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ABSTRACT: One-carbon chemicals (C 1s) are potential building blocks as they are cheap, sustainable, and abiotic components.
Methanol-derived formaldehyde can be another versatile building block for the production of 2-keto-4-hydroxyacid derivatives that
can be used for amino acids, hydroxy carboxylic acids, and chiral aldehydes. To produce 2-keto-4-hydroxybutyrate from C 1s in an
environment-friendly way, we characterized an aldolase from Pseudomonas aeruginosa PAO1 (PaADL), which showed much higher
catalytic activity in condensing formaldehyde and pyruvate than the reported aldolases. By applying a structure-based rational
approach, we found a variant (PaADLV121A/L241A) that exhibited better catalytic activities than the wild-type enzyme. Next, we
constructed a one-pot cascade biocatalyst system by combining PaADL and a methanol dehydrogenase (MDH) and, for the first
time, effectively produced 2-keto-4-hydroxybutyrate as the main product from pyruvate and methanol via an enzymatic reaction.
This simple process applied here will help design a green process for the production of 2-keto-4-hydroxyacid derivatives.
KEYWORDS: formaldehyde, pyruvate, methanol, pyruvate aldolase, Pseudomonas aeruginosa PAO1, 2-keto-4-hydroxybutyrate

■ INTRODUCTION
One-carbon chemicals (C 1s) are potential feedstocks that
have recently gained attention and preference in the industrial
field due to their natural abundance, low production cost, and
availability as industrial byproducts.1,2 However, native path-
ways to utilize these chemicals are scarce in most
biotechnologically relevant microorganisms. Recent advances
in synthetic biology, genome engineering, and laboratory
evolution are enabling the first steps toward the creation of
synthetic C1-utilizing microorganisms.3−5 For this, there is a
high need for a new synthetic C1-utilizing enzymes that form
carbon−carbon (C−C) bonds between chemicals including C
1s.1

Among C 1s, formaldehyde is an emerging C1 substrate
since it can be diversely prepared from carbon monoxide
(CO), carbon dioxide (CO2), formic acid (HCOOH),
methane (CH4), and especially methanol (CH3OH) by
biological or chemical means.6,7 Especially, methanol is
interesting because it is produced also from biomass-derived
synthesis gas and reduction of CO2 and is generally available at
a cheaper price than sugar.8−10 Oxidation of methanol to
formaldehyde by methanol dehydrogenase (MDH), one of the
key steps in methanol utilization, is the initial and rate-limiting
step in methanol bioconversion because of its low catalytic
activity and substrate affinity.11,12 MDH is also thermodynami-
cally unstable. In the previous study, we successfully
engineered the methanol dehydrogenase from Lysinibacillus
xylanilyticus (LxMDH) to possess much higher catalytic
efficiency than the wild-type enzyme.13,14 Conversion of
formaldehyde into value-added molecules is substantially
challenging because of its toxicity and symmetrical reactivity.
Therefore, aldolases are very attractive since they stereospecifi-

cally and efficiently catalyze the chemical reaction on a C−C
bond between ketones and aldehydes,15 which is poor in
chemical aldol reactions.16

Pyruvate aldolase reversibly mediates the C−C bond
formation between pyruvate and aldehydes to produce 4-
hydroxy-2-ketoacids that are less exploited in organic syn-
thesis.17−20 Pyruvate aldolase is a potential biocatalyst for
condensing formaldehyde and pyruvate to produce 2-keto-4-
hydroxybutyrate, a valuable building block for the synthesis of
L-homoserine, 3-hydroxypropionic acid, and 1,3-propanediol,
which are important starting materials in the manufacture of
biocompatible plastic and polytrimethylene terephtha-
late.19,21−31 In this regard, the high production of 2-keto-4-
hydroxybutyrate from cheap materials is of great interest.
Recently, 2-keto-4-hydroxybutyrate as an intermediate in
metabolic pathways has been produced by several enzymes,
such as 2-keto-3-deoxy-L-rhamnonate aldolase from Escherichia
coli (EcYfaU), 2-keto-4-hydroxybutyrate aldolase from E. coli
K-12 (EcKHB), and 2-keto-4-hydroxyglutarate aldolase from
Rattus norvegicus (RnKHG), Homo sapiens (HsKHG), and Bos
taurus (BtKHG).28 Among them, EcYfaU is unique in that it
was rationally engineered for nucleophile selectivity and
stereoselectivity19 and used for the production of amino
acids via a multienzyme cascade reaction.21 EcYfaU was also
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used to direct formaldehyde into 2-keto-4-hydroxybutyrate for
the biosynthesis of 1,3-propanediol in E. coli.28 However,
EcYfaU may have limitations for industrial applications because
the enzyme is susceptible to inhibition by its substrate, namely,
formaldehyde or pyruvate.32 To overcome this limitation, the
development of a new pyruvate aldolase with high catalytic
activity and enhanced substrate tolerance is suggested.
Here, we report a pyruvate aldolase from Pseudomonas

aeruginosa PAO1 (PaADL) that has a much higher catalytic
activity and is more tolerant to substrates than EcYfaU. Its
crystal structure was determined, and the structure-based
rational design of PaADL generated a gallery of variants that
showed higher activities than the wild-type enzyme.
Furthermore, we designed and established a one-pot cascade
reaction in an eco-friendly biosynthetic way to produce 2-keto-
4-hydroxybutyrate (C4) from methanol (C1) by mixing
PaADL with LxMDH (Scheme 1).

■ MATERIALS AND METHODS
Gene Cloning and Site-Directed Mutagenesis of Aldolase.

The EcYfaU (GenBank accession no. APQ20856.1) and PaADL
genes (GenBank accession no. AAC75305) were synthesized for
expression in E. coli by Cosmo Genetech (Seoul, Republic of Korea)
and amplified using polymerase chain reaction (PCR) with primers
(listed in Table S1) designed for ligation-independent cloning
(LIC).33 The PCR product was treated with T4 DNA polymerase
(New England Biolabs, Hertfordshire, U.K.) and ligated with T4
DNA polymerase-treated pLIC.B4 vector (Table S1).34 The target
gene was designed to translate the protein in a fused state with a His6,
maltose-binding protein (MBP), and tobacco etch virus (TEV)
protease cleavage site at the N-terminus of the protein. Site-directed
mutagenesis of PaADL was performed using the overlap PCR
method35 on pLIC.B4-PaADL (Table S1). The phylogenic tree was
constructed using the unweighted pair group method with arithmetic
mean (UPGMA) algorithm using the MEGA X (molecular evolu-
tionary genetic analysis) program based on the p-distance value.
Sequence alignment was performed based on the amino acid
sequences from the NCBI database using Clustal W.36

Enzyme Expression and Purification of Aldolase. After
transformation of the constructed recombinant plasmid into E. coli
BL21 (DE3) Star (Table S1), cells were grown in Luria−Bertani
media containing 50 μg mL−1 of ampicillin at 37 °C. When OD600
reached 0.5, the expression of the fusion protein was induced by
adding 0.1 mM of isopropyl β-D-thiogalactopyranoside, and then the
cultured cells were incubated with shaking at 150 rpm at 18 °C for 16
h. The culture was harvested by centrifugation at 8660g at 4 °C. The
cell pellet was resuspended in an ice-cold lysis buffer containing 20
mM Tris-HCl (pH 7.5), 500 mM NaCl, and 1 mM β-
mercaptoethanol (β-ME) with 10 mM phenylmethylsulfonyl fluoride
and disrupted by sonication. The supernatant was collected by
centrifugation at 31,660g for 30 min at 4 °C and loaded onto a Ni-
charged immobilized metal ion affinity chromatography column
(ELPIS, Daejeon, Republic of Korea). The bound proteins were

eluted by a step gradient of imidazole in the lysis buffer. For the
crystallization of PaADL, the recombinant protein was digested with
the TEV protease to remove the His6-MBP tag and dialyzed against in
a buffer containing 20 mM Tris-HCl at pH 7.5 and 1 mM β-ME.
PaADL was further isolated using a HiTrap Q column (GE
Healthcare, Uppsala, Sweden), which was operated with a linear
NaCl gradient (0−1.0 M).
Crystallization and Structure Determination. For crystalliza-

tion, the purified PaADL was concentrated to 31 mg mL−1 in 20 mM
tris−HCl (pH 7.5) and 200 mM NaCl. Protein concentration was
determined by considering the extinction coefficient of 0.906 mg
mL−1 cm−1 at 280 nm, which was calculated from the amino acid
sequence. The crystals suitable for diffraction experiments were
obtained in 200 mM sodium iodide and 24% (w/v) poly(ethylene
glycol) (PEG) 3350 using the hanging-drop vapor-diffusion method.
For diffraction experiments, the crystals were immersed into the
precipitant solution containing an additional 10% (v/v) glycerol as a
cryoprotectant for 5 s and placed in the 100 K nitrogen-gas stream.
Diffraction data of PaADL was collected using the beamline BL-11C
of the Pohang Accelerator Laboratory (PAL, Pohang, Republic of
Korea). The indexing, integration, and scaling of reflections were
conducted using the HKL2000 suite.37 The electron-density map of
PaADL was calculated by the molecular replacement method using
the PHENIX program38 with EcYfaU (PDB ID 2VWT) as the search
model. Further model building was done manually using WinCoot,39

and subsequent refinement was performed using PHENIX.38 The data
collection and refinement statistics are summarized in Table S2. The
atomic coordinates and structure factors were deposited in the
Protein Data Bank (www.rcsb.org/pdb) with accession ID 7V8T.
Characterization of Aldolase Based on Temperature, pH,

and Metal Ions. The effect of temperature on enzyme activity was
monitored as a function of time by applying the enzyme solution at
different temperatures (20, 25, 30, 35, 40, 45, 50, and 55 °C) in 50
mM of piperazine-N,N′-bis(2-ethanesulfonic acid) (PIPES, pH 7.0)
buffer containing 0.05 mg mL−1 of enzyme, 1 mM of Mg2+ with 100
mM of formaldehyde and 100 mM of pyruvate for 10 min. To
evaluate the effect of pH on aldolase activity, pH values were varied
from 6.5 to 9.5 in the buffers of 50 mM PIPES (pH 6.5−7.5), 50 mM
N-(2-hydroxyethyl)piperazine-N′-(3-propanesulfonic acid) (EPPS,
pH 7.5−8.5), and 50 mM N-cyclohexyl-2-aminoethanesulfonic acid
(CHES, pH 8.5−9.5), which contain 1 mM Mg2+ with 100 mM
formaldehyde and 100 mM pyruvate for 10 min at 45 °C. To
investigate the effect of metal ions on enzyme activity, an enzyme
assay was carried out after treatment with 1 mM ethylenediaminete-
traacetic acid (EDTA) at 4 °C for 2 h or after the addition of 1 mM of
each metal ion, such as Mg2+, Mn2+, Co2+, Zn2+, Ni2+, Cu2+, or Ca2+.
The reactions were performed in 50 mM CHES buffer (pH 9.0)
containing each metal ion with 100 mM formaldehyde and 100 mM
pyruvate for 10 min at 45 °C.
Activity Assay of PaADL Variants. The aldol reactions of

PaADL variants were performed in 50 mM CHES buffer (pH 9.0)
containing 0.05 mg mL−1 of enzyme, 1 mM of Mg2+, 5 mM of
formaldehyde, and 5 mM of pyruvate for 10 min at 45 °C. One unit
(U) of enzyme activity was defined as the amount of enzyme required
to produce 1 μmol of 2-keto-4-hydroxybutyrate per min. The specific

Scheme 1. Scheme of 2-Keto-4-hydroxybutyrate Production from Methanol-Derived Formaldehyde and Pyruvate Using
Methanol Dehydrogenase from Lysinibacillus xylanilyticus (LxMDH) and Pyruvate Aldolase from Pseudomonas
aeruginosaPAO1 (PaADL)
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activities of these enzymes were defined as the produced amount of
product per unit reaction time per enzyme amount.
Kinetic Parameter. The apparent kinetic parameters of

PaADLWT, PaADLV121A, PaADLL241A, or PaADLV121A/L241A for form-
aldehyde (5−150 mM) and pyruvate (5−150 mM) were determined
in a steady-state assumption of 10 min reactions in 50 mM CHES
buffer (pH 9.0) containing each 0.005 mg mL−1 of enzyme and 1 mM
of Mg2+ at 45 °C. For the kinetics, the other substrate concentration
was fixed at 100 mM because the other substrate concentration had
no influence on the reaction. The kcat and Km values were determined
by nonlinear regression with the Michaelis−Menten equation using
the GraphPad Prism 6 software (GraphPad Software, San Diego, CA).
Optimization of Reaction Conditions for 2-Keto-4-hydrox-

ybutyrate Production. Unless otherwise stated, the reaction was
performed in 50 mM CHES buffer (pH 9.0) with 1 mM Mg2+ at 45
°C for 2 h. To determine the optimal concentration of PaADLWT,
0.01−0.5 mg mL−1 of enzyme was incubated with 100 mM of
formaldehyde and 100 mM of pyruvate. The optimal substrate
concentration was determined with 0.1 mg mL−1 of PaADLWT by 10−
400 mM of formaldehyde or pyruvate by fixing one of both to 100
mM. Time-course reactions were made with 0.1 mg mL−1 of
PaADLWT and its variant, 100 mM of formaldehyde, and 200 mM of
pyruvate.
One-Pot 2-Keto-4-hydroxybutyrate Production from Meth-

anol. The in vitro enzymatic cascade reactions of LxMDHE396V and
PaADLWT, PaADLV121A, PaADLL241A, or PaADLV121A/L241A were
performed with 0.5 mg mL−1 of PaADLs, 0.1 mg mL−1 of
LxMDHE396V, 2 M of methanol, 100 mM of pyruvate, 5 mM of
Mg2+, and 3 mM of NAD+ (as cofactor for LxMDHE396V) in 50 mM
CHES buffer (pH 9.0) at 50 °C for 3 h.

HPLC Analysis. The concentration of formaldehyde, pyruvate, and
2-keto-4-hydroxybutyrate was determined by high-performance liquid
chromatography (HPLC) on a Gemini 5 μm C18 110 Å, LC column
250 × 4.6 mm (Phenomenex, Torrance, CA) after derivatization with
o-benzylhydroxylamine hydrochloride. Derivatization of samples was
performed by mixing 15 μL of sample and 50 μL of 130 mM o-
benzylhydroxylamine hydrochloride (dissolved in pyridine/methanol/
water = 33:15:2) and incubation at 25 °C for 2 h. Methanol (30 μL)
was added to the sample solution and then filtered through a 0.2 μm
membrane filter before being injected to HPLC analysis. For
quantitation, the peak areas of commercial formaldehyde, pyruvate,
and 2-ketobutyric acid were used to construct the calibration curve for
2-keto-4-hydroxybutyrate.

The HPLC system (SHIMADZU, Kyoto, Japan) was composed of
a SCL-40 system controller, a LC-40D solvent delivery module, a
DGU-405 degassing unit, a SIL-40 autosampler, a CTO-40S column
oven, and a SPD-40 UV−vis detector. Mobile phases were (A) 0.1%
(v/v) of trifluoroacetic acid (TFA) in distilled water and (B) 0.095%
(v/v) of TFA in ACN/distilled water = 4:1. Gradient elution was
performed as follows: the concentration of B was increased from 10 to
100% from 0 to 30 min, decreased to 10% until 32 min, and finally
stabilized at 10% until 50 min with 1 mL min−1 of flow rate. Products
were detected at a wavelength of 215 nm, and the column
temperature was maintained at 30 °C.

■ RESULTS AND DISCUSSION
Identification of PaADL. A putative aldolase from PaADL

was searched by referring the sequence of EcYfaU and
phylogenetic analysis. PaADL has a sequential identity of

Figure 1. Effects of temperature, pH, and metal ions on PaADL activity. (A) Temperature: the reactions were performed in 50 mM PIPES buffer
(pH 7.0) containing 1 mM Mg2+ and 0.05 mg mL−1 of enzyme for 10 min. (B) pH: the reactions were performed in 50 mM PIPES, 50 mM EPPS,
or 50 mM CHES buffer containing 1 mM of Mg2+ and 0.05 mg mL−1 of enzyme at 45 °C for 10 min. (C) Metal ions: the reactions were performed
in 50 mM CHES buffer (pH 9.0) containing 1 mM of each metal ion and 0.05 mg mL−1 of enzyme at 45 °C for 10 min. (D) Concentration of
Mg2+: the reactions were performed in 50 mM CHES buffer (pH 9.0) containing 0−10 mM of Mg2+ and 0.05 mg mL−1 of enzyme at 45 °C for 10
min. All experiments were performed at least twice, and PaADL activity was determined using HPLC.
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56.8, 64.9, and 57.2% with EcYfaU, 4-hydroxy-2-ketoheptane-
1,7-dioate aldolase (HpcH), and 4-hydroxy-2-oxovalerate
aldolase (AkbF), respectively (Figure S1). Recombinant
MBP-PaADL and PaADL had approximate molecular masses
of 71.8 and 28.5 kDa, respectively, as determined by SDS-
PAGE (Figure S2).
The catalytic activity of PaADL in converting formaldehyde

and pyruvate to 2-keto-4-hydroxybutyrate was measured by
analyzing a reaction mixture using HPLC. PaADL showed a
maximum activity at 45 °C (Figure 1A) and at pH 8.5 in the
EPPS buffer; however, in CHES buffer, PaADL showed higher
activity at pH 9.0 than at pH 8.5 (Figure 1B). Thus, we chose
pH 9.0 and CHES buffer as the optimal pH and buffer,
respectively. Notably, the enzyme activity of EcYfaU was tested
at 2521 or 30 °C,28 and those of EcKHB, RnKHG, HsKHG,
and BtKHG were done at pH 7.0 and 30 °C.21,28 This suggests
that the activity of PaADL may be optimized for higher
temperatures than other pyruvate-converting aldolases. To
compare the activity of PaADL with EcYfaU, EcKHB, RnKHG,
HsKHG, and BtKHG in the previous work, we calculated the
enzyme activities of PaADL and EcYfaU. EcYfaU showed a
1.21-fold lower activity than EcKHB and 12.2-, 13.4-, and 16.8-
fold higher activity than RnKHG, HsKHG, and BtKHG,
respectively.28 Moreover, the specific activity of PaADL was
5.87 nmol min−1 mg−1 (Table 1), which was 1.7-fold higher
than EcYfaU (3.48 nmol min−1 mg−1 in this study).

Class II aldolases are divalent metal ion-dependent metal-
loenzymes.40,41 PaADL showed the best catalytic efficiency in
the presence of 1 mM Mg2+ among the metal ions tested
(Figure 1C,D). The catalytic activity of EcYfaU was also Co2+
ion-dependent,21 which indicates a diversity of metal depend-
ency even among aldolases that catalyze the same chemical
reactions.

Structural Features of PaADL. For the structure-based
enzyme engineering of PaADL, we solved its crystal structure
at a resolution of 2.5 Å (Table S2). The refined single
polypeptide chain of PaADL (Asp2-Lys254) shows a typical
triosephosphate isomerase (TIM)-barrel fold (Figure S3).42

Another N-terminal α-helix (α0) is found on one side of the
TIM barrel, with the other side exposed to the solvent (Figure
S3A).42 The C-terminal α8-helix protrudes and interacts with
two helices of α1 and α8 of a neighboring protomer (Figure
S3B).
The six PaADL molecules in the asymmetric unit form a

hexameric structure (Figure 2A,B) that can be subdivided into
a dimer of two trimers (top trimer and bottom trimer) (Figure

Table 1. Specific Activities of PaADL Variantsa

enzyme specific activity (nmol min−1 mg−1)

wild type 5.87 ± 0.04
W22A 0.67 ± 0.50
D45A NA
R73A NA
V121A 7.19 ± 0.11
L125A 2.34 ± 0.21
N132A NA
P176A NA
P189A 1.88 ± 0.13
G190A 1.96 ± 0.05
L215A NA
S216A 1.53 ± 0.20
A217Q 1.48 ± 0.53
D218A 0.71 ± 0.34
E219A 1.37 ± 0.31
L221A 2.25 ± 0.05
V237A 6.41 ± 0.03
S240A 1.80 ± 0.30
L241A 7.34 ± 0.02
L241V 5.44 ± 0.02
L241G 3.58 ± 0.07
R244A 2.24 ± 0.70
V121A/L241A 7.54 ± 0.001

aNA, no activity.

Figure 2. Crystal structure of PaADL. Side (A) and top (B) views of a
cartoon diagram of the hexameric PaADL structure (PDB ID 7V8T).
The six PaADL protomers in the asymmetric unit are differentiated by
color. The active sites are indicated with black circles, and the
disulfide (S−S) bond formed between protomers is with an arrow.
(C) Surface potential mapping of the active site of PaADL. The
surface potential is visualized as a color ramp from blue (positive) to
red (negative). The pyruvate in EcYfaU (PDB ID 2VWT) is displayed
as a stick model (blue) after superposition of PaADL. The bound
PEG400 and iodide ions (IOD and IOD″) are displayed with a stick
model and a purple sphere, respectively. (D) Intermolecular interface:
residues at the junction of the two helices are indicated with stick
models. (E) A ribbon diagram of the active site of PaADL. The key
residues for activity are displayed with stick models. Iodide ions (IOD
and IOD″) are depicted with a purple sphere.
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2A). The bottom trimer locates three C-terminal α8-helices of
each protomer upward, which form a hydrophobic interaction
with residues of the downward α8- and α1-helices of the top
trimer. Therefore, the dimerization of two trimers through the
exchange of these α8-helices generates a hexameric assembly
similar to that observed in the EcYfaU structure.41 Notably,
Cys30 of the α1-helix of one protomer of the top trimer forms
a disulfide bond with the same residue of another protomer of
the bottom trimer (Figure 2A), thereby introducing a tight
interaction between the two trimers. However, this inter-
molecular disulfide bridge is missing in the hexameric assembly
of EcYfaU.41 Furthermore, Cys30 of PaADL is not conserved

in the EcYfaU (Met31), HpcH (Ser27), and AkbF (Ser30)
aldolases (Figure S1), which probably provides a molecular
basis for the thermostability of PaADL.
Collectively, the hexameric PaADL structure adopts typical

structural features of other aldolases, except for the disulfide
bond formed between the two trimers of PaADL.
Active Site. The solvent-accessible side of the TIM barrel

of each protomer has a deep and wide pocket that is partly
covered with an elongated region (Val111−Glu136) of a
neighboring protomer in PaADL. This pocket possesses
nonprotein molecules taken probably from the crystallizing
reagent. One iodide ion commonly found in all six protomers

Figure 3. Superposition of the PaADL (orange and cyan) and EcYfaU (blue and gray) structures. (A) Superimposition of PaADL and EcYfaU in
complex with pyruvate (PYR) as the substrate and selected residues for mutation are indicated by a ball-and-stick and thin stick model, respectively.
(B) Zoomed-in view of the substrate binding site between PaADL and EcYfaU. Two iodide ions (IOD and IOD″), one Mg2+ ion, and two water
molecules (W1 and W2) are displayed with purple, green, and red spheres, respectively. The polar interactions between atoms are indicated with
yellow-dotted lines.

Figure 4. PaADL activity according the to enzyme and substrate concentration and reaction time. The reactions were performed in 50 mM CHES
buffer (pH 9.0) with 1 mM of Mg2+ for 10 min at 45 °C. (A) Effect of PaADL concentration on 2-keto-4-hydroxybutyrate production from
formaldehyde and pyruvate as substrates. The reaction mixture contained 100 mM of formaldehyde, 100 mM of pyruvate, and different
concentrations of enzyme. (B) Effect of formaldehyde concentration on PaADL activity. The reaction mixture contained 0.1 mg mL−1 of crude
enzyme and various concentrations of formaldehyde. (C) Effect of pyruvate concentration on PaADL activity. The reaction mixture contained 0.1
mg mL−1 of enzyme and various concentrations of pyruvate. (D) Comparison of activity between PaADL wild type and its variants for the
production of 2-keto-4-hydroxybutyrate. The reactions were performed with 0.1 mg mL−1 of each enzyme, 100 mM of formaldehyde, and 200 mM
of pyruvate. All experiments were performed at least twice.
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occupies a space formed by residues of Ala177 and Phe189
(Figures 2C and S4D). The other iodide ion is located in the
space formed by Leu215 and Ala177 of one protomer and
Ala124 of another protomer (Figure 2D) and is far from the
first iodide ion by ∼6 Å (Figure 2D). The second iodide is
replaced with an elongated electron density that was tentatively
modeled as PEG400 in the two protomers. One of its terminal
oxygen atoms is located in the polar environment formed by
the side chains of Arg73 and Asp178 of one molecule and the
carbonyl oxygen of Val121 of the neighboring molecule
(Figures 2E and S3E). Interestingly, two PEG-containing
protomers are found at each trimer.
The crystal structure of EcYfaU pyruvate aldolase in complex

with pyruvate has been revealed41 and can be superposed on
the crystal structure of PaADL pyruvate aldolase. Critical
residues in the substrate binding site are also conserved
between EcYfaU and PaADL spatially, indicating that the
sequence and structural comparison of the pyruvate binding
site in PaADL are reasonable (Figure 3). The sequence and
structural comparison of PaADL with other related enzymes
indicate the presence of several conserved residues; for
example, Asp45 and Arg73, within this pocket (Figures 3A
and S1). Mutation of these residues abolished the catalytic
activity of PaADL (Figures S4 and S5), indicating that they are
indispensable for the aldolase activity of PaADL. Because
residues interacting with the Mg2+ ion and pyruvate are highly
conserved (Figures 4B and S1), it is highly plausible that
PaADL may share a common enzymatic mechanism with other
related enzymes.41,43

Molecular Characterization of PaADL and Its Var-
iants. Residues at the entrance of the active site affect the
catalytic activity of the enzyme by regulating the transport of
substrates into and products from the active site.44 Also, the
subunit interface is related with the catalytic activity of
oligomeric proteins.45

To identify residues affecting the catalytic activity of PaADL,
its structure was superimposed on the pyruvate-bound EcYfaU
(Figure 3A). Then, we introduced alanine-scanning mutations
into residues in the active site, including the entrance of the
active site and at the protomer−protomer interfaces (Figure
S3), and their activities were compared with respect to the
wild-type enzyme (Figures S4−S6). As expected, mutations
around the expected pyruvate binding sites (N132A, P176A,
and L215A) of PaADL depleted the aldolase activity. On the
other hand, the replacement of Val121 and Leu241 with the
respective alanine residues (PaADLV121A and PaADLL241A)
increased the aldol condensation activity by 1.22- and 1.25-
folds, compared with the wild-type enzyme, respectively (Table
1). Remarkably, these two residues are located far from the
active site and are commonly located at the interface of
neighboring protomers (Figure 3A). As mentioned above,

Val121 at the elongated region (Val111−Glu136) partly covers
the active site of the neighboring protomer and Leu241 on the
protruding α8-helix hydrophobically interacts with Leu241 on
the α8-helix of the neighboring protomer. Further mutations of
Leu241 with valine or glycine decreased its respective catalytic
activity, suggesting the importance of its side chain length here.
A double mutation at these two residues (PaADLV121A/L241A)
showed a catalytic activity slightly higher than that of
PaADLV121A or PaADLL241A (Table 1), indicating that their
synergistic effect is not as high as expected. According to the
structure, these two residues are located far from the active site
and separated from each other. For this reason, a double
mutant may show very low synergic effect. In the future, other
protein engineering strategies, such as error-prone PCR, DNA
shuffling with other pyruvate aldolases, or deep-learning
studies, could be considered for the improvement of PaADL
or the activities of other enzymes.
Kinetics of PaADL and Its Variants. The kinetic

parameters of PaADLs were determined using formaldehyde
and pyruvate as substrates (Table 2). The activities of PaADL
and its variant enzymes increased with the concentration of
formaldehyde or pyruvate up to 100 mM and maintained
similar values up to 150 mM of substrates. Therefore, kinetic
parameters were estimated at formaldehyde or pyruvate
concentrations below 150 mM (Figure S7).
The kcat, Km, and kcat/Km of PaADLWT toward formaldehyde

exhibited 2.4-, 1.9-, and 1.3-folds, respectively, higher values
than those of EcYfaU (Table 2).32 Conversely, the kcat and kcat/
Km values of PaADLWT toward pyruvate were 255 min−1 and
6.8 min−1 mM−1, which are 2.3- and 12.6-folds higher,
respectively, than those of EcYfaU (Table 2). Additionally, to
compare substrate tolerance, we measured the activity of
EcYfaU at different substrate concentrations (Figure S7).
EcYfaU seems to be inhibited at concentrations above 80 mM
of formaldehyde and 40 mM of pyruvate, which is consistent
with previous work by Bosch et al.32 These results suggest that
the PaADL-catalyzed condensation of formaldehyde with
pyruvate to produce 2-keto-4-hydroxybutyrate is more efficient
than that catalyzed by EcYfaU.
The Km values of PaADLWT toward formaldehyde and

pyruvate are 45 and 37 mM, respectively. Compared with
PaADLWT, the PaADLV121A variant showed similar or lower Km
values toward formaldehyde (35 mM) and pyruvate (41 mM)
and, thus, higher catalytic efficiency. However, the PaADLL241A

variant showed significantly increased Km values for form-
aldehyde (65 mM) and pyruvate (68 mM) and 1.59 and 1.65-
fold higher kcat values, respectively, than PaADLWT, indicating
that its kcat/Km values were similar to those of PaADLWT. To
overcome the increased Km values of PaADLL241A, we
constructed a double variant (PaADLV121A/L241A). The kcat
values of PaADLV121A/L241A for the two substrates were

Table 2. Kinetic Parameters of EcYfaU and PaADL Variants with Formaldehyde and Pyruvatea,b

formaldehyde pyruvate

enzyme kcat (min−1) Km (mM) kcat/Km (min−1 mM−1) kcat (min−1) Km (mM) kcat/Km (min−1 mM−1) ref

EcYfaU 113 ± 40 24 ± 4 4.71 113 ± 40 209 ± 83 0.54 32
PaADLWT 271 ± 13 45 ± 5.4 6.02 ± 0.8 255 ± 11 37 ± 4.4 6.8 ± 0.9 in this study
PaADLV121A 348 ± 17 35 ± 4.9 10 ± 1.5 393 ± 12 41 ± 3.1 9.5 ± 0.7
PaADLL241A 432 ± 19 65 ± 5.9 6.6 ± 0.7 421 ± 23 68 ± 7.8 6.2 ± 0.8
PaADLV121A/L241A 398 ± 18 35 ± 4.4 11 ± 1.5 453 ± 15 52 ± 3.8 8.8 ± 0.7

aSteady-state kinetic parameters were determined using a fit of the Michaelis−Menten equation to the initial velocity as a function of substrate
concentration. bThe reaction involving PaADL was performed in 50 mM CHES buffer (pH 9.0) containing 1 mM of Mg2+ at 45 °C for 10 min.
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maintained, but Km values were not significantly changed, so its
variant showed a slight synergistic effect even though
PaADLV121A/L241A exhibited 1.8- and 1.3-fold higher kcat/Km
values than PaADLWT. Moreover, PaADLV121A showed the
highest kcat/Km values among the PaADL variants, but this
result is not consistent with specific activity; it seemed to be
affected by the difference of enzyme and substrate concen-
trations. Thus, we conducted the next experiments, such as 2-
keto-4-hydroxybutyrate production, to compare the amount of
product, productivities, and specific productivities between
PaADLWT and variant enzymes.
Bioconversion of 2-Keto-4-hydroxybutyrate from

Formaldehyde and Pyruvate. To investigate the optimal
enzyme concentration for the 2-keto-4-hydroxybutyrate
production, 0.01−0.5 mg mL−1 of PaADLWT was incubated
with 100 mM of formaldehyde and 100 mM of pyruvate in the
presence of 1 mM of Mg2+. The product increased with a
maximum value of 40.6 mM when less than 0.1 mg mL−1 of
enzyme was used but reached a plateau with above 0.1 mg
mL−1 of enzyme (Figure 4A). Next, we determined the optimal
substrate concentrations for the reaction. When 0−400 mM of
formaldehyde or pyruvate was tested with 0.1 mg mL−1 of
enzyme, the maximal production of 2-keto-4-hydroxybutyrate
occurred at substrate concentrations of 100 mM of form-
aldehyde and 200 mM of pyruvate (Figure 4B,C).
Under these optimized reaction conditions, the time-course

reactions were conducted for the production of 2-keto-4-
hydroxybutyrate using PaADLWT, PaADLV121A, PaADLL241A,
and PaADLV121A/L241A (Figure 4D). PaADLWT produced 51.6
mM (6.03 g L−1) of 2-keto-4-hydroxybutyrate from 100 mM of
formaldehyde and 200 mM of pyruvate for 15 min,
corresponding to a productivity of 24.2 g L−1 h−1 (Figure
4D). On the other hand, the produced amount of 2-keto-4-
hydroxybutyrate by PaADLV121A, PaADLL241A, and
PaADLV121A/L241A reached 71.3 mM (8.33 g L−1), 67.9 mM
(7.94 g L−1), and 73.6 mM (8.60 g L−1), respectively. These
values correspond to 33.4, 31.8, and 34.5 g L−1 h−1, which were
1.38-, 1.31-, and 1.42-fold higher than PaADLWT, respectively.
Furthermore, the specific productivities of PaADLWT,
PaADLV121A, PaADLL241, and PaADLV121A/L241A were 234.5,
334.0, 317.9, and 334.6 mg mg-enzyme−1 h−1, respectively. In
the presence of high concentrations of enzymes and substrates,
PaADLV121A/L241A exhibited slightly higher specific productivity
than other enzymes. To the best of our knowledge, this is the
first enzyme-based report for the high production of 2-keto-4-
hydroxybutyrate as the main product using optimized
conditions of each substrate and enzyme.
One-Pot Biosynthesis of 2-Keto-4-hydroxybutyrate

from Methanol and Pyruvate Using LxMDH and PaADL.
The worldwide methanol production capacity reached 110
million metric tons in 2018.1 LxMDH is a redox enzyme that
mediates the reversible bioconversion of methanol to form-
aldehyde, and its variants (LxMDHK318N and LxMDHE396V)
have shown much increased affinity for methanol than the
wild-type enzyme in the presence of 5 mM of Mg2+ and 3 mM
of NAD+.13,14 Therefore, we explored a one-pot reaction for
the biosynthesis of 2-keto-4-hydroxybutyrate from methanol as
a C1 chemical and pyruvate using LxMDH and PaADL to take
advantages of synergistic simultaneous processing by the
enzyme cascade reaction.46,47

LxMDHK318N and LxMDHE396V produced 0.07 and 0.1 mM
of formaldehyde from 2 M methanol for 30 min, respectively
(Figure S8A), suggesting that the latter is a better candidate for

the cascade reaction with PaADL. Notably, formaldehyde
produced by these two variants decreased within 2 h, probably
due to preference of the enzymes for the reduction reaction,
i.e., formaldehyde to methanol.
Next, we investigated the optimal concentration of enzymes

and substrates (Figure S8B,C). The combination of 0.1 mg
mL−1 of LxMDHE396V and 0.5 mg mL−1 of PaADLWT yielded
0.4 mM of 2-keto-4-hydroxybutyrate at pH 9.0 and 50 °C from
2 M of methanol, 5 mM of pyruvate, 5 mM of Mg2+, and 3 mM
of NAD+ after 4 h. To investigated the effect of the Mg2+
concentration in the cascade reaction, the reactions were
performed with Mg2+ varying from 1 to 10 mM, which showed
that the Mg2+ concentration was not critical for the reaction
(Figure S8D). Nevertheless, MDH activity as the first step is
quite critical as the supplement of formaldehyde for 2-keto-4-
hydroxybutyrate production. Thus, we performed the cascade
reaction at 5 mM of Mg2+ for the enzymatic activity of
LxMDH. Moreover, there was limitation to producing
formaldehyde from methanol using LxMDH because this
enzyme can produce approximately 1 mM of formaldehyde.
Thus, we investigated the one-pot production of 2-keto-4-
hydroxybutyrate from 2 M methanol and 100 mM pyruvate
with 5 mM of Mg2+ and 3 mM of NAD+ by 0.1 mg mL−1 of
LxMDHE396V and 0.5 mg mL−1 of PaADLV121A/L241A (Figure
5). Under these reaction conditions, LxMDHE396V and

PaADLV121A/L241A yielded 1.22 mM (142.7 mg L−1) of 2-
keto-4-hydroxybutyrate for 2 h, corresponding to a productiv-
ity of 71.4 mg L h−1. It is worthwhile mentioning that this is
the first challenge of a C4 chemical production with methanol
as a C1 chemical by the one-pot cascade system in vitro,
suggesting that an enzyme cascade reaction of LxMDH and
PaADL is an economical and meaningful process for the
production of multicarbon chemicals from C 1s.

Figure 5. One-pot cascade reaction using LxMDHE396V and
PaADLV121A/L241A for the production of 2-keto-4-hydroxybutyrate
from methanol and pyruvate. The reactions were performed in 50
mM CHES buffer (pH 9.0) with 0.1 mg mL−1 of LxMDHE396V and
0.5 mg mL−1 of PaADLV121A/L241A, 3 mM of NAD+, 5 mM of Mg2+, 2
M of methanol, and 100 mM of pyruvate. All experiments were
performed at least twice.
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In conclusion, the development of the C1 compound-
utilizing and -assimilating pathway is becoming an important
area for producing value-added products. We characterized a
new pyruvate aldolase PaADL and engineered it to possess
higher activity toward formaldehyde and pyruvate than other
known aldolases. We further constructed a cascade reaction,
using LxMDH and PaADL, to allow a net incorporation of
methanol into pyruvate to produce 2-keto-4-hydroxybutyrate.
There are still some bottlenecks that should be overcome, for
example, thermostability and further enhancement of the
catalytic activity of MDH, and regeneration of cofactor
produced during the cascade reaction. Nonetheless, to the
best of our knowledge, this is the first study to perform the
quantitative biocatalytic synthesis of 2-keto-4-hydroxybutyrate
as the main product from methanol via an enzymatic reaction.
Our results will contribute to the industrial application of
pyruvate aldolase-based biocatalysts for the production of high-
value compounds from inexpensive C1 chemicals using green
and eco-friendly processes.
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