical for substrate recognition in a CAR-catalyzed
reaction.18,22 We built a homology model of the A domain of
MavCAR using I-TASSER program38 based on known
structures of CAR enzymes with approximate 55% sequence
identity (Figure 3A).18 An active site consisting of 15 residues

was defined from a docking analysis with benzoate as the
substrate using AutoDock Vina39 (Figure 3B). The docking
grid box was defined based on the binding mode of benzoate in
a known structure of CAR (PDB ID 5MSD). Except for the
essential catalytic residue, His294, and four residues that were
shown to play insignificant roles in substrate recognition
(unpublished data), the remaining ten residues were subjected
to single-site saturated mutagenesis using the NNK codon
method. Obtained mutant libraries were selected in the R-Δ2
host expressing Sfp.
The CAR-catalyzed reaction of ortho-substituted benzoate

was reported to be unfavorable, presumably due to steric
hindrance.8 We therefore chose 2-methoxybenzoate as the first
target substrate in CAR engineering. The R-Δ2 host was
transformed with each of the ten libraries. Transformed cells
were plated on minimal media plates containing glucose (1%,
w/v) and 2-methoxybenzoate (1 mM). Colony formation was
monitored and documented every 12 h within a 72 h period. A
total of 21 colonies, including 18 with faster growth rate (from
N276, M296, S299, N335, and M389 libraries) and three with
similar growth rate (from W277 library) to the control, were
subjected to DNA sequencing analysis in order to identify

mutations (Table S2). Since one of the three isolates from the
W277 library was the wild-type MavCAR, it is an indication of
overgrowth during the selection. These three isolates were not
further characterized. Five mutants were identified multiple
times, one from each library (Table S2). These five multiple-
occurrence plus three single-occurrence mutants were ex-
pressed, purified to similar purity, and characterized by kinetic
assays (Figure S4 and Table 1). All mutants had lower Km

values for 2-methoxybenzoate than that of the wild-type
enzyme (2.24 mM). The reduction ranged from 20% (S299L)
to 4-fold (N335W) (Table 1). Among the five mutants that
showed higher kcat values, M389W had an approximate 2-fold
increase (Table 1). Meanwhile, mutant N335V had an
approximate 50% reduction in kcat. Overall, all mutants showed
increased catalytic efficiency (kcat/Km), while the mutant
N335W displayed the highest improvement of 4.7-fold
(Table 1). A general trend of changing hydrophilic residues
into hydrophobic ones was observed in beneficial mutants. The
only exception is the Asn to His mutation observed at position
276. The successful selection of single-site libraries of MavCAR
on 2-methoxybenzoate in R-Δ2 host demonstrated that our
NADPH recycling-based strategy is viable.

Engineering CAR for Adipate Substrate. To demon-
strate its generality, we examined the growth-coupled selection
strategy on another unfavorable substrate of MavCAR, adipate.
The same experimental protocol as the selection on 2-
methoxybenzoate was followed. The minimal media selection
plate contained adipate at 10 mM, a concentration that is lower
than the Km of the wild-type enzyme (Table 2). Colonies with
faster growth rate were obtained from six out of the ten
libraries (Table S3). Among the 33 clones that were
sequenced, at least one mutation was observed multiple
times in each of the six libraries (N276, S299, N335, M389,
T390, and G391, Table S3). Convergence to a single mutant
emerged for positions N335 and M389. The seven mutants
with multiple occurrences were characterized (Table 2 and
Figure S5). Except for the T390G mutant, which did not have
detectable activity, all other mutants showed lower Km toward
adipate than that of the wild-type enzyme (62.0 mM). Similar
trend of decreasing Km was observed in the 2-methoxybenzoate
experiment. Unlike selections on 2-methoxybenzoate, none of
the obtained mutants had an improvement in kcat on adipate.
Mutant N335R had the lowest Km of 2.6 mM on adipate,
which represents an approximately 24-fold improvement
(Table 2). It is also the catalytically most active mutant with
a 17-fold increase in the catalytic efficiency. We observed that

Figure 3. Homology model of the adenylation domain of MavCAR.
(A) Overall fold of the A domain. Residues in the active site are
shown as sticks. (B) Close-up of the active site. The catalytic His294
is labeled in red. The ten residues that were subjected to engineering
are labeled in black. The four residues that were not examined are
labeled in purple.

Table 1. Kinetic Characterization of MavCAR Variants on 2-
Methoxybenzoatea

variants Km (mM) kcat (min−1) kcat/Km (min−1 mM−1)

wild-type 2.24 ± 0.08 18.5 ± 0.2 8.3 ± 0.3
N276H (2) 1.14 ± 0.05 27.8 ± 0.3 24.4 ± 1.0
N276L (1) 1.47 ± 0.07 18.8 ± 0.2 12.7 ± 0.6
M296L (3) 1.14 ± 0.04 16.1 ± 0.1 14.2 ± 0.5
S299L (3) 1.84 ± 0.09 29.2 ± 0.4 15.9 ± 0.8
S299W (1) 1.31 ± 0.07 22.9 ± 0.3 17.4 ± 0.9
N335V (2) 0.76 ± 0.04 9.6 ± 0.1 12.6 ± 0.7
N335W (1) 0.55 ± 0.03 21.3 ± 0.3 39.0 ± 2.1
M389W (2) 1.57 ± 0.08 35.8 ± 0.5 22.8 ± 1.2

aNumbers in parentheses represent the occurrence of mutants. Data
are the average of three measurements with standard deviations.
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the introduction of a basic residue, Lys or Arg, in the active site
contributes to the large Km decrease in obtained mutants,
presumably through engaging in electrostatic interactions with
the second carboxylate group of adipate. Again, the exception
from this trend was observed at position N276, for which a
N276P mutant was detected twice. This mutant showed
similar kinetic properties to that of N276R, which contains a
mutation into a basic residue (Table 2). It was also observed
that each of the two highly converged positions led to a single
mutant that contained only one of the two basic amino acid
residues (Table 2 and Table S3). To check whether more
beneficial mutations were missed in the growth-coupled
selection at these sites, mutants N335K and M389R were
constructed and characterized (Table 2 and Figure S5). Both
mutants did show increased catalytic efficiency, but to a much
lower extent in comparison to improvements observed with
converged mutants, that is, N335R and M389K (Table 2).
While improved mutants were identified, the selection
experiment on adipate did lead to two false positives, T390G
and G391R, which showed no increase in catalytic efficiency,
although both were identified twice.
Aldehydes are versatile intermediates in syntheses. With

improved CAR mutants in hand, we further applied them to
whole-cell conversions of adipate into a C6 monomer in the
manufacturing of polyester (1,6-hexanediol (1,6-HDO))
through enzymatic reduction of the aldehyde product in
CAR-catalyzed reactions (Figure 4A). We first constructed E.
coli strains to express an MavCAR variant and an aldehyde
reductase (YahK) for the synthesis of 1,6-HDO. The wild-type
and five most active CAR mutants were examined (Figure 4B).
Cells were cultured in minimal media containing adipate (10

mM) as the substrate for 24 h. Since MavCARs are active on
both adipate and 6-HHA (Figure S6), a mixture of 6-HHA and
1,6-HDO at varied ratios was produced by all strains (Figure
4B). Meanwhile, formation of the two aldehyde intermediates
was not detected. Faster conversion was observed when
catalytically improved MavCAR mutants were expressed.
Meanwhile, the expression level of each CAR variant remained
similar (Figure S7). Expression of the best mutant in the
adipate selection, N335R, led to the highest combined yield of
6-HHA and 1,6-HDO at 87%. It also afforded the highest ratio
between 1,6-HDO and 6-HHA (95:5) as a result of improved
kinetics on 6-HHA substrate as well (Figure S6).

Conclusions. In summary, we established a new growth-
coupled selection strategy for the engineering of NADPH-
consuming enzymes using a genetically modified E. coli host,
R-Δ2. The method was applied to the identification of
MavCAR mutants with improved catalytic activities on
nonnative substrates, including 2-methoxybenzoate and
adipate. Results from the selection of single-site saturated
mutagenesis libraries of MavCAR revealed that five residues,
N276, M296, S299, N335, and M389, play important roles in
the substrate recognition. We also identified N276 as a highly
flexible residue. Further insights into the substrate specificity of
the mutant enzymes will benefit from structural data. Overall,
the NADPH recycling-based growth selection method has a
low rate of false positives. In comparison to instrument-
intensive mutant screening approaches, our selection method
has higher throughput and better accessibility. The method can
be further developed for the evolution of other NADPH-
dependent enzymes. At last, utility of the evolved MavCAR
mutants was demonstrated in whole-cell bioconversion of
adipate into an industrially important chemical, 1,6-HDO.

■ METHODS
General methods for media preparation, DNA manipulation, E.
coli strain construction, growth characterization, protein
expression and purification, and metabolite analysis are
included in the Supporting Information.

Single-Site Saturation Mutagenesis. To construct
single-site saturation mutagenesis libraries, the codon of the
target site was randomized using the NNK codon (N = A, C,
T, or G, K = T or G, 32 variants at nucleotide level). PCR
products covering the randomized sequences were ligated into
pZSC101-MavCAR-YahK that was linearized at either the
NheI and NsiI sites or two BamHI sites (only for the V423
library). More than 100 clones were obtained for each library,
which led to >95% coverage of the library diversity. Quality of
the libraries was verified by DNA sequencing.

Growth-Coupled Selection of CAR Mutant Libraries.
A single-site library was transformed into chemically
competent E. coli R-Δ2 that contained the phosphopante-
theinyl transferase-expressing plasmid, pZF-Sfp(Ni).11 Follow-
ing recovery in LB media, transformants were collected and
washed with M9 salts solution. An aliquot that resulted in
approximately 100 colony formation units (cfu), was plated on
M9 glucose agar plates containing appropriate antibiotics,
IPTG (0.25 mM), and a carboxylic acid substrate. Concen-
trations of the substrate were 1 mM for 2-methoxybenzoic acid
and 10 mM for adipic acid, respectively. Every selection
experiment also included a transformation plate for the wild-
type MavCAR plasmid as the control to gauge growth rates.
Colony formation and growth were monitored every 12 h until
unambiguous colony formation was observed on the control

Table 2. Kinetic Characterization of MavCAR Variants on
Adipatea

variants Km (mM) kcat (min−1) kcat/Km (min−1 mM−1)

wild-type 62.0 ± 3.9 59.5 ± 1.6 1.0 ± 0.1
N276P (2) 11.1 ± 0.5 47.3 ± 0.5 4.2 ± 0.2
S299K (2) 4.4 ± 0.2 30.1 ± 0.3 6.9 ± 0.3
S299R (4) 13.3 ± 0.8 45.2 ± 0.9 3.4 ± 0.2
N335R (8) 2.6 ± 0.1 44.9 ± 0.6 17.0 ± 1.0
M389K (8) 5.4 ± 0.3 32.3 ± 0.4 5.9 ± 0.4
T390G (2) b b b
G391R (2) 34.2 ± 1.4 29.6 ± 0.3 0.9 ± 0.1
N276R (1) 13.2 ± 0.5 49.3 ± 0.6 3.7 ± 0.2
N335K 9.4 ± 1.3 18.0 ± 0.6 1.9 ± 0.3
M389R 9.7 ± 0.7 33.2 ± 0.8 3.4 ± 0.2

aNumbers in the parentheses represent the occurrence of mutants.
Data are the average of three measurements with standard deviations.
bThe mutant exhibits no activity.

Figure 4. Bioconversions of adipate using MavCAR variants. (A)
Reaction schemes: enzymes (a) MavCAR and (b) aldehyde reductase
(YahK, E. coli). (B) Production of 1,6-HDO and 6-HHA. Data are the
average of three cultures with standard deviations.
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plate, which took approximately 72 h. In general, only colonies
that appeared before the control strain and had visibly larger
size were chosen for further analysis. The number of clones
that were further analyzed from each library ranged from 0 to
8, due to varied growth rates. These colonies were introduced
into LB media containing ampicillin and cultured for plasmid
isolation and DNA sequencing. Plasmids used in the
expression of CAR mutants were fully sequenced to confirm
there was no additional mutation in the CAR-encoding gene.
Biochemical Assays. All carboxylic acid substrates were

purchased either as the free acids or as salts, except for 6-
hydroxyhexanoic acid (6-HHA), which was obtained by basic
hydrolysis of the corresponding commercially available lactone.
Kinetic characterization of MavCARs followed a reported
protocol.11 The enzyme assay solution (0.15 mL) contained
NADPH (0.15 mM), ATP (1 mM), MgCl2 (10 mM), glycerol
(10%), DTT (1 mM), an appropriate amount of purified
protein, and a substrate of interest. Enzyme assays were
initiated upon the addition of a substrate of interest. CAR
activity was measured spectrophotometrically by monitoring
the oxidation of NADPH at 340 nm at 25 °C. A molar
extinction coefficient of 6220 M−1 cm−1 (340 nm) was used for
NADPH. Blank controls without the carboxylic acid substrate
were included for each set of assays. Triplicate experiments
were performed for each condition. Kinetic parameters were
obtained by analyzing data using Prism 7 (GraphPad
Software).
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