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Abstract

In this study, we selected and engineered a flavin adenine dinucleotide (FAD)-dependent alcohol oxidase (AOX) to
produce 1,4-cyclohexanedicarboxaldehyde (CHDA), an initial raw material for spiral compounds, from 1,4-cyclohexan-
edimethanol (CHDM). First, the structure of alcohol oxidase from Arthrobacter cholorphenolicus (AcCO) was analyzed,
and the mechanism of AcCO-catalyzed primary alcohol oxidation was elucidated, demonstrating that the energy
barrier of the hydride (H™) transfer (13.4 kcal-mol~" and 20.4 kcal-mol™") decreases the catalytic efficiency of the
primary alcohol oxidation reaction. Therefore, we designed a protein engineering strategy to adjust the catalytically
active conformation to shorten the distance of hydride (H™) transfer and further decreased the core energy barrier.
Following this strategy, variant W4 (S101A/H351V/N3785/Q329N) was obtained with 112.5-fold increased catalytic effi-
ciency to produce CHDA compared to that of the wild-type strain. The 3 L scale preparation of CHDA reached a titer
up to 29.6 g-L " with a 42.2% yield by an Escherichia coli whole-cell catalyst, which demonstrates the potential of this
system for industrial application.
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Introduction alcohol oxidation, including typical chemical oxidants,

1,4-Cyclohexanedicarboxaldehyde (CHDA) is a cyclohex-
ane derivative that contains two aldehyde groups, which
is used as the initial raw material in the organic, phar-
maceutical, and material fields (Akbulut et al. 2013; Kwit
et al. 2007; Pellegrino et al. 2012). For example, CHDA is
widely used as a thermotropic liquid crystal module for
optical display and screen manufacturing (Feuerbacher
et al. 1999). CHDA is commonly synthesized by a hydro-
genation reaction (Zhao et al. 2017), hydroformylation
reaction (Miao et al. 2021), and primary alcohol oxidation
reaction with dimethyl 1,4-cyclohexanedicarboxylate,
3-cyclohexene-1-carboxaldehyde, and 1,4-cyclohexaned-
imethanol (CHDM) as the substrate, respectively. Among
them, the primary alcohol oxidation reaction from
CHDM to CHDA is efficient without by-product for-
mation, and is thus a widely used process, which uses a
chemical oxidant (Silbert et al. 2019) and transition metal
as a catalyst (Asadi et al. 2014; Zhou et al. 2016).

The primary alcohol oxidation reaction is an impor-
tant reaction in organic synthesis to convert alcohols
to aldehydes, including aliphatic aldehydes, benzyl
aldehydes, and allyl aldehydes, which are the essen-
tial building blocks for fine chemicals, pharmaceuti-
cals, fragrances, and food ingredients (Kunjapur and
Prather 2015; Wu et al. 2021; Krishnan et al. 2020).
There are three types of catalysts to catalyze primary

homogeneous catalysts, and heterogeneous catalysts.
However, typical chemical oxidants, such as Cr (VI)
(Elmaaty and Castle 2005), Mn (VII) (Hossain and
Shyu 2010), heptavalent iodine (Lee and Lee 2009), and
dimethyl sulfoxide (DMSO)-coupled reagents (Shel-
don 2012), exhibit disadvantageous properties of low
atomic utilization, low safety, and high cost. Homoge-
neous catalysts mainly use the Cu/2,2,6,6-tetrameth-
ylpiperidinooxy (TEMPO) system for the reaction
and can use air-oxidized alcohol to produce the cor-
responding aldehyde without an additional base; how-
ever, the catalyst cannot be recycled, which results in
higher production costs (Marais et al. 2021). Hetero-
geneous catalysts involving metal and non-metal cata-
lysts, such as Ru (Yamaguchi and Mizuno 2002), Pd
(Pillai and Sahle-Demessie 2004), Au (Abad et al. 2006),
SiO, (Raynal et al. 2014), and C;N, (Cruz et al. 2016),
have excellent stability and dispersibility; however, the
preparation of metallic catalysts is very expensive and
the alcohol is more readily peroxidized by non-metallic
catalysts. In addition to chemical catalysts, the primary
alcohol oxidation reaction can be catalyzed by biocata-
lysts, such as laccases (E.C.1.10.3.2) (Bassanini et al.
2021), alcohol dehydrogenases (ADHs, E.C.1.1.1) (Zhou
et al. 2020), and alcohol oxidases (AOX, E.C.1.1.3)
(Tjallinks et al.2021; Mattey et al. 2021). This method
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has great application prospect because of the mild
reaction conditions, convenient operations, and high
regioselectivity.

In this study, we selected alcohol oxidase from A.
cholorphenolicus (AcCO) as the biocatalyst to convert
CHDM to CHDA and elucidated the catalysis mecha-
nism. Based on this catalysis mechanism, we established
a directed evolution strategy to adjust the catalytically
active conformation to further decrease the energy bar-
rier of hydride (H™) transfer and obtained an optimal
variant, W4 (S101A/H351V/N378S/Q329N), with 112.5-
fold higher catalytic activity to produce CHDA. The
CHDA titer reached 29.6 g-L ™" with a 42.2% yield ina 3 L
FAD-dependent AcCO-catalyzed process.

Materials and methods

Materials

The expression plasmid pET28a(+) and the host strain
Escherichia coli BL21(DE3) were purchased from Nova-
gen (Madison, WI, USA). The restriction enzymes (Sacl,
Sall, BamH], and EcoRI) and PrimerSTAR polymerase
were purchased from TaKaRa Biomedical Technology
(Dalian, China). KOD polymerase and the one-step clon-
ing kit were purchased by Talen Biomedical Technology
(Shanghai, China) and Vazyme (Nanjing, China), respec-
tively. AcCO, SsADH, BrsADH, GOase, and HIADH were
synthesized by Talen (Shanghai, China) with codon opti-
mization, and the enzymes from four different sources
(RsAO, TvL, BsL, and TviL) were cloned from the cor-
responding strains (Additional file 1: Table S1). All other
chemicals and solvents were obtained commercially.

Construction of recombinant strains

Each of the AcCO, SsADH, BrsADH, GOase, HIADH,
RsAO, TvL, BsL, and TviL. genes was inserted into the
pET28a(+) using corresponding restriction sites (BamH]I,
EcoRl, Sacl, or Sall) to construct the recombinant strains,
respectively. All primers used in this study are listed in
Additional file 1: Table S2. Next, the target gene fragment
was recombined into the linearized vector using the one-
step cloning kit to obtain recombinant strains. Finally,
the resultant PCR products were transformed into E.
coli BL21(DE3) cells for DNA sequencing (GENEWIZ,
China) or enzyme purification.

Mutant library construction and screening

The primers used for constructing the variants of AcCO
are summarized in Additional file 1: Table S3. AcCO
(GenBank Assembly: ACL41642.1) from A. cholorphe-
nolicus was inserted into pET-28a(+) using the restric-
tion sites BamHI and EcoRl for expression in E. coli
BL21(DE3). NNK  site-saturation mutagenesis and
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iterative saturation mutation of variants were carried by
whole-plasmid polymerase chain reaction (PCR) protocol
(KOD polymerase), and the PCR product was digested by
Dpnl and then transformed into E. coli BL21(DE3) cells
for further screening. To high-efficiently screen the posi-
tive variants from 96-well plates, the reaction mixture
was prepared and extracted by dichloromethane. Next,
the underlying organic phase was separated, and the
titer was detected by GC. The variants which performed
higher yield of CHDA than wild-type (WT) enzyme were
selected to secondary screening in flasks. The detailed
steps are described in the Additional file 1: additional
methods.

Homology modeling and MD simulations

For the MD simulation: the 3D structures of AcCO and
its mutants were constructed based on the reported
X-ray crystal structure of AgCO from Arthrobacter globi-
formis (PDB ID: 3LJP) by homology modeling (https://
swissmodel.expasy.org/), and the protonation states
were assigned based on the Protein Preparation mod-
ule of the Schrodinger software suit. The CHDM and
4-(hydroxymethyl)cyclohexanecarboxaldehyde (HMCA)
molecules were docked to the reference ligand position
around the FAD molecule with the Glide standard pre-
cision protocol. The docked structures were prepared
through the CHARMM-GUI input generator for atom-
istic molecular dynamics (MD) simulations performed
in the GROMACS (version 2020.6) simulation package
(Hess et al. 2008), using the CHARMM 36 force field
(Best et al. 2012) and the TIP3P water model. The pro-
tein was initially placed in the center of a cubic box with
a length of 9.3 nm and each side extending 1.5 nm from
the protein surface for the solvation of more than 20,000
water molecules. After thousands of steps of energy min-
imization, the systems were equilibrated with position
restraints on the protein backbone and the heavy atoms
of the ligand (CHDM and HMCA) with a restraining
constant of 400 kJ-mol~!. Further equilibration runs of
10 ns were performed at the target temperature of 300 K
and target pressure of 1.0 atm using the Nose—Hoover
and Parrinello-Rahman methods, respectively. Finally,
the production MD simulations under the NPT ensem-
ble were extended for 100 ns. An integration time step
of 2 fs and a cutoff scheme of 1.2 nm were implemented
for the non-bonded interactions, and the Particle Mesh
Ewald (Essmann et al. 1995) method with a Fourier spac-
ing of 0.1 nm was applied for the long-range electrostatic
interactions. All covalent bonds with hydrogen atoms
were constrained using the LINCS algorithm (Hess et al.
1997).
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QM/MM calculations

The representative structures were extracted from the
MD trajectories for subsequent QM/MM calculations
using the QSite simulation package (QSite, version 6.7,
Schrodinger, LLC, New York, NY, 2015). The electronic
embedding scheme was used with hydrogen capping on
the C1’ and C2’ atoms in FAD to define the QM region.
The side chain of H466 and the free ligand of CHDM,
HMCA, and CHDA were also included in the QM region
to account for the proton transfer effects. The functional
hybrid B3LYP was used with the basis set of 6-31+G**
for the geometric optimization of the QM region.

Enzyme purification

AcCO, GOase, RsAO, SsADH, BrsADH, HIADH, TvL,
BsL, and TviL. were individually overexpressed and puri-
fied from E. coli BL21(DE3) with pET28a(+) plasmid
(the detailed steps of fermentation culture are given in
the Additional file 1: additional methods). The cells were
collected after fermentation culture and resuspended
in Tris—HCI buffer (pH 8.0). Then, the cell suspensions
were fragmented with a high-pressure homogenizer at
4 °C and centrifuged at 12,000x g for 30 min. Finally, the
recombinant strains were purified by the AKTA pure sys-
tem (GE Healthcare).

Enzyme assay

The specific activity of AcCO or its variants was deter-
mined by measuring the initial rate of production of
CHDA or HMCA by GC under the following conditions:
10 uM purified AcCO or variants, 0.1 g-L ™! catalase, 5%
(v/v) DMSO, and 5 mM HMCA or CHDM in 1 mL air-
saturated potassium phosphate buffer (100 mM, pH 8.0)
at 30 °C for 30 min. The reaction mixture was extracted
by dichloromethane, centrifuged at 12,000xg for 10 min,
and the samples were analyzed by GC. One unit of AcCO
or variants activity (U) was calculated as the amount of
enzyme producing 1 pM of CHDA or HMCA in 1 min.
All experiments were repeated three times. The enzyme
assay of the other sources of enzymes are described in the
Additional file 1: additional methods.

Determination of kinetic parameters

The kinetic parameters of purified AcCO or its vari-
ants toward CHDA or HMCA were performed at 30 °C
in potassium phosphate buffer (100 mM, pH 8.0),
which contained 0.1 g-L™! catalase, 5% (v/v) DMSO,
with CHDM or HMCA concentration varied from 1 to
100 mM. When the conversion was less than 10%, the
reaction mixture was extracted by dichloromethane,
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centrifuged at 12,000xg for 10 min and the production
of CHDA or HMCA was determined by GC. All experi-
ments were repeated three times. The K, and k_,, values
were calculated by nonlinear regression according to the

Michaelis—Menten equation using Origin software.

Biocatalytic reaction on analytical scale

A 1 mL scale biocatalytic reaction mixture contain-
ing whole cell catalyst (30 g-L™! wet E. coli), CHDM
(5 mM), DMSO (5% v/v), catalase (0.1 g-L™"), and air-
saturated potassium phosphate buffer (100 mM, pH 8.0)
was shaken at 30 °C for 12 h. Then, the reaction mixture
was extracted by dichloromethane and centrifuged at
12,000 x g for 10 min. The titer of CHDA and HMCA was
determined by GC. All experiments were repeated three
times. The detailed steps of fermentation culture can be
seen in the Additional file 1: additional methods).

Production of CHDA on a 3 L scale

The conversion experiments were carried out in a 3 L
bioreactor with 1 L working volume. For 3 L scale pro-
duction of CHDA, the whole cell catalyst (30 g-L~! wet E.
coli) was evenly distributed in a 1 L air-saturated potas-
sium phosphate buffer (100 mM, pH 8.0) containing
CHDM (0.5 M, 72 g-L.™1), DMSO (5% v/v), and catalase
(0.1 g-.L7!) was added to a 3 L fermenter, where the reac-
tion mixture was stirred at 30 °C. Take reaction mixture
(500 pL) and determine the titer of CHDA and HMCA
by GC at the end of the reaction. The detailed steps of
fermentation culture can be seen in the Additional file 1:
additional methods.

Analytical methods

The titer of HMCA and CHDA were measured by
SHIMADZU GC-2030 (GC) with a DB-5 column
(30 m x 0.25 mm x 0.25 pum; Daicel Corporation, Japan)
and nitrogen as the carrier gas. The carrier gas flow rate
was 1.0 mL-min~! and no shunt, injector temperature
was 2507C; the initial column temperature was 80 °C for
2 min, and the temperature was increased to 250 °C at
10 °C min L. The samples were filtered through a 0.22 pm
organic membrane and then analyzed by GC.

Results

Role of AcCO in the transformation from CHDM to CHDA
The synthesis of CHDA from its structural analog
CHDM through a primary alcohol oxidation reaction
can be catalyzed by AOX, ADH, and laccases. However,
the regioselectivity of CHDM poses a major challenge
for executing this reaction, as these enzymes could regi-
oselectively oxidize one hydroxyl group of CHDM to
produce the intermediate (HMCA), thereby changing
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the chemical properties and hindering further oxida-
tion of another hydroxyl group (Additional file 1: Fig.
S1). To address this challenge, we selected three different
strains for each enzyme to evaluate the specific activity
of those enzymes toward CHDA. Among them, the FAD-
dependent AOX from A. cholorphenolicus (AcCO) and
ADH from Sulfolobus solfataricus (SsADH) displayed
the highest ability to produce CHDA (specific activity of
0.1140.026 and 0.094 £ 0.015 U-g ™, respectively) (Addi-
tional file 1: Tables S4—S6). However, SSADH requires an
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NAD"/cofactor-recycling system, and the equilibrium is
unfavorable for the preparation of the aldehyde; there-
fore, AcCO was selected for further study, given that it
uses oxygen (air) for cofactor regeneration and the reac-
tion is irreversible (Scheme 1). Furthermore, AcCO can
be heterologously expressed in E. coli [many other AOXs
(Cleveland et al. 2021; Mathieu et al. 2020) and ADHs
(Zhao et al. 2009) require eukaryotic expression systems]
and the recombinant enzyme exhibited higher yield
for the production of CHDA, with a ratio of CHDA to
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HMCA (Reypa/umca) of 0.25 (Additional file 1: Figs. S2
and S3).

To increase the primary alcohol oxidation activity of
AcCO, the expression conditions, including the induc-
tion temperature, inducer concentration, and induc-
tion time, were optimized. As shown in Figs. 1A-C,
the specific activity of AcCO toward CHDA increased
from 0.11£0.026 U-g”' to 0.2940.097 U.g~' under
the optimum conditions (16 °C for 2.5 h, 0.4 mM IPTG,
and induction time of 16 h). Furthermore, the effect of
organic solvents, buffer pH (6.5-8.5), temperature (20—
35 °C), and organic solvent concentration [0-10% (v/v)]
on CHDA production were investigated, and the results
are shown in Figs. 1D—F and Additional file 1: Fig. S4. The
yield of CHDA increased to 13.5% under the optimum
conditions [30 g L™! wet E. coli, pH 8.0, 100 mM air-satu-
rated potassium phosphate buffer, 5% (v/v) DMSO, 0.1 g
L' catalase, 30 °C for 12 h]. The yield of CHDA from
CHDM slightly increased from 5.0 to 13.5%, although
the titer and yield of HMCA from CHDM continued to
increase from 1.0 mM to 1.4 mM and from 20.4 to 28.1%,
respectively, resulting in an increase of the Reypa/mmca
to 0.48. Therefore, we determined that further engineer-
ing of AcCO was required to increase the selectivity of
CHDA and reduce the accumulation of HMCA. Toward
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this end, we explored the structure of AcCO and the cata-
lytic mechanism of primary alcohol oxidation reaction.

The catalytic mechanism of AcCO

A homology model of AcCO was reconstructed using
SWISS—-MODEL (https://swissmodel.expasy.org/) based
on the crystal structure of choline oxidase from A.
globiformis (91% sequence identity) (Fig. 2A and Addi-
tional file 1: Fig. S5). According to the previous reports
on AgCO, H466 plays an important role in the reaction
as a catalytic base and FAD is involved in hydride (H")
transfer (Smitherman et al. 2015). Docking analysis
using the AcCO structural model and CHDM (Fig. 2B)
revealed that the contact between CHDM and FAD
occurs through an O atom of the 1-Ca-OH, which is at a
distance of 3.0 A from the N(5) atom of FAD. Moreover,
in the active center of AcCO, two hydrogen-bond interac-
tions were identified between 1-Ca-OH of CHDM with
the side-chain amide of N510 (2.5 A) and the N®? atom of
H466 (3.0 A), as well as steric interactions between the C
atom of CHDM with the side chains of V464 (3.6 A) and
H351 (3.7 A), anchoring CHDM in the binding pocket. In
this conformation, the cyclopentane portion of CHDM
was almost parallel to the FAD isoalloxazine ring, which
results in 1-Ca-OH of CHDM being retained on the

Fig. 2 Docking analysis of AcCO (WT). A Homology model of AcCO. B Docking model of CHDM in AcCO. C Docking model of HMCA in AcCO.
CHDM, HMCA and FAD are shown in white, residues S101, N510, H466, V464 and H351 are shown in pink. The hydrogen-bond interactions are
shown in yellow dash lines and steric interactions are shown in blue dash line

WT-CHDM complex |
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inside of the binding pocket and close to the active center
and 4-Ca-OH of CHDM extending toward to the outside
of the binding pocket stay away from the catalytic center;
the distance between the 4-Ca-OH with the N(5) atom
of FAD and the N atom of H466 is 7.9 A and 9.8 A,
respectively (Additional file 1: Fig. S6A). These findings
indicated that the two Ca-OH groups of CHDM incom-
pletely fit in the binding pocket, and the conformation of
CHDM is not beneficial to produce HMCA. Given the
accumulation of HMCA, we next analyzed the AcCO
and HMCA docking model (Fig. 2C). Four hydrogen-
bond interactions were identified between the 1-CHO
with the N(5) atom of FAD (2.4 A), the side-chain amide
of N510 (3.3 A), the N atom of H466 (3.3 A), and the
side-chain hydroxy of S101 (3.2 A), as well as steric inter-
actions between HMCA with the side chains of V464
(3.9 A) and H351 (3.5 A). In this conformation, although
the cyclopentane plane of the HMCA generated an angle
deflection [the angle (8) between the 1-CHO of HMCA,
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the N(5) atom, and the N(10) atom of FAD (6y). NG)-
(1.cHo)) shifted to 95° (the Oy0)n(5)-(1-ca-on) i 124.1° in
the WT-CHDM complex)], the 4-Ca-OH of HMCA was
maintained toward the outside of the binding pocket (the
distance between 4-Ca-OH of HMCA and the N atom
of H466 was 10.0 A) and the 1-CHO of HMCA was sta-
bly buried in the active center (Additional file 1: Fig. S6A,
B). We deduced that it is difficult to further oxidize the
4-Ca-OH of HMCA due to the long catalytic distance
from the active center, which causes the accumulation
of HMCA. To verify this conjecture, MD simulation and
QM/MM calculations were performed, the representa-
tive snapshot and the change of energy barrier were used
to understand the molecular basis of the primary alcohol
oxidation reaction.

As shown in Fig. 3A, based on the catalytic mechanism
proposed by Gadda’s group (Smitherman et al. 2015;
Gadda 2020), His466 should be deprotonated under basic
conditions. The QM/MM optimized reactant complex
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shows that the deprotonated His466 forms a stable
hydrogen bond with the Ca-OH of CHDM or HMCA.
This result suggested that deprotonated His466 can serve
as a basic catalyst during the transfer of the hydride (H™)
from CHDM or HMCA to FAD. To verify the function
of this residue, we mutated H466 to alanine, finding that
H466A completely abolished the primary alcohol oxida-
tion activity (Fig. 4). Thus, we inferred that AcCO cata-
lyzed CHDM to CHDA which could be divided into two
reaction steps: (I) reductive half-reaction, and (II) oxi-
dative half-reaction. In the reductive half-reaction, the
deprotonated histidine (H466) side chain attacks the
1-Ca-OH of CHDM and a proton from 1-Ca-OH of
CHDM is transferred to the deprotonated histidine side
chain (H466). Subsequently, the hydride (H™) in 1-Ca-H
of CHDM is transferred to the N(5) of FAD isoalloxazine
ring to form FADH ™, this step involves a 13.5 kcal-mol
energy barrier (Fig. 3B). Finally, 1-Ca-OH of CHDM is
oxidized to aldehyde, accompanied by HMCA synthe-
sis. In the oxidative half-reaction, the hydride (H™) of
C4a-peroxy in FADH™ and a proton in H466 are trans-
ferred to the O-atom of oxygen, to regenerate FAD and
release H,0, Subsequently, 4-Ca-OH of HMCA is again
attacked by H466, and the hydride (H™) is transferred
from 4-Ca-H of HMCA to the N(5) of FAD isoalloxazine
ring; this step involves a 20.2 kcal-mol~! energy barrier
and is accompanied by the synthesis of CHDA (Fig. 3B).
In this catalytic mechanism, the second but most impor-
tant step is the transfer of hydride (H™) from the CHDM
and HMCA to the N(5) of FAD isoalloxazine ring. Dur-
ing this step, 1-Ca-H of CHDM executes the hydride
(H7) transfer and to form HMCA, and 1-Ca-H of HMCA
again transfers the hydride (H™) to FAD isoalloxazine

cHpA I *
60 - HMCA I H0.7
* R(‘IIDA/I]M(‘.\ I
-
2 {06 2
S 40 I &
= I I e <
o} ] I B
- I 4105 ©
*x X ! 2
201 I I
I
* 104
0 T T T T T T T
WT WI1* W1 W2 W3 W4 H466A
Fig. 4 Directed evolution of the AcCO for primary alcohol oxidation
of CHDM. Reactions were performed in recombinant E. coli (30 g-L™'
whole cell catalyst) and 5 mM CHDM in 1 mL air-saturated potassium
phosphate buffer (100 mM, pH 8.0) at 30 °C for 12 h (600 rpm). The
yield was determined by GC
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ring to ultimately synthesize the final product CHDA.
Therefore, the energy barrier of the second step is directly
related to product formation, which determines the effi-
ciency of the primary alcohol oxidation reaction.

However, the QM/MM optimized reactant complex
showed that the hydride (H™) transfer of CHDM and
HMCA leads to an energy barrier of 13.5 kcal-mol™" and
20.2 kcal-mol™! in the second step, respectively. Mean-
while, the energy barrier of HMCA is much higher than
that of CHDM in the hydride (H™) transfer process,
which makes it more difficult to oxidize 4-Ca-OH of
HMCA to form CHDA. Therefore, we speculated that
the energy barrier of this step is the key factor to achieve
the low catalytic efficiency of CHDM and the accumula-
tion of HMCA; and how to decrease the energy barrier
of hydride (H™) transfer is the main issue. According to
the representative snapshot of the MD simulation, how-
ever, the CHDM and HMCA anchored in the binding
pocket represent an unfavorable catalytically active con-
formation, which is similar to the docking model. In this
conformation, the distance between 1-Ca-H of CHDM
and the N(5) atom of FAD (D(;_c, 1) ns)pap =43 A) and
the distance between 4-Ca-H of HMCA and the N(5)
atom of FAD (D4 cq 1) nspap=9-6 A) were not suitable
for hydride (H™) transfer, which may have limited the
transfer of hydride (H™) and formed a high energy bar-
rier (Fig. 6B, D). This result also confirmed our previous
conjecture. Therefore, changing the catalytically active
conformation to decrease the distance of hydride (H™)
transfer was considered to be a potentially effective strat-
egy to reduce the energy barrier.

Directed evolution of AcCO

Analysis of the interaction of the WT-CHDM and WT-
HMCA complex showed that the N(5) atom of FAD,
the side-chain amide of N510, and the N®* atom of
H466 have hydrogen-bond interactions with 1-Ca-OH
of CHDM and 1-CHO of HMCA, along with an extra
hydrogen-bond interaction between 1-CHO of HMCA
and S101. The residues H351 and V464 are close to the
cyclopentane plane of CHDM and HMCA, which may
produce steric interactions with the C atom of CHDM
and HMCA (Additional file 1: Fig. S7A, B). Thus, it was
speculated that these interactions would firmly fix 1-Ca-
OH of CHDM and 1-CHO of HMCA to the active center
and produce the steric hindrance to hinder the adjust-
ment of the catalytically active conformation. Therefore,
six residues (S101, H351, Y465, N510, 1103, and V464) in
a radius of 5 A around 1-Ca-OH of CHDM and 1-CHO
of HMCA were selected (Additional file 1: Fig. S8A, B)
for engineering by NNK site-saturation mutagenesis to
change the interactions between the enzyme and CHDM
or HMCA. Among them, the activity of two variants,
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S101A and H351V, increased by 3.3-fold and 4.3-fold to
produce CHDA, respectively. Subsequently, variant W2
(S101A/H351V), representing the combination of these
two single variants, was constructed, which showed the
activity toward CHDA was 2.4340.13 U-g™}, that was
8.3-fold higher than that of WT. As a result, the yield
of CHDA increased to 25.6%, and the yield and titer
of HMCA increased to 63.8% and 3.19 mM, respec-
tively, leading to an overall decrease of the Reypa/mmica
to 0.41 and thus a large accumulation of HMCA (Fig. 4,
Table 1). The preliminary docking model of the variant
W2-HMCA, it demonstrated that the hydrogen-bond
interaction between 1-CHO of HMCA and A101 was
broken by mutating S101 to A101 (the distance between
residue 101 and HMCA increased to 5.1 A), and when
the H351 was mutated to V351, the distance between
the side chains of V351 and the C atom of CHDM and
HMCA increased to 5.1 A and 4.9 A. This shift altered
the D(;_cq 1) ns)rap of CHDM to 2.4 A, while the distance
of nucleophilic attack (D(;_cq om)-nHass) Was reduced to
3.0 A, and the D(4»Ca»O°H)»N€2H466 and Dy comyneEap Of
HMCA shifted to 9.0 A and 7.8 A, respectively (Addi-
tional file 1: Fig. S9). Therefore, we speculated that the
conformation was slightly adjusted with the change
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of interactions, but 4-Ca-OH of HMCA was still not
attached to the correct location, so that it was not well
fixed to the inside of the pocket, consequently hindering
the further oxidation of 4-Ca-OH.

To address this limitation, we considered that chang-
ing the interactions between HMCA and the enzyme in
the active center may be an efficient strategy to adjust the
catalytically active conformation and reduce the accumu-
lation of HMCA. Therefore, the site-screening range was
expanded to 8 A of 4-Ca-OH of HMCA based on vari-
ant W2. This change was expected to alter the interac-
tions between 4-Ca-OH of HMCA with the surrounding
residues to adjust the catalytically active conformation
and consequently reduce the Dy ¢, 15 n5pap 0f HMCA.
Toward this end, nine residues (W331, T463, N462, W61,
F357, N378, Q329, V355, and M359) next to 4-Ca-OH of
HMCA were selected and engineered by an iterative sat-
uration mutation approach based on variant W2 (Addi-
tional file 1: Fig. S8C, D), resulting in variant W4 (S101A/
H351V/N378S/Q329N). The specific activity of variant
W4 toward CHDA was 4.2140.38 U-g~!, which repre-
sented a 1.5-fold, 1.7-fold, 3.4-fold, 4.4-fold, and 14.5-
fold increase compared with the corresponding activities
of variants W3, W2, W1* W1, and WT, respectively

Table 1 Kinetic constants of AcCO and its variants in producting CHDA

Strains 3Specific activity“HPA Ky HPA (mM) kyeHPA (min ") Bk e/ Ky CHPA
(Ug™ (MM~ min™")

WT 0.2940.097 268140.19 004340013 160% 107
W1(S101A) 09540.25 20424012 0.1440.022 6.86x 107
WI*(H351V) 1244014 16.2440.11 02440022 148 107
W2(S101A/H351V) 2434013 14444046 04140014 284x107?
W3(S101A/H351V/N3785) 2874043 6.8140.13 053+0.12 7.78 x 107
W4(S101A/H351V/N3785/Q329N) 4214038 5244028 09440043 0.18

2The specific activity of CHDA was determined with 10 uM purified AcCO (WT) or its variants and 5 mM HMCA in 1 mL air-saturated potassium phosphate buffer

(100 mM, pH 8.0) at 30 °C for 30 min

bThe Kkat/Ky values of CHDA was determined with 10 uM purified AcCO (WT) or its variants and 1-100 mM HMCA in 1 mL air-saturated potassium phosphate buffer

(100 mM, pH 8.0) at 30 °C for 30 min

Table 2 Kinetic constants of AcCO and its variants in production of HMCA

Strains 3Specific activity"™M? KyPM<A (mMm) Ko ™A (min") B gt/ Ky M
(U-g™ (mM~"min~")

WT 1.20+£0.13 1530+£0.14 0.1640.028 0.010
WI1(S101A) 2344+0.22 13454023 0.37+0.064 0.027
W1*(H351V) 2434+0.22 13.36£0.12 041+0.027 0.031
W2(S101A/H351V) 5314027 10.21£046 1310011 0.13
W3(ST01A/H351V/N378S) 6.27+0.15 763+£0.72 1.87+0.12 0.24
WA4(ST0TA/H351V/N3785/Q329N) 8.76 £0.46 1.12+£0.19 220+043 1.96

2The specific activity of HMCA was determined with 10 uM purified AcCO (WT) or its variants and 5 mM CHDM in 1 mL air-saturated potassium phosphate buffer

(100 mM, pH 8.0) at 30 °C for 30 min

B The k,/Ky values of HMCA was determined with 10 pM purified AcCO (WT) or its variants and 1-100 mM CHDM in 1 mL air-saturated potassium phosphate buffer

(100 mM, pH 8.0) at 30 °C for 30 min
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(Table 1). As a result, the yield of CHDA increased to
40.1% and the yield of HMCA decreased to 56.6% (the
titer decreased to 2.83 mM) (Fig. 4).

The kinetic parameters of the variants were deter-
mined, which are listed in Tables 1 and 2. The K" P4
(5244028 mM) and K,™* (1.1240.19 mM) val-
ues of variant W4 were 5.1-fold and 13.7-fold lower
than those of WT, respectively, which indicated that
the affinity with HMCA and CHDM of W4 was sig-
nificantly enhanced. The k_,"P* (0.94+0.043 min~?)
and k_,/™MCA (2.2040.43 min~!) values of variant W4
increased by 21.8-fold and 13.8-fold, respectively, which
indicated that variant W4 display a higher activity of pri-
mary alcohol oxidation. Accordingly, the k, /Ky P4
(0.18 mM"min~") and k, /Ky "™<* (1.96 mM~"-min ")
values increased by 112.5-fold and 196-fold, respectively.
Although the selectivity of CHDA did not show com-
plete reversal, the yield of CHDA and the Reypa/mmica
increased to 40.1% and 0.72, respectively (Fig. 4). To eval-
uate the industrial-scale application potential of variant
W4, CHDA was synthesized at the 3 L scale. Under the
optimum conditions [72 g-L~! (0.5 M) CHDM, 30 g-L™*
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whole cell catalyst (wet E. coli), 5% (v/v) DMSO, 0.1 g-L !
catalase, 0.1 M air-saturated potassium phosphate buffer,
pH 8.0, and 30 °C], the titer of CHDA reached up to
29.6 g-L7! in 12 h, with 42.2% yield and 2.5 g-L7*-h™*
space—time yield (STY) (Additional file 1: Figs. S10 and
S11).

Structural analysis and performance enhancement
mechanism of variant W4

To elucidate the mechanisms of the improved cata-
Iytic efficiency of the variant W4, the structure align-
ments of the WT-CHDM and W4-CHDM complex
were elucidated, demonstrating that the structures are
very similar with only slight differences in loop 100-
103, loop 329-332, and the [-sheet, which is below the
4-Ca-OH of CHDM. The S101A mutation is located in
loop 100-103 and is close to the catalytic center. The
mutations H351V and N378S lie on the B-sheet, which
is below the 4-Ca-OH of CHDM. In contrast, the muta-
tion Q329N is located on loop 329-332, which is far away
from the catalytic center (Fig. 5A, D). Therefore, inter-
action analysis was performed to better understand the
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loop swing. In the WT-CHDM, steric interactions occur
between H351 and CHDM, and this interaction is weak-
ened when mutated to the nonpolar residue V351, due
to an increase in the distance between the side chain of
V351 and the C atom of CHDM to 4.2 A, which causes
a dent in the steric effect (Fig. 5C). Moreover, the muta-
tions N378S and H351V showed synergism, and further
weakened the interactions between 4-Ca-OH of CHDM
and the surrounding residues (Fig. 4). The residue S101
interacts with 1-Ca-OH of CHDM, and the W331 side
chain forms an edge-to-face interaction with 4-Coa-OH of
CHDM,; thus, with the mutation of S101 to A101 and the
mutation of Q329 to N329, the movement of loop 100—
103 and loop 329-332 toward CHDM were restricted,
and the distance between A101 and W331 with 1-Ca-OH
and 4-Ca-OH of CHDM increased from 54 A to 5.7 A
and from 2.6 A to 4.3 A, respectively (Fig. 5B, D and E).
The root mean square fluctuation (RMSF) values of the
residues were determined for both the WT and variant
W4 using trajectory analysis, which revealed that the
RMSE values of loop 100-103 and loop 329-332 of W4
were lower than those of WT (Fig. 5F). This result was
consistent with the higher stability of loop 100-103 and
loop 329-332. Therefore, the weakened flexibility of loop
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100-103 and loop 329-332 in the variant W4 may con-
tribute to restricting the inward loop swing, which pre-
vents A101 and W331 from moving closer to 1-Ca-OH
and 4-Ca-OH of CHDM and provides an extra space for
conformation adjustment. This phenomenon was also
observed in the WT-HMCA and W4-HMCA complex
(Additional file 1: Fig. S12).

Therefore, the catalytically active conformation of
CHDM and HMCA changed substantially in the vari-
ant. In the conformation of the W4-CHDM complex, the
angle By10).n(5)-(1-ca-om) decreased from 124.1° to 90.5°,
thereby approaching 90° (Additional file 1: Fig. S13), in
turn leading the D camneEAD and Dy co 1) Ne5)EAD O
decrease to 3.5 A and 7.2 A, respectively (Fig. 6A, B).
The decreased distance in W4-CHDM is beneficial for
the hydride (H™) transfer and the energy barrier of this
step was decreased to 6.2 kcal-mol ™! (Fig. 3B). Moreover,
the distance of the nucleophilic attack [D(;_cq om)-N"Hass
and Dyy_coomnHass) decreased to 2.9 A and 8.4 A,
which facilitated the nucleophilic attack from H466 to
1-Ca-OH of CHDM, and consequently increased the
catalytic efficiency of CHDM (Additional file 1: Fig.
S14). In the conformation of the W4-HMCA complex,
4-Ca-OH of HMCA rotated to become buried in the
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Fig. 6 Catalytically active conformation of W4-CHDM and W4-HMCA complex. A Catalytically active conformation of W4-CHDM. FAD, H466
and CHDM are shown in cyan. B Distance of hydride (H™) transfer in WT-CHDM and W4-CHDM complex. C Catalytically active conformation of
W4-HMCA. FAD, H466 and HMCA are shown in cyan. D Distance of hydride (H™) transfer in WT-HMCA and W4-HMCA complex
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active center, while 1-CHO of HMCA was anchored to
the outside of the binding pocket, and these changes
led the Dy co 11 ni5)EAD tO decreaseﬂ to 4.7 A, while the
Diycoom)n Haes Changed to 3.7 A (Fig. 6C, D). The
favorable conformation enhanced more HMCA to con-
vert to CHDA, and the energy barrier of the hydride
(H") transfer was decreased to 9.2 kcal-mol~!, thereby
facilitating the oxidization of 4-Ca-OH for the synthesis
of CHDA, while simultaneously reducing HMCA accu-
mulation in the bioconversion broth (Fig. 3B). In sum-
mary, the above-mentioned changes in the catalytically
active conformation of CHDM and HMCA were benefi-
cial in forming a lower energy barrier, leading to a higher
transfer efficiency of hydride (H™) and more efficient pri-
mary alcohol oxidation by variant W4 to produce CHDA
(29.6 g-L 7%, 42.2% yield, STY 2.5 g-L™1-h™).

Discussion

We here provide the first report of an engineered AcCO
variant with improved catalytic efficiency to produce
CHDA. Based on the characterized structure, the molec-
ular mechanism of the FAD-dependent primary alcohol
oxidation reaction catalyzed by AcCO was elucidated,
demonstrating that the unfavourable catalytically active
conformation of CHDM and HMCA at the active site, led
to an excessively long distance of hydride (H™) transfer,
which brought about a high energy barrier for hydride (H™)
transfer and consequently a lower efficiency of primary
alcohol oxidation. Thus, a protein engineering strategy was
employed to adjust the catalytically active conformation to
decrease the hydride (H™) transfer distance, which enabled
the identification of the optimum variant W4, with 112.5-
fold increased catalytic efficiency (k_,./Ky,""°*) compared
with that of the WT. Furthermore, the recombinant strain
for producing CHDA was successfully established using
the best variant (W4), achieving a 29.6 g-L”! CHDA titer
with 42.2% yield in a 3 L fermenter.

To elucidate the reason for the low catalytic efficiency
in a specific enzyme, three basic aspects should be
addressed: structural basis, molecular mechanism, and
location within the enzyme (Song et al. 2020). In this
study, the catalytically active conformation of CHDM
and HMCA and the energy barrier of hydride (H™) trans-
fer were elucidated by MD simulations and QM/MM cal-
culations. The power of MD simulations and QM/MM
calculations was instrumental in observing the substrate
access and energy change, that could not be achieved
solely by structural inspection. Moreover, the energy
barrier of hydride (H™) transfer calculated by QM/MM
provided a theoretical basis for the influence of the long
distance of hydride (H™) transfer on catalytic efficiency in
previous studies (Wu et al. 2021; Xu et al. 2019).
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For the optimum variant W4, the MD simulation
indicated that the weakened interactions between
CHDM and HMCA with variant W4 significantly
decreased the distance of hydride (H™) transfer through
adjusting catalytically active conformation in a favora-
ble orientation. As a result, the energy barrier related to
the hydride (H™) transfer were reduced 7.3 kcal-mol™*
and 11.0 kcal-mol™, and thus the catalytic efficiency
improved to 0.18 mM ™! min~!. Compared with other
studies based on modification of the residual volume
for adjusting the catalytically active conformation of
substrates, the changes in interactions can identify
mutation hotspots more accurately, guide the con-
struction of small and smart libraries, and ultimately
improve the evolution efficiency (Wen et al. 2021).
Although AcCO has been identified and engineered by
Turner’s group (such as variant S101A), in this study,
we elucidated the catalytic mechanism more compre-
hensively based on QM/MM. The optimal variant W4
(S1I01A/H351V/N378S/Q329N) was obtained, which
achieved the gram-grade preparation of CHDA (Heath
etal. 2019).

Finally, using the AcCO variant, an efficient biocatalyst
was established for the synthesis of CHDA. Although
there are several chemical methods to produce CHDA,
the most commonly used methods involve primary alco-
hol oxidation using a strong oxidizing agent (such as
PCC oxidant) (Silbert et al. 2019). However, these meth-
ods require complicated post-processing procedures and
use of toxic chemical reagents. Furthermore, the use of
other biocatalysts such as laccases and ADH is limited
owing to their low catalytic efficiency and NAD"/cofac-
tor-recycling system (An et al. 2019; Martinez-Montero
et al. 2017). Therefore, the biocatalytic process used in
this study provides an attractive strategy for the transfer
of inexpensive materials into high-value CHDA, and may
remarkably facilitate the industrial production of this val-
uable chemical.
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