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ABSTRACT: p-Threonine aldolase (DTA) is a useful biocatalyst that
reversibly converts glycine and aldehyde to f-hydroxy-a-p-amino acid.
However, low activity and poor diastereoselectivity limit its applications.
Here we report DTA from Filomicrobium marinum (FmDTA) that shows
much higher activity and Cp-stereoselectivity in D-threonine production
compared with those of other known DTAs. We determine the FmDTA
structure at a 2.2 A resolution and propose a DTA catalytic mechanism with
a kernel of the Lys49 inner proton sink and metal ion in the aldol reaction
cycle. The enzyme is rationally engineered to have high Cp-stereoselectivity
based on spatial constraint at the anti-specific aldehyde position in the

DTAs

-9
mechanism, and the rational strategy is further applied to other DTAs for fxg

syn-production. The final FmDTAS!7?A/$3122 varjant exhibits a near-perfect

99.5% de value for D-threonine and maintains the de value above 93% even
under kinetically unfavorable conditions. This study demonstrates how a
detailed understanding of the reaction mechanism can be used for rational protein engineering.

KEYWORDS: D-threonine aldolase, stereoselectivity, p-hydroxy-a-amino acid, catalytic mechanism, protein engineering

B INTRODUCTION

Aldolases transform the carbon skeleton into a larger molecule
by forming a carbon and carbon bond (C—C) and play critical
roles in organic matter cycling in nature. The reaction can be
used to produce and reconstruct the building blocks of many
high-value compounds under green conditions.”” In particular,
the aldol addition reaction enabled by enzymes is of interest in
chemical industries due to the chiral-selectivity of the
biocatalyst.”*

Pyridoxal-5’-phosphate (PLP)-dependent threonine aldo-
lases (TAs) catalyze the C—C bond formation reaction
between the a-carbon (Ca) of glycine and acetaldehyde.
The catalytic promiscuity of aldehyde selection has made the
enzymes an important method for the synthesis of f-hydroxy-
a-amino acids, which provide a versatile platform for various
high-value compounds, such as active pharmaceutical ingre-
dients, antibiotics, or agrochemical building blocks.”
However, the insufficient diastereoselectivity of TAs at the
Cp restricts the biocatalyst-based method for B-hydroxy-a-
amino acids.”'*™"

A number of studies have attempted to control Cp-
specificity by changing reaction conditions to favor kinetic or
thermodynamic control/influence, but altering the regulated
conditions inevitably limited the performance and usage of
TAs."'™" Thus, protein engineering approaches have been
carried out to overcome the Cp-stereoselectivity problem of
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low-specificity L-threonine aldolase (LTA, EC
4.1.2.48)."%'°""” However, there have been no engineering
efforts exerted on the D-threonine aldolase (DTA, EC
4.1.2.42). Unlike L-threonine or L-allo-threonine aldolase (EC
4.1.2.5 or 4.1.2.49),”° there are no Cf-specific DTA enzymes
known. Although the crystal structure of the DTA from
Alcaligenes xylosoxidans (AxDTA) has been reported,”’ the
underlying principle of the low Cp-stereospecificity of DTAs
has still not been elucidated. Herein, we provide a study on
rational design protein engineering to tailor the Cf-selectivity
of DTAs, which comprises the multidisciplinary works of
enzyme identification, structural analysis, and -catalytic
mechanisms.

B RESULTS

Identification of FMDTA. To identify an enzyme with
high aldol activity and Cp-selectivity, we performed a
phylogenetic analysis of DTAs and selected four DTA
candidates from Achromobacter insolitus (AiDTA), Bordetella
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Figure 1. Identification of FmDTA. (A) The unrooted maximum likelihood phylogenetic tree of DTAs. The known DTAs and the newly selected
DTAs in this study are labeled with black and blue colors, respectively. The clades are distinguished with different background colors. The
bootstrap values in 1000 replication are shown at the branching edges and also expressed with red circles with lightness. The nodes of the alphabet
indicate its sequence accession code in the NCBI database: (a) WP_050728312, (b) WP_183007039, (c) WP_081695032, (d) WP_005017435,
and (e) WP_164855593. (B—F) All of the reactions were performed with 100 mM glycine, 100 mM acetaldehyde, and SO mM buffer conditions
for 10 min. (B) Specific activities of DTAs. Standard deviations are shown as bars (n = 3). (C) The diastereomeric excess achieved by the DTAs.
Standard deviations are shown as bars (n = 3). (D) Temperature effect on FmDTA activity. The total product concentration is shown with the sum
of p-threonine and p-allo-threonine concentration. Standard deviations are shown as bars (n = 3). (E) Metal ion preference of FmDTA. Standard
deviations are shown as bars (n = 3). The concentration-dependent data were fitted with the modified Briggs—Haldane equation. (F) The effect of
PLP concentration on enzyme activity (circles) and de value for selectivity (triangles). Standard deviations are shown as bars (n = 3). The activity
data were fitted with the Hill equation.

hinzii (BhDTA), Oligotropha carboxidovorans (OcDTA), and Mn*, Mg*, Co*, and Fe?', and the highest activity was

Filomicrobium marinum (FmDTA), which show a low phylo- observed for Mn?* (Figure 1E). FmDTA also required
gram relationship (Figure 1A, Figure S1, Tables S1-2). We approximately 100 uM extrinsic PLP for the maximized
then measured the specific aldol activities of the selected activity; however, the enzyme showed higher syn-selectivity
enzymes and the aldol activities with those of AxDTA, which is under a lower PLP concentration (Figure 1F).

the most extensively studied enzyme among DTAs, using a pH Crystal Structure of FmDTA. Although the diastereose-
range of 5.5—10.0."'***7** Considering that acetaldehyde is lectivity of FmDTA was relatively higher than that of other
the basic form of the aldehyde substrate that exacerbates the DTAs we tested, the product still has a racemic problem when
selectivity problem of DTA,”*"** we used acetaldehyde as a using the DTA-based method. We then determined the crystal
substrate. Although all DTAs showed an optimal pH in the structure of FmDTA to elucidate the molecular mechanism of
alkaline pH ranging from 7.5 to 9.0, three DTAs, such as the enzyme and to provide a rational strategy increasing the

BhDTA, AiDTA, and FmDTA, exhibited higher activities than Cp-specificity. The crystals belonged to the P2,2,2 space group
those of AxDTA (Figure 1B). In particular, FmDTA showed with unit cell dimensions of a = 71.0, b = 178.1, and ¢ = 65.5
4.7-fold higher aldol activity than that of AxDTA under (Table S3). The asymmetric unit contained a dimeric form of

optimal pH conditions (Figure 1B). Moreover, the enzyme FmDTA, and the size-exclusion chromatographic data also
exhibited a superb de (46—51%) for p-threonine, depending revealed that the protein functions as a dimer in solution
on the pH conditions, compared with that of other DTAs with (Figure S2). The structure of FmDTA exhibits a canonical
up to 30% de value (syn) (Figure 1C). We then investigated alanine racemase fold: the (a/f)s-barrel-like domain was
the detailed enzyme characteristics of FmDTA. When we decorated with a subsidiary part (f3-decoration) at the N-,C-
measured the enzyme activity at various temperatures, FmDTA termini, which comprises an a-helix, a 3,-helix, and eight
showed a maximum activity at 35 °C and maintained its continuously connected tangled p-strands (Figure S3).
specific activity around 150 ymol min™' mg™' over the broad Although the dimeric structure of FmDTA exhibits a root-
temperature range from 25 to 50 °C (Figure 1D). FmDTA mean-square deviation value of 0.78 with the Ca-coordinates
showed a clear dependency on divalent metal ions, such as of AxDTA, the spatial coordinates are somewhat different,
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Figure 2. Structure and key residues of FmDTA. (A) Overall dimeric structure of FmDTA. The structure of FmDTA is shown as cartoon (upper)
and surface (lower) models. (B) Active site of FmDTA. The key residues at the active site are shown as magenta sticks and superposed with the
AxDTA cartoon model with a Mn?* (PDB code 4V15). Key residues of FmDTA and AxDTA are distinguished with colors of magenta and gray,
respectively. Hydrogen bonds and coordination interaction are indicated by yellow dotted lines. The simulated-annealing composite OMIT map for
PLP contoured at 1.00 is shown with the cyan mesh. (C, D) Site-directed mutagenesis. The enzyme activities of the variants were measured at the
pH 9.0 condition with 100 mM glycine, 100 mM acetaldehyde, 0.1 mM PLP, and 0.1 mM MnCl,, and 0.015 mg mL ™" enzyme. The relative activity
is shown with bar graph, and the corresponding de value is shown with triangles. Standard deviations are shown as bars (n = 3).

which is likely attributed to the differences in their enzymatic
characteristics (Figure S4).

Lys49-PLP internal aldimine is located at the active site
cavity that forms at the dimerization interface (Figure 2A,B).
The PLP coenzyme is surrounded by residues that are
presumed to be involved in enzyme catalysis and/or
substrate/metal ion binding (Figure 2B). The pyridoxal moiety
of PLP is interposed in the ring structures of Tyrl77 and
His47, and the residues of GIn71 and Ser90 are also in contact
with the moiety (Figure 2B). The phosphate moiety forms
hydrogen bonds with the hydroxyl groups of Thr223, Ser242,
and Tyr250 (Figure 2B). His339 and Asp341 are highly
conserved residues for the coordination of Mn** in AxDTA,
and His183 is located close to the position of the metal ion
(Figure 2B).”" The residue involvement in enzyme activity was
assessed by alanine-scanning site-directed mutagenesis, and the
replacements resulted in complete loss or a dramatic decrease
of aldol addition activities (Figure 2C). Interestingly, the
GIn239 residue is located in the vicinity of the pyridine
nitrogen of PLP (NI-PLP) with a distance of 3.1 A by
providing a polar carboxamide moiety to the nitrogen atom

6894

(Figure 2C). However, alanine racemases, which share a fold
that is similar to DTAs but does not adopt a quinonoid
formation during enzyme catalysis, have an arginine residue at
the corresponding position of GIn239 of FmDTA.>**’
Structural comparisons with other PLP-dependent enzymes
at the corresponding position implied that GIn239 is related
with the protonation state of NI1-PLP and quinonoid
intermediate formation (Figure SS, Note S1). The complete
loss of activity of the FmDTAY*** variant confirmed that the
GIn239 residue is heavily involved in enzyme catalysis (Figure
2C). Moreover, we found several unique residues in the second
layer of the PLP-binding site of FmDTA, such as Gly145,
His288, Asp294, and Ser312 (Figure 2B). Substitutions of
these residues with the corresponding residues of AxDTA
showed a 25—80% decrease in activity (Figure 2D), which
indicates that these unique residues might contribute to the
higher catalytic potential of FmDTA rather than that of
AxDTA.

Catalytic Mechanism of FMDTA with an Inner Proton
Sink. Comprehensive understanding of the catalytic mecha-
nisms of DTAs is crucial for determining Cp-stereospecificity,

https://doi.org/10.1021/acscatal.1c01348
ACS Catal. 2021, 11, 6892—6899
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Figure 3. Catalytic residues and pyridine-ring-extended plane in FmDTA. (A) The critical steps in the proposed mechanism showing circular
electron-relay by the proton sink. PLP and PLP* connote the PLP structure with an amine group and its quinonoid form, respectively. The whole
mechanism is described in Scheme S1. (B) Mirror-like catalytic site superposition between FmDTA and an LTA from Aeromonas jandaei (PDB
code 3WGB). The residues and the glycine-PLP external aldimine in the LTA are shown as yellow sticks. Lys49 and its surrounding residues in
FmDTA are shown with magenta sticks. The pyridine-ring-extended plane and the possible p-specific position of aldehyde are shown and labeled.
Two residues of FmDTA and AxDTA close to the aldehyde position are shown with magenta and gray sticks, respectively. The Mn?* ion is
prepared from the structure of AxDTA. The small figure is a top view of the large figure, and the green arrow indicates the possible position of the

free Lys49.

because the positional relationship between the aldehyde and
glycine substrates determines the stereospecificity of the
enzyme. A previous study on AxDTA suggested the retro-
aldol reaction (reverse reaction) mechanism of DTA, where
His193 drives water-mediated deprotonation of the Cp-
hydroxyl group of a substrate.'””' The mechanism is quite
similar to a mechanism found in LTAs and the redesigned
alanine racemases, by using the histidine residue as a
protonation and deprotonation mediator.'”*® The proposed
mechanism, however, is in conflict with our mutational study
where the FmDTA™'8 variant showed a detectable activity
(Figure 2C). Production of a significant amount of D-threonine
and p-allo-threonine with a higher concentration of the variant
indicates that the histidine residue does not participate directly
in enzyme catalysis (Figure S6). In fact, His183 is involved in
the binding of PLP by stabilizing the crucial Tyr250 residue
(Figure S7), which seems to explain the reduced activity of the
variant. Moreover, considering the pK, of biprotonated
histidine,””* the proton-received histidine may not be stable
at the optimum pH values for DTA (Figure 1B).

6895

It is of interest that, besides His183, there is no acidic
protein residue that can give a proton to the oxygen of
aldehyde within the active site (Figure 2B). We thus assumed a
mechanism that excludes the external proton-withdrawing
residue, reassessing the functions of the metal ion and Lys49
(Figure 3A, Scheme S1). The lysine-mediated Ca-deprotona-
tion is a reaction trigger mechanism commonly found in the
PLP-dependent enzymes, such as aminotransferases, tyrosine
phenol-lyases, and O-phospho-L-seryl-tRNASec:L-selenocys-
tein-tRNA synthase (Note S1).>' 7 In the newly proposed
mechanism, proton abstraction at the Ca by Lys49 inner
proton sink initiates enzyme catalysis (Figure 3A, Scheme S1).
When the resulting carbanion attacks aldehyde, the divalent
metal ion stabilizes the oxyanion state of the Cp-oxygen
(Figure 3A, Scheme S1), as a rate limiting step.'' Then, Cf-
oxygen receives a proton through a proton-for-proton swap at
Ca, where nucleophilic oxygen attacks the other proton of Car
and the carbon regains a proton from the sink (Figure 3A,
Scheme S1). An interesting observation is that His47 of
FmDTA blocks the corresponding position of the aldimine-
forming lysine of LTA in a mirror-like catalytic site

https://doi.org/10.1021/acscatal.1c01348
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Figure S. Near-perfect Cf-stereoselectivity of the FmDTA variants. (A) Relative activities and de values (syn) of the engineered enzymes. Standard
deviations are shown as bars (n = 3). (B) Rational design application to other DTAs. Standard deviations are shown with bars (n = 3). (C—E)
Changes of accumulated products and de values by the FmDTA variants. Pink and blue areas indicate concentrations of p-threonine and p-allo-
threonine, respectively. The reactions were performed with 500 mM glycine, 100 mM acetaldehyde, 0.1 mM PLP, 0.1 mM MnCl,, and enzyme
concentrations of 0.01, 0.05, or 0.09 mg mL ™", respectively. Standard deviations are shown (n = 3). (F—H) Changes of accumulated products and
de values by the FmDTA variants over the long period of time. The reactions were performed under the same conditions as above, but the
temperature was set at 15 °C in view of the volatility of acetaldehyde. The decreased de values are fitted to the logistic equation, and the graph is
shown with a gray line. Standard deviations are shown (n = 3).

superposition, indicating that DTA has a different mechanism external aldimine is formed, the free and uncharged lysine may
compared to those of LTAs (Figure 3B), whereupon when be positioned to a limited space located under the pyridine-
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ring-extended plane close to the potential position of Ca
(Figure 3B). Asp313 seems to aid the proton abstraction by
the sink, and complete activity abolishment of the
FmDTA™"A variant and restriction of Lys49 positioning
strongly support the proton sink concept (Figures 2C and 3B).
This proposed mechanism explains the metal-dependency of
DTA and the flow of protons that transform aldehyde into the
Cp-hydroxyl group of a product. According to the mechanism,
DTA shows a unique enzymatic aldol addition model where
only the metal ion and Ca with the sink wait for the aldehyde
substrate to be trapped, which will be described in the next
section.

Rational Engineering for High Cf-Stereoselectivity.
Our proposed mechanism suggests that the aldehyde substrate
is coordinated to a metal ion and is located on the quinonoid
structure opposite the inner proton sink (Figure 3). Here, we
can expect that the aldehyde substrate in a plane configuration
of the formyl group has two possible positions for its R-group,
considering the interaction with the quinonoid intermediate.
When the R-group is located toward the inner position of the
cavity, the anti-form of its product (p-allo-threonine) is formed
(Figure 4). On the contrary, when the R-group is located
toward the outer position of the cavity, the syn-form of its
product (D-threonine) is formed (Figure 4). We then designed
the FmDTAS7® variant based on the rationale that an
artificial spatial constraint might hinder the placement of the
R-group at the inner position of the cavity (Figure 4). The
variant showed a dramatically increased de value of 95.0% for
the syn-diastereomer, although its activity decreased to 22.6%
of the wild-type (Figure SA). Surprisingly, mutations of the
corresponding glycine residue of other DTAs, such as BiDTA,
AiDTA, OcDTA, AxDTA, and DrDTA, to alanine resulted in a
dramatic increase of the syn-specificity (Figure SB). These
results confirm that the rationale can also be applied to other
DTAs, which further supports our proposed reaction
mechanism and the aldehyde binding mode of DTA. We
also observed the Argl147 and Ser312 residues in the vicinity of
the aldehyde binding site (Figures 2B and 3), and mutations of
these residues to alanine resulted in one-third of the activity
and the increased de value compared with that of the wild-type
(Figure SA), which indicates that these two residues affect the
positioning of aldehyde and consequently the stereospecificity
determination.

We then attempted to combine the G179A mutation with
the R147A and S312A mutations to achieve even higher syn-
specific variants. Unfortunately, the FmDTAR*7A/G17A yarjant
showed a decreased de value, which implies that the R147A
mutation abolished the hindrance effect of the G179A
mutation (Figure SA). However, the FmDTASPA/S32A arant
exhibited a much higher de value of 99.5% (Figure SA).
Kinetic analysis of the FmDTAS7?A/$3124 varjant showed a
similar level of K, and a reduced k,, compared with those of
the wild-type (Table S4). These results imply that the
mutations only affected the direction of the substrate binding
without changing its affinity for the substrate, and the position
of the bound substrate in the variant is slightly different from
that needed for optimal enzyme catalysis. Next, we measured
the p-threonine production by the FmDTA variants for 4 h to
monitor the changes in the Cp-stereoselectivity during the
extended catalytic processes. We adjusted enzyme quantities to
secure an activity level of the wild-type for each of the variants
to compare the selectivity while minimizing the kinetic effect.
Although the de values (syn) decreased in both the
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FmDTAS7%4 and the FmDTASPA/S312A (arjants over time,
the variants maintained high de values of over 93% and 95%,
respectively (Figure SC—E). Since it is known that one of the
drawbacks of TAs is a decrease in the Cf-stereoselectivity over
time,'>* 16 h reactions were conducted to validate that the
FmDTA variants maintain the high selectivity without kinetic
control. Although the overall conversion was not affected, the
wild-type showed a severe decrease of Cf-stereoselectivity by a
17.4% change in the de value, indicating the kinetic effect in
the 4 h reaction (Figure SF), whereas the Cf3-stereoselectivities
of FmDTAS7?* and FmDTAS7?A/S312A yere slightly reduced
by 1.8% and 2.4% over the long period of time (Figure SG,H).
The effect of our rational design was further demonstrated with
the same experiments using BADTA and the BRDTAG*A
variant (Figure S8).

We further tested if the variants can be utilized for other
aldehydes. We first measured p-hydroxynorvaline production
using a propionaldehyde substrate. For the 16 h reaction, the
wild-type produced both syn- and anti-forms of p-hydrox-
ynorvaline while the peak corresponding to the anti-form was
negligible in the reactions of FmDTAS!7?A and
FmDTAC!79A/83124 (Figure S9). It has been known that
DTAs tend to produce syn-form products when bulky aromatic
substrates are used,'”** which leads us to presume that the syn-
specific active sites of these variants might prefer benzaldehyde
to acetaldehyde as a substrate. When benzaldehyde was used as
a substrate, FmDTAY" showed a much higher Cp-stereo-
selectivity with a de value (syn) of 94.5% than when using
acetaldehyde, and the syn-specific FmDTAS'7** and
FmDTACGA/S328 varjants exhibited even higher de values
(Table SS). Surprisingly, the catalytic ability of the variants
increased 1.40 and 2.61 times compared to that of the wild-
type (Table SS). These results are consistent with the
presumption that there is a relationship between the
mechanistic positioning of aldehyde and the rate of bond
formation, further emphasizing that the rationale of the DTA
variants is suitable for aldehyde substrates of various sizes.

B CONCLUSIONS

In this study, the FmDTA enzyme with high activity and
selectivity for p-threonine production was identified. On the
basis of the structural and biochemical analyses of FmDTA, we
proposed a catalytic mechanism of DTA, in which the divalent
metal ion plays an important role in the common PLP-
dependent mechanism. Comprehensive understanding of the
catalytic mechanism of DTA provided us with a strategy for
rational protein engineering, by which we achieved the
FmDTA variants having near-perfect Cf-stereoselectivity of a
de value of 99.5% for p-threonine. We also demonstrate that
the rational design is also applicable to other DTA
homologues. This is the first case of asymmetric bioconversion
of short-chain aldehydes into -hydroxy-a-p-amino acids by an
unnatural syn-specific DTA (Table S6). Furthermore, the
FmDTAC7?A/S32A varjant showed enhanced catalytic activity
and Cp-stereoselectivity against the benzaldehyde substrate.
This study on DTAs shows how mechanism-based rational
engineering can control enzyme catalysis and can be utilized
for f-hydroxy-a-p-amino acid conversion.
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