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required to produce adipic acid in the proposed metabolic
pathway.10,14

Members of the (R)-2-hydroxyacid dehydrogenase family
can reversibly catalyze the reduction of 2-oxo acids to the
corresponding 2-hydroxy acids, with simultaneous oxidation of
the cofactors NADH or NADPH. Usually, these enzymes exist
as homodimers, with each monomer composed of a cofactor-
binding domain and a substrate-binding domain (Figure 2A).

Both domains show structural variants of the βαβ Rossmann
fold. The active site is located in a cleft between the two
domains where, in the absence of cofactor and substrate, it is
exposed to the solvent. Binding of the cofactor promotes the
transition to the closed conformation, which is necessary for
the formation of a working active site and catalysis. Binding of
the substrate to residues from both domains is thought to shift
the equilibrium toward the closed conformation.15−18

Figure 1. Metabolic pathway for the production of adipic acid from (S)-lysine. The conversion of 2-oxoadipate to (R)-2-hydroxyadipate (reaction
4) is a key bottleneck in this pathway and the focus of this study. Reaction 1 is performed by an enzyme corresponding to E.C. 2.6.1.36, reaction 2
is catalyzed by an enzyme E.C. 1.2.1.31, reaction 3 is catalyzed by an enzyme E.C. 2.6.1.39, and reaction 6 is catalyzed by an enzyme with activity
E.C.1.3.1.31. The direct conversion of (R)-2-hydroxyadipate to (E)-2-hexenedioate (reaction 5) has not been demonstrated. It is possible through
the activation to 2-hydroxyadipyl-CoA, dehydration to 5-carboxy-2-pentenoyl-CoA, and, finally, the release of coenzyme A to yield (E)-2-
hexenedioate. Abbreviations: 2-oxoglutarate (2-OG); L-glutamate (L-Glu).

Figure 2. Structure of (R)-2-hydroxyacid dehydrogenase family members, key residues involved in substrate catalysis, and substrates of Hgdh and
Pgdh. (A) Monomer of (R)-2-hydroxyglutarate dehydrogenase (Hgdh from A. fermentans, PDB ID 1XDW) in the open conformation (blue),
structurally aligned with a monomer of D-lactate dehydrogenase (LDH from Aquifex aeolicus, PDB ID 3KB6) in the closed conformation
(transparent white). The two enzymes were aligned based on the cofactor-binding domain. The NADH cofactor (yellow) and lactate (orange)
substrate of LDH are shown. (B) Active site of both enzymes showing the substrate (orange) and NADH (yellow) in the active site of LDH, as well
as the catalytic residues numbered following the Hgdh amino acid sequence. Red dashed lines show the interactions between the side chains of the
catalytic triad of LDH and the lactate substrate. (C) Chemical structures of 2-oxoadipate (substrate of the reaction studied in this work), 2-
oxoglutarate (natural substrate of Hgdh and Pgdh), and 3-phosphohydroxypyruvate (natural substrate of Pgdh).
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The catalytic triad (R235, E264, and H297, according to
Hgdh amino acid sequence numbering, Figure 2B) is
conserved among the different members of the (R)-2-
hydroxyacid dehydrogenase family. Specifically, H297 acts as
an internal acid-base catalyst during the reduction reaction,
whereby a hydride anion is transferred from the cofactor to the
substrate and a proton is transferred to the carbonyl oxygen of
the substrate. The residue R235 mediates substrate recognition
and orientation as it binds to the α-carboxylate, as well as the
polarization of the carbonyl group of the substrate, increasing
its susceptibility to a nucleophilic attack. In addition, E264,
which is bound to H297 through a hydrogen bond (Figure
2B), plays a critical role in orienting the imidazole ring of the
positively charged H297, thus stabilizing its protonated state
and facilitating the proton transfer reaction.15−17,19

Given that no efficient enzyme for the production of (R)-2-
hydroxyadipate has been described so far, the aim of the
present study was to identify suitable target enzymes for
improvement via directed evolution. Two candidate enzymes,
that is, Hgdh from A. fermentans and D-3-phosphoglycerate
dehydrogenase from Escherichia coli (Pgdh), were selected due
to the structural similarity of their natural substrates to 2-
oxoadipate (Figure 2C). After assessing 2-oxoadipate reduction
by the two enzymes, Hgdh was identified as the one with the
highest activity. Hgdh was then evolved using a combination of
computational analysis and protein engineering (Figure 3),
which led to the discovery of three enzyme variants with a 100-
fold higher catalytic efficiency. Finally, a rational analysis was
carried out to identify the mutations responsible for improving
the enzyme’s activity.

■ RESULTS AND DISCUSSION
Two Candidate Dehydrogenases Can Successfully

Reduce 2-Oxoadipate. Two enzymes from the (R)-2-
hydroxyacid dehydrogenase family were selected, and their
catalytic activity toward 2-oxoadipate was measured. The first
enzyme was D-3-phosphoglycerate dehydrogenase from E. coli
(Pgdh, E.C. 1.1.1.95), which was selected due to the structural
similarity of its natural substrate, 2-oxoglutarate,23,24 to 2-
oxoadipate (Figure 2C). In addition, this enzyme is also able to
catalyze the reduction of 3-phosphohydroxypyruvate (Figure
2C), even though the 2-oxoglutarate and 3-phosphohydrox-

ypyruvate show some structural differences; the former
showing a γ-carboxylate and the latter a phosphate group.
This fact suggests that Pgdh might accept other structurally
related substrates such as 2-oxoadipate. The second selected
enzyme was Hgdh from A. fermentans (E.C. 1.1.99.39), which
catalyzes the reduction of 2-oxoglutarate and, to a much lesser
extent, 2-oxoadipate.10

To assess the activity of Pgdh and Hgdh toward 2-
oxoadipate and 2-oxoglutarate, both enzymes were hetero-
logously expressed in E. coli and then purified (Figure S1). The
kinetic constants were determined (Table 1 and Figure S2).

Even though the kinetic parameters of Pgdh were
significantly lower when using 2-oxoadipate instead of 2-
oxoglutarate as substrate (Table 1), the enzyme was never-
theless capable of reducing 2-oxoadipate. The catalytic
constant (kcat) of Pgdh for 2-oxoadipate was 7.5-fold lower
than the kcat for 2-oxoglutarate. Likewise, the observed
Michaelis constant (Km) was 61-fold higher for 2-oxoadipate
than for 2-oxoglutarate. Overall, the efficiency of Pgdh was
450-fold lower with 2-oxoadipate than with 2-oxoglutarate.
Hgdh was active toward both 2-oxoglutarate and 2-oxoadipate
(Table 1), in agreement with previous observations by
Parthasarathy et al.10 Again, the reduction of 2-oxoadipate

Figure 3. Protein engineering strategies and workflow employed in the present study. A computational analysis combining the evolution-guided
approach of FuncLib20 and in silico high-throughput saturation mutagenesis21,22 was carried out to design mutant variants that could improve 2-
oxoadipate activity. Seven residues were targeted for saturation mutagenesis. Subsequently, a round of whole-gene random mutagenesis (error-
prone PCR) was carried out using as template the best variants found in the previous round. Finally, a combinatorial library that mixed some of the
potentially beneficial mutations found by error-prone PCR was designed and screened.

Table 1. Kinetic Constants for the Reduction of 2-
Oxoadipate and 2-Oxoglutarate by Hgdh and Pgdh

substrate enzyme kcat (s−1) Km (mM)
kcat/Km

(M−1 s−1)

2-oxoadipate Hgdha 0.70 ± 0.03 2.96 ± 0.24 2.4 × 102

Pgdhb 0.27 ± 0.02 5.10 ± 0.63 5.3 × 10
2-

oxoglutarate
Hgdha 1223 ± 24 0.33 ± 0.01 3.7 × 106

Pgdhb 2.02 ± 0.11 0.084 ± 0.017 2.4 × 104

aReactions with Hgdh were carried out at 25 °C in 50 mM phosphate
buffer, pH 8, containing 0.25 mM NADH. bReactions with Pgdh were
carried out at 37 °C in 50 mM phosphate buffer, pH 7.4, containing
0.25 mM NADH and 1 mM DTT. Pgdh activity with 2-oxoadipate
was observed also at 25 °C, but it was too low to determine the
kinetic constants. The activity of Pgdh observed at 37 °C
demonstrates that the enzyme was active and properly folded. Results
are expressed as the mean ± standard deviation of three replicate
assays.
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was not as efficient as that of 2-oxoglutarate, as indicated by a
1750-fold lower kcat and a 9 times higher Km for the former
compared to the latter. Overall, Hgdh exhibited a 15 000-fold
lower catalytic efficiency with 2-oxoadipate than with 2-
oxoglutarate.

These results indicate that the catalytic pockets of both Pgdh
and Hgdh can be adapted to catalyze the reduction of 2-
oxoadipate even if with a low efficiency. This finding is not
surprising given that some (R)-2-hydroxyacid dehydrogenases
are considered promiscuous and can accept a wide range of
substrates.15 Notably, even though the backbone of 2-
oxoadipate is only one carbon longer than that of 2-
oxoglutarate (Figure 2C), the substrates maintain the same
physicochemical properties dictated largely by the two terminal
carboxylate groups.

Hgdh was selected as the most suitable engineering target as
its reduction of 2-oxoadipate was more efficient compared to
that by Pgdh (Table 1). Moreover, Hgdh showed good
stability, which is desirable for protein engineering, and the
enzyme’s activity was easily monitored at room temperature,
whereas Pgdh activity was only measurable at 37 °C.

Computational Studies and Saturation Mutagenesis
Experiments: V11M and V11K Mutations Improve
Activity toward 2-Oxoadipate. As a first approach in the
protein engineering of Hgdh, a combination of computational
studies and saturation mutagenesis was used to find beneficial
mutations capable of improving 2-oxoadipate reduction
activity. Specifically, the evolution-guided approach of
FuncLib, based on phylogenetic analysis and Rosetta design
calculations,20 was used to design and rank mutated variants of
Hgdh at multiple sites that could increase activity toward 2-
oxoadipate. It has been shown that FuncLib is effective in
designing ensembles of stable and functionally diverse
multipoint mutants of enzymes.20 We aimed to identify
amino acid positions that are predicted by FuncLib to have
high variability of allowed mutations (Figure 4B) in the
calculated ensembles of multipoint mutants of Hgdh to
prioritize them for the experimental engineering strategies.
Three mutational screenings were performed, each including
different amino acid positions free to mutate during the
FuncLib calculations, considering a total of 19 positions (for
additional details, see the Methods section, Figures 4A,B, and

Figure 4. Computational analyses. (A) Representation of the Hgdh active site pocket. The residues included in the FuncLib scans are represented
by sticks: (i) residues in the polar pocket responsible for the binding of the α-carboxylate of the substrate are shown in red, (ii) residues of the polar
patch responsible for orienting the substrate in the binding pocket are shown in pink, (iii) residues of the arginine cluster are shown in blue, (iv)
other residues are shown in gray. The residues of the catalytic triad are highlighted in yellow. (B) Barplot showing the percentage of mutant variants
at each selected amino acid position in the ensemble of multipoint mutants from the third FuncLib calculation. (C) Heatmap showing the ΔΔGS
of folding between the mutated variants and wild-type Hgdh for each possible mutation (y-axis) at the selected amino acid position (x-axis)
calculated using FoldX.
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S3). We selected these residues from the ones forming the first
(R9, R52, R76, T77, A78, G79, D81, Y101, and S300) and
second (V11, E12, I15, F16, R100, P296, L298, G299, Y301,
and M309) shell of the Hgdh active site (Figure 4A). In
addition, we included residues proposed to be involved in the
binding of 2-oxoglutarate.19 We complemented the FuncLib
scans with in silico saturation mutagenesis using MutateX, an
automated pipeline22 based on the FoldX energy function.21 It
has been shown that FoldX is effective in predicting
destabilizing mutations in proteins. We used FoldX with the
aim to estimate the potential impact of the mutations predicted
by FuncLib on the thermodynamic stability of Hgdh,
calculated as changes in free energy upon mutations (ΔΔG
values, Figure 4C), and avoid including the mutations
predicted with destabilizing effects, i.e., high ΔΔG values, in
the experimental engineering strategies.

Overall, the three FuncLib scans identified similar mutant
variants at each amino acid position (Figures 4B and S3). Low
mutational variability characterized sites E12, F16, R76−A78,
D81, Y101, L298, G299, and M309, resulting in conserved
mutations or none at all, which ensured similar physicochem-
ical properties for multipoint mutants (Figure 4B). For
positions E12, F16, R76, G79, Y101, and M309, FoldX
predicted an elevated average ΔΔG upon mutation (Figure
4C), suggesting that nonconservative substitutions could affect
the structural stability of Hgdh. In contrast, T77, A78, and D81

displayed only close to zero or negative ΔΔG values (Figure
4C).

A greater variability of allowed mutations was observed for
residues R9, V11, R52, R100, S300, and Y301, with FoldX
predicting negative or close to zero ΔΔG values (Figures 4B,C,
and S3). It was previously suggested that R52, T77, A78, D81,
and S300 were involved in determining substrate specificity of
2-hydroxyacid dehydrogenases.15−17,19 Considering our results
obtained using FuncLib, FoldX, as well as already published
data, eight residues were selected for saturation mutagenesis:
R9, V11, R52, T77, A78, D81, Y101, and S300.

Saturation mutagenesis was carried out on the selected
residues. The high-throughput screening assay used to measure
the variants’ activity had a coefficient of variance (CV) of
14.1% (Figure S4), which ensured the reliability of the assay.
Variants with improved activity (activity higher than the
average activity of the parent strain plus two standard
deviations) were found in library V11. Specifically, variants
V11K and V11M showed 64 and 70% greater activity,
respectively, compared to wild-type Hgdh, when 2 mM 2-
oxoadipate was used as substrate. To determine if the increased
activity was observed at lower substrate concentrations, 0.5
mM 2-oxoadipate was used, which resulted in 31% (V11K)
and 39% (V11M) higher activity. The residue V11 is located in
the vicinity of residues that participate in the binding and
orientation of the substrate that are E12 and I15 (part of a

Figure 5. Clones with improved activity toward 2-oxoadipate obtained from the ep-PCR and combinatorial library. (A) Improved variants obtained
by ep-PCR. (B) Improved variants obtained in the combinatorial library. The fold improvement measured for each variant, as well as the mutations
in each of them, is shown. The average activity of wild-type Hgdh was normalized to 1 and used as reference to determine the activity of the clones
analyzed. Improved variants obtained by ep-PCR were named as “Ep” followed by a number indicating the ranking based on the level of activity
observed. Improved variants obtained from the combinatorial library were named as “Co” plus a number indicating the ranking based on the level
of activity detected. Reactions were carried out at 25 °C in 50 mM phosphate buffer, pH 8, containing 0.5 mM 2-oxoadipate, 0.25 mM NADH, and
an appropriate aliquot of culture lysate.
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polar patch and a hydrophobic patch defining the active site),
and R9 (part of the arginine cluster binding the ω-carboxylate
of the substrate) (Figure 4A). Moreover, V11 is close to Y301
and F140′ (from the second monomer), which also define the
active site. Mutations V11K and V11M can lead to subtle
changes in the positioning of these residues, improving the
accommodation of 2-oxoadipate and, therefore, increasing
activity.

The libraries generated via saturation mutagenesis of the
remaining residues did not yield improved activities. In fact,
some of the libraries showed a very low percentage of
functional variants, whose activity toward 2-oxoadipate was
higher than the average activity of wild-type Hgdh minus two
standard deviations (Table S1). Specifically, mutations at R52,
T77, S300, and R9 displayed only 2, 4, 8, and 10% of
functional variants, respectively. These results suggest that
these residues play a fundamental role in Hgdh functioning,
either structurally or catalytically. R9 and R52 have been
shown to form a positively charged patch (together with R76)
involved in substrate recognition and binding of the γ-
carboxylate group of 2-oxoglutarate. While R9 and R76 are
conserved among D-2-hydroxyacid dehydrogenases, R52 is
highly variable and has been suggested to modulate substrate
specificity of the members of this family.15,19 In this case, any
change to R52 was detrimental to Hgdh activity, with only 2%
of variants being as active as wild-type Hgdh. It is likely that
the positively charged side chain of arginine is essential for the
binding and orientation of 2-oxoadipate.

Similar to R52, only 4% of the variants mutated at T77 were
functional. Instead, a higher fraction of functional variants
(16%) was obtained in the D81 library. Residues T77 and D81,
together with A78 and G79, form a polar patch involved in the
binding of the substrate’s α-carboxylate to A78 and G79 via
hydrogen bonds. Mutations in T77 and D81 could easily affect
the positioning of residues within the patch, thereby affecting
the binding and proper orientation of the substrate in the
catalytic pocket. This can explain the low percentage of
functional colonies found in these libraries. Similarly, even
though a relatively high mutagenic variability was found in our
computational results for position S300 (Table S1), this
residue is involved (together with Y101) in defining the active
pocket dimension and substrate specificity; therefore, muta-
tions at this site can interfere with proper orientation of the
substrate.

Error-Prone PCR Generates Variants with Improved
Activity. Even though the Hgdh V11M and V11K variants
obtained showed improved activity, our aim was to further
increase the ability of the enzyme to reduce 2-oxoadipate. To
this end, a round of whole-gene error-prone PCR (ep-PCR)
was performed using Hgdh V11M and Hgdh V11K as parent
strains. The goal was to find Hgdh variants with higher
catalytic efficiency (kcat/Km). To make sure that mutant
variants with low Km (as well as improved kcat) were found,
substrate concentrations lower than the Km for 2-oxoadipate
were used in the screenings of libraries. For this reason, in this
and the following experiments, the substrate concentration was
lowered further to 0.5 mM. The screening of the obtained
library revealed fifteen clones with improved activity toward 2-
oxoadipate (Figure 5A).

The best variant obtained in this round (Ep1) showed 4.9
times higher activity than the parental V11M and V11K
mutants, and 6.6-fold more activity compared to wild-type
Hgdh. This clone contained three mutations: A2T, V11K, and

A206V. Interestingly, the latter appeared also in the second-
best clone (Ep2, V11K/A206V/R218C), which showed a 3.1-
fold improvement compared to the parent variants. In clone
Ep12 (V11K/T148N/A206T), which showed around 1.5-fold
higher activity compared to the parental gene, A206 was
mutated to threonine. Notably, mutation A2T occurred also in
other clones showing improved activity. It is worth mentioning
that the alanine in position 2 was a result of the cloning of the
gene and was not initially present in Hgdh sequence. When
A2T was combined with V11M or V11K, a 1.4-fold (Ep13) or
1.3-fold (Ep14) improvement was observed compared to the
parent enzymesHgdh-V11M and Hgdh-V11K.

Mutations of residue A214 to valine or aspartate were also
detected in clones with improved activity. In particular, clone
Ep3 (V11K/A214V/V312I) displayed 2.8-fold higher activity
compared to the parent enzymes V11K and V11M, whereas
clones Ep5 (V11K/A214D) and Ep7 (V11M/A214D)
displayed a 2.2- and 2.0-fold increment, respectively. These
results indicate that A214D has a clear positive effect on the
observed activity. Interestingly, mutation E304K (present in
clone Ep6 together with V11M) also showed a positive effect,
with a 2.2-fold improvement compared to V11M alone.

Combinatorial Library Generates Variants Whose
Activity Is Improved by 2 Orders of Magnitude. Given
the many clones with improved activity created by the ep-PCR
library, we decided to investigate if a combination of these
potentially beneficial mutations could have an additive effect
and further improve the activity of Hgdh toward 2-oxoadipate.
To this end, a combinatorial library that mixed the mutations
present in the improved variants was generated. The library
was designed in such a way that all of the clones contained: (i)
mutations V11M or V11K derived from saturation mutagenesis
of V11; (ii) mutations A2T and A206V found in the best clone
(Ep1) from the ep-PCR library; and (iii) some other mutations
found in the best clones from the ep-PCR library (Table S2).
To construct this library, the hgdh gene was amplified as two
different fragments. The first fragment contained the coding
sequence corresponding to residues 1−206 and was amplified
using plasmid templates that included mutations A18V and
V152I, C19Y and D32N, as well as T121I, K131T, F138I,
T148N, or R156H (Table S2). The second fragment
contained the coding sequence corresponding to residues
206 to 346 and was amplified using plasmids that contained
mutations A214V and V312I, A214D, R218C, or K307I, and
E304K (Table S2). The pools of the two fragments were then
combined with the vector, giving rise to 63 possible distinct
variants.

Screening of the library revealed several variants, whose
activity was between 11.1- and 19.1-fold higher compared to
that of the parent Ep1 clone (A2T, V11K, A206V) (Figure
5B). Overall, the best variant (Co1) displayed a 126-fold
increment in activity compared to wild-type Hgdh; it
combined the mutations A2T, V11M, and A206V with
A214V and E304K. Notably, all improved variants included
mutation A214D or A214V, together with A2T, V11M, and
A206V. Some unexpected combinations were also found in the
library, such as A214V and E304K (Co1), A214D and K307I
(Co2), and A214D and E304K (Co4). Ambiguous is how
these combinations were combined. The most plausible
explanation may have to do with the generation of primers
A206V_D and A206V_R (Table S3) used in the PCR. These
primers contained the DNA region encoding for residues D200
to G213. The inclusion of some unintended extra nucleotides
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(encoding for A214D or A214V) could explain the
encountered combination of mutations.

Effect of Single Mutations on Activity toward 2-
Oxoadipate and 2-Oxoglutarate. The most improved
variants found upon construction of the libraries contained
several amino acid substitutions (Figure 5B). To understand
which of the mutations actually contributed to higher catalytic
activity and to what extent, different Hgdh variants containing
single mutations were generated, expressed, and the activity of
the corresponding lysates toward 2-oxoadipate (Figures 6A
and S5A) and 2-oxoglutarate (Figures 6B and S5A) was
determined.

All of the single variants tested were found to significantly
improve Hgdh activity (p < 0.05 in a Welch t-test) (Figures 6A
and S5A). Notably, A206V was the most effective mutation,
increasing the activity of Hgdh toward 2-oxoadipate by 4.8-fold
and, therefore, it was largely responsible for the 6.6-fold higher
activity of Ep1 compared to wild-type Hgdh. Mutations
A214V, A214D, E304K, and K307I improved the activity
between 2.3- and 2.8-fold. It is important to note that the
improvements observed in single mutants were small in
comparison to those obtained in the best variants from the
combinatorial library, which ranged between 73- and 126-fold.
This result proves that the increments characterizing the
variants obtained in the combinatorial library were largely due
to a synergistic effect.

It is interesting to note that all of the variants with single
mutations (except A2T, whose activity was akin to that of wild-
type Hgdh) showed reduced activity (37−54% less) toward 2-
oxoglutarate, the natural substrate of Hgdh (Figures 6B and
S5A). Notably, V11M showed 71% less activity compared to
wild-type Hgdh. These were promising results, as the study
aimed to obtain a highly efficient enzyme-specific for 2-
oxoadipate reduction.

Characterization of the Best Variants. The variants Co1
(A2T/V11K/A206V/A214V/E304K), Co2 (A2T/V11K/
A206V/A214D/K307I), and Co3 (A2T/V11K/A206V/
A214V/V312I) from the combinatorial library (Figure 5B)
were expressed in E. coli BL21 (DE3), purified (Figure S6),
and their kinetic constants were measured using 2-oxoadipate
as substrate (Table 2 and Figure S7). The kcat values for Co1,
Co2, and Co3 were improved by 151-, 124-, and 328-fold,
respectively, compared to the wild-type enzyme. In contrast,
the Km values of the variants were similar to those of wild-type
Hgdh in the case of Co1 and Co2, or slightly increased (3.3-
fold) for Co3. Impressively, the efficiency (kcat/Km) of the best

variants from the combinatorial library was improved by 2
orders of magnitude compared to the wild-type enzyme.
Importantly, these results confirm that the higher activity
shown by these variants is due to better catalysis of the
reaction, rather than faster or stronger production of the
enzyme by the screened clones.

Interestingly, the activity of variants Co1, Co2, and Co3
(from culture lysates) toward 0.5 mM 2-oxoglutarate revealed
a reduction to 0.9% (Co1), 0.6% (Co2), and 1.6% (Co3) of
wild-type Hgdh activity (Figure S8). The kinetic parameters
toward 2-oxoglutarate could not be determined due to the low
activity observed at low substrate concentrations (data not
shown). This could be due to an inhibition effect that will have
to be further investigated.

It is worth mentioning that the efficiency showed by the
improved Hgdh variants toward 2-oxoadipate is comparable to
that shown by other (R)-2-hydroxyacid dehydrogenases
toward their respective natural substrates, whose median kcat/
Km is 1.45 × 105 M−1 s−1.15 However, the Hgdh variants
obtained in this study revealed Km values above the average
affinity shown by (R)-2-hydroxyacid dehydrogenases (600
μM), suggesting weaker enzyme−substrate interactions with 2-
oxoadipate.15

Rationale for How the Different Mutations Improve
Hgdh Activity. The current study aimed to switch the
specificity of Hgdh from 2-oxoglutarate to 2-oxoadipate, which
is one carbon longer than the natural substrate (Figure 2C) but
exhibits analogous physicochemical properties. One can
hypothesize that the catalytic pocket must be slightly enlarged
to accommodate the new substrate while maintaining its
characteristics, with a negatively charged patch binding the ω-
carboxylate.

Figure 6. Activity of single mutant variants. (A) Activity of the variants toward 2-oxoadipate. (B) Activity of the variants toward 2-oxoglutarate.
Reactions were carried out at 25 °C in 50 mM phosphate buffer, pH 8, containing 0.5 mM 2-oxoadipate or 2-oxoglutarate, 0.25 mM NADH, and an
appropriate aliquot of culture lysate. Results are expressed as the mean ± standard deviation of replicate assays.

Table 2. Kinetic Constants for the Reduction of 2-
Oxoadipate by Wild-Type Hgdh and its Improved Variants�

substrate enzyme kcat (s−1) Km (mM)
kcat/Km

(M−1 s−1)

2-
oxoadipate

wild-type
Hgdh

0.70 ± 0.03 2.96 ± 0.24 2.4 × 102

Co1 106 ± 3 4.18 ± 0.20 2.5 × 104

Co2 87 ± 3 3.05 ± 0.24 2.8 × 104

Co3 230 ± 11 9.72 ± 0.67 2.4 × 104

aReactions were carried out at 25 °C in 50 mM phosphate buffer, pH
8, containing 0.25 mM NADH. Results are expressed as mean ±
standard deviation values of triplicate assays. kcat and Km are apparent
values since Km for NADH was not determined.
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Analysis of the Hgdh structure revealed that the beneficial
mutations found in the improved variants were located mainly
in two areas: (i) the loop positioned between the β-strand βD
and helix 310-A,19 and encompassing residues A206 and A214
(Figure 7A), and (ii) the helix α419 (containing the mutated
residues E304, K307, and V312) and residues defining the
active site (Figure 7B). Even though the mechanism, by which
the mutations improve the catalytic properties of Hgdh, will
require further experimental data to be elucidated, the crystal
structure of Hgdh (PDB ID 1XDW) was analyzed for possible
cues (Figure 7).

The loop comprising residues A206 and A214 is positioned
behind the area including R235 (Figure 7A), the catalytic
residue that binds the α-carboxylate and the carbonyl group of
the substrate, indicating its essential role in both substrate
binding and activation.19 Residues L238 and D240 in the area
containing R235 interact via hydrogen bonds with residues
V215 and V216 in the loop. Therefore, it is possible that
mutations A206V, A214V, and A214D affect the positioning of
R235 and the surrounding structure, influencing substrate
orientation and, in turn, improving catalysis.

In addition, residue A206 is buried in the structure close to
the binding site of NADH (Figure 7A−C) and is part of the
hydrophobic pocket that surrounds the adenine moiety of the
cofactor.19 It is worth noting that mutation A206V implies a
bulkier side chain compared to the native residue; however, the
same physicochemical properties need to be maintained to
improve activity toward 2-oxoadipate without compromising
the role that this residue has in the structural arrangement of

NADH. In comparison, residue A214 (facing the solvent)
accepted a wider range of mutations, as it could be mutated to
either valine or aspartate in the improved mutants.

Residues E304, K307, and V312 are located in the helix
α4,19 facing the solvent (Figure 7B,C), whereas residues A305,
V306, and M309 are located in the same α-helix, but form a
hydrophobic patch together with I15, which is involved in
substrate recognition. This hydrophobic patch; the arginine
cluster formed by R9, R52, and R76 (binding the ω-
carboxylate of the substrate); a polar patch formed by E12,
Y33, and N54, as well as Y301 and F140′ (from the other
monomer) delineate the catalytic pocket around the ω-
carboxylate of the substrate.19 Therefore, it is possible that
mutations E304K, K307I, and V312I can lead to subtle
changes in the interactions and positioning of residues forming
the hydrophobic patch, including A305, V306, and M309.
These alterations can subsequently lead to better accom-
modation and orientation of 2-oxoadipate, ultimately, improv-
ing the activity of the enzyme toward its substrate.
Furthermore, we speculate that Hgdh variants have a poorer
accommodation of the natural substrate 2-oxoglutarate, leading
to decreased activity. The 2-oxoglutarate is one carbon shorter
than the target substrate and the correct orientation of its α-
carboxylate and carbonyl group inside the catalytic pocket of
Hgdh is important for the enzyme specificity.

Finally, the beneficial mutations found in this study are not
located directly on the active site but on a shell behind it. The
discovery of these mutations highlights the importance of the
loop βD-helix-310-A and helix α4 regions (following the

Figure 7. Structural basis for the improved activity in Hgdh variants. (A) Details of the structure of Hgdh (PDB ID 1XDW) showing the mutated
residues V11, A206, and A214 (cyan sticks), the catalytic residues (light orange sticks), and the residues located below the catalytic arginine (pink
sticks). (B) Details of the structure of Hgdh showing the mutated residues V11, E304, K307, and V312 (cyan sticks), the arginine cluster (dark red
sticks), the residues forming a hydrophobic patch (yellow sticks), and the residues participating in a polar patch (green sticks). (C) Surface
representation of Hgdh showing the location of the mutated residues E304, K307, V312, A214 (cyan), the catalytic residues (light orange), V215,
D240 (pink), and N54 (green). In all of the panels, lactate (transparent orange sticks) and NADH (transparent yellow sticks) from the LDH
structure (PDB ID 3KB6) are shown for reference.
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numbering of Martins et al.19) as potential areas to engineer to
modify interactions with the substrate and, therefore, the
specificity of Hgdh and other members of the (R)-2-
hydroxyacid dehydrogenase family.

Concluding Remarks. The reduction of 2-oxoadipate to
(R)-2-hydroxyadipate is a crucial reaction in metabolic
pathways that produce adipic acid via α-reduction. However,
existing enzymes catalyze this reaction only with low rates. In
the present study, we aimed to engineer an enzyme capable of
efficient 2-oxoadipate reduction, while gaining insight into the
structural determinants responsible for improving enzymatic
activity. During our initial assessment of the activity shown by
the different candidate enzymes, we found that Pgdh was able
to catalyze the reduction of 2-oxoadipate, although with a low
efficiency. To the best of our knowledge, this is the first time
such activity by Pgdh is reported and confirms the promiscuity
of Pgdh. Following the engineering of Hgdh, three mutant
variants with an outstanding ≈100-fold higher catalytic
efficiency toward 2-oxoadipate were obtained. The selected
approach, which combined computational analysis with
random mutagenesis, generated enzymes with remarkably
improved catalytic properties and proved the method’s ability
to identify beneficial mutations that would be difficult to
predict otherwise. Overall, the improved variants Co1, Co2,
and Co3 engineered in the present study are valuable tools for
the production of bio-based adipic acid. In vivo tests will be
necessary to assess the actual performance of these enzymes in
a microbial host endowed with the enzymatic activities of the
pathway proposed in Figure 1. In this regard, an important
consideration is related to the redox imbalance of the proposed
pathway (i.e., 2 NAD(P)H are consumed and only one
NAD(P)H is produced per mole of converted lysine). An
effective evaluation of the improved Hgdh variants will rely on
establishing a process able to favor NADH formation and
prevent NADH shortage. One way to ensure NADH
availability is ensuring high activity of the tricarboxylic acid
cycle and therefore ensuring aerobic conditions and possibly
respiratory metabolism. In addition, specific metabolic
engineering strategies could be considered aiming at increasing
the levels of NADH and the ratio NADH/NAD+, as reported
by Berriós-Rivera et al.25,26 Likewise, specific process
conditions could be implemented to specifically tune the
microbial metabolism leading to increases NADH levels.27 In
addition, we believe that the three engineered variants
identified in the present study are an excellent starting point
for further engineering. Moreover, all beneficial mutations
described here will improve our understanding of (R)-2-
hydroxyacid dehydrogenases.

■ METHODS
Cloning of Pgdh and Hgdh. The gene sequences

encoding Pgdh and Hgdh were retrieved from the National
Center for Biotechnology Information database (gene ID:
945258) and the European Nucleotide Archive (accession
number: ADB47349.1), respectively. The sequences were
codon-optimized for expression in E. coli.28 Pgdh and Hgdh
genes were synthesized by GeneScript (Piscataway, NJ) and
cloned in vector pET-28b, introducing a thrombin site and a
histidine tag at the C-terminus. To facilitate cloning into the
vector, two nucleotides had to be introduced at the beginning
of the gene after the starting methionine. As a result, the gene
sequence encoded an extra alanine at position 2. The pET-28b
plasmids containing the genes were transformed into E. coli

DH5α for plasmid propagation and into E. coli BL21 (DE3)
for protein expression.

Heterologous Expression and Purification. Pgdh,
Hgdh, and Hgdh variants were expressed in E. coli BL21
(DE3) after transformation with the corresponding plasmids.
The cells were grown in autoinduction medium (Terrific Broth
base including trace elements; Formedium Ltd., Hunstanton,
U.K.) supplemented with 40 μg mL−1 neomycin at 30 °C (for
Pgdh) or 37 °C (for Hgdh) and 200 rpm for 16 h. The cells
were solubilized in 50 mM Tris-HCl (pH 7.4 for Pgdh and pH
8.0 for Hgdh) containing 300 mM NaCl, 0.5 mg mL−1

lysozyme, 10 U mL−1 DNase, 0.5 mM dithiothreitol (DTT),
and 10 mM imidazole. They were then sonicated (Branson 250
Digital Sonifier; Branson Ultrasonics, Brookfield, CT) and
centrifuged for 20 min at 13 500 rpm. The expressed proteins
were purified by affinity chromatography using a 1 mL
HisTrap column (GE Healthcare, Uppsala, Sweden) and a
20−500 mM imidazole gradient in 50 mM phosphate buffer,
pH 8.0, containing 300 mM NaCl and 0.5 mM DTT.

The purity of the enzymes was determined by SDS-PAGE
(Figures S1 and S4) and their concentration was determined
by measuring absorbance at 280 nm. The extinction coefficient
(ε280) and molecular weights (M) used to calculate the
protein concentration were retrieved from the web-based tool
ProtParam (https://web.expasy.org/protparam/). They corre-
sponded to ε280 = 41720 M−1 cm−1 and M = 75 kDa for
dimeric Hgdh, and ε280 = 75 640 M−1 cm−1 and M = 176 kDa
for tetrameric Pgdh. Purified enzymes were stored in 20 mM
phosphate buffer (pH 7.4 for Pgdh and pH 8.0 for Hgdh)
containing 10% glycerol at −80 °C.

Determination of Kinetic Constants. The reduction of
2-oxoadipate and 2-oxoglutarate was measured by monitoring
NADH oxidation (ε340 = 6220 M−1 cm−1) using a
SPECTROstar Nano microplate reader (BMG Labtech,
Ortenberg, Germany). All of the data obtained from the
microplate reader were automatically corrected by the plate
reader software for a 1 cm optical pathway. Hgdh activity was
measured at room temperature in a reaction mixture
containing 50 mM phosphate buffer pH 8.0, 0.25 mM
NADH, and different concentrations of 2-oxoadipate and 2-
oxoglutarate (from 0 to 5 mM). Pgdh activity was measured at
37 °C in the same reaction buffer as Hgdh but at pH 7.4 and
containing 1 mM DTT. All enzymatic activities were measured
as initial velocities from linear increments and three
independent repeats were assessed. Values and standard errors
for the apparent affinity constant (Km) and enzyme turnover
(kcat) were obtained by nonlinear least-squares fitting of the
experimental measurements to the Michaelis−Menten model
using Origin software (OriginLab Corporation, Northampton,
MA).

Computational Studies. FuncLib Screening. Three
mutational screenings were performed using the FuncLib
web server (http://funclib.weizmann.ac.il/), according to the
protocol described by Khersonky et al.20 and a monomer from
the X-ray structure of Hgdh (PDB ID 1XDW, chain A).19 In
each FuncLib calculation, we included as essential residues
(i.e., the residues kept in their wild-type conformation during
the calculation) the catalytic triad and the residues thought to
bind the NADH cofactor (103, 106, 107, 152−177, 206, 207,
212, 233−235, 259, 264, and 297). Amino acid positions to be
diversified during the FuncLib calculations included residues in
the first shell around the active site (R9, R52, R76, T77, A78,
G79, D81, Y101, and S300) previously proposed to be
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involved in substrate recognition, and those in the second shell
(V11, E12, I15, F16, R100, P296, L298, G299, Y301, and
M309). The residues selected for each FuncLib calculation
were: (i) scan1: R52, T77−G79, D81, Y101, and S300; (ii)
scan2: R9, E12, R52, R76−G79, D81, R100, Y101, P296,
L298−S300, and M309; and (iii) scan3: R9, V11, I15, F16,
R52, T77, R100, L298, S300, Y301, and M309. Default
parameters were used to run the calculations,20 and an in-
house Python script was employed to plot the percentage of
mutations at each selected amino acid position of multipoint
mutants.

In Silico Saturation Mutagenesis. We employed the FoldX
energy function21 to perform in silico saturation mutagenesis
using MutateX, an automated pipeline that we recently
developed.22 Thus, we employed the same protocol we had
applied to other proteins29,30 to estimate the changes caused
by the selected mutations on the structural stability of Hgdh.
To this end, we performed the calculations on a monomer
derived from the X-ray structure of Hgdh (PDB ID 1XDW,
monomer in chain A). MutateX calculated changes in the free
energy of folding as average ΔΔGS, i.e., differences in ΔG
between the mutant and the wild-type variant, for each
possible mutation at each amino acid position, over five
independent runs.

Saturation Mutagenesis. Saturation mutagenesis was
carried out on residues R9, V11, R52, T77, A78, D81, Y101,
and S300. To construct each library, a mutagenic PCR was
made using the pET28b-Hgdh plasmid as template and four
specific primers (three forward mutagenic primers and one
reverse primer, 3). The forward primers were designed to
incorporate the degenerate codons NDT (N = A/T/C/G, D =
no C) and VHG (V = no T, H = no G), and the TGG codon
at selected amino acid positions.28 PCR reactions were carried
out in a final volume of 20 μL containing 0.2 mM dNTPs, 0.02
U μL−1 Phusion HF DNA polymerase, 2.5 ng μL−1 template,
0.2 μM reverse primer, and 0.2 μM of the three forward
mutagenic primers mixed at a previously reported ratio.31

Reaction conditions were as follows: (i) a hot start of 98 °C for
2 min; (ii) 24 cycles at 98 °C for 10 s, 62 °C for 1 min, and 72
°C for 1 min 45 s; and (iii) a final cycle at 72 °C for 10 min.
The generated plasmids were digested with DpnI (FastDigest
DpnI, Thermo Scientific, Waltham, MA) at 37 °C for 20 min,
dialyzed against water using an MF-Millipore Membrane Filter
(0.025 μm pore size; Merck Millipore, Billerica, MA), and
transformed into E. coli. The plasmids from ten colonies of
each library were sequenced to evaluate the genetic variability
at the targeted residues. Around 90 colonies per library were
randomly selected, grown, and screened.

Generation of the V11M/V11K Mutant Library by ep-
PCR. Whole-gene ep-PCR was performed using the
GeneMorph II Random Mutagenesis kit (Agilent Technolo-
gies, La Jolla, CA), an equal mix of pET28b-Hgdh-V11K and
pET28b-Hgdh-V11M plasmids as template, and the primers
ep_PCR_F and ep_PCR_R (Table S3). The PCR conditions
were set according to the manufacturer’s instructions to obtain
2−3 mutations/kb. The vector pET-28b (+) was amplified and
linearized in a PCR mixture containing 0.2 mM dNTPs, 0.02 U
μL−1 Phusion HF DNA polymerase, 0.2 ng μL−1 template, and
0.5 μM primers Vector_F and Vector_R (Table S3).
Temperatures and times were according to the manufacturer’s
recommendations. The linearized pET-28b (+) vector and the
pool of mutated hgdh products from the ep-PCR were digested
with DpnI, assembled in a Gibson reaction (using a

vector:fragment ratio of 1:532) and transformed in E. coli
BL21 (DE3). Around 2000 colonies obtained from the
transformation were randomly selected, grown, and screened.

Generation of the Combinatorial Library. To generate
the combinatorial library, two independent PCRs were carried
out: a first PCR amplified the hgdh gene fragment encoding
residues 1 to 206 using primers A206V_D and epPCR_R
(Table S3), while a second PCR amplified the hgdh gene
fragment encoding residues 206 to 346 using primers
A206V_R and epPCR_D_A2T (Table S3). A mix of plasmids
obtained from the library generated by ep-PCR and including
potentially beneficial mutations was used as template (Table
S2). The Phusion High-Fidelity DNA polymerase was used,
and the PCR conditions were set according to the
manufacturer’s instructions. The PCR products were then
digested with DpnI and assembled in a Gibson reaction32

together with the linearized vector pET-28b. The Gibson
assembly reaction used a vector:fragment 1:fragment 2 ratio of
1:3:3. The resulting plasmids were transformed in E. coli BL21
(DE3). Around 250 colonies obtained from the transformation
were randomly selected, grown, and screened as previously
explained.

Microtiter Plate-Based Growth and High-Throughput
Screening of Libraries. The activity assay based on NADH
oxidation used for determining the kinetic constants of Pgdh
and Hgdh was adapted for use in high-throughput screening
with culture lysates. The possible background activity observed
using lysates from E. coli BL21 (DE3) pET28b and E. coli
BL21 (DE3) pET28b_bsa (expressing bovine serum albumin)
cultures, as well as that from E. coli BL21 (DE3) pET28b-
Hgdh cultures taken at 0 h of induction was recorded and
monitored. All three reactions showed a negligible and stable
background activity. To assess the suitability of the assay, the
coefficient of variation was determined using the activity data
of lysates from E. coli BL21 (DE3)-Hgdh cells grown and
induced in a 96-well plate (Figure S4).

Colonies from the different libraries were randomly selected
and inoculated into 96 deep-well plates containing 0.5 mL LB
medium supplemented with 40 μg mL−1 neomycin per well.
After incubation at 37 °C and 200 rpm for 18 h, an aliquot of
30 μL per well was transferred into a new 96 deep-well plate
containing 0.5 mL of autoinduction medium supplemented
with 40 μg mL−1 neomycin per well. The cultures were further
incubated at 37 °C and 200 rpm for 18 h. After centrifuging
the cultures, the pellets were frozen at −20 °C for 24 h. The
thawed pellets were then resuspended in lysis buffer (50 mM
phosphate buffer pH 8.0, 300 mM NaCl, 5% glycerol, 0.5 mg
mL−1 lysozyme, and 10 U mL−1 DNAse), incubated at room
temperature for 1 h, and centrifuged (2000g for 10 min). The
activity of the lysates toward 2-oxoadipate (or 2-oxoglutarate)
was measured by mixing an appropriate aliquot of lysate with
the reaction buffer (50 mM phosphate buffer pH 8.0, 0.25 mM
NADH, 0.5 mM or 2 mM 2-oxoadipate or 2-oxoglutarate) in
an ultraviolet (UV)-transparent 96-well plate (Greiner Bio-
One International AG, Kremsmünster, Austria) and measuring
the decrease in absorbance at 340 nm using a SPECTROstar
Nano microplate reader. Activity was determined as the linear
slope generated by NADH oxidation (ε340 = 6220 M−1 cm−1).
Six cultures of the parent strain were assayed per 96-well plate
and used as reference. Variants showing higher activity than
the parent enzyme (average activity plus two standard
deviations) were rescreened. To this end, aliquots from each
LB culture containing the desired variants were streaked on an
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LB agar plate supplemented with 40 μg mL−1 neomycin. Then,
four colonies per variant were independently screened as
described above. A t-test was used to determine the
significance of the obtained data using Origin software
(OriginLab Corporation, Northampton, MA).

Design and Production of Single Mutants by Site-
Directed Mutagenesis. Hgdh variants containing single
mutations (A2T, A206V, A214D, A214V, E304K, K307I, and
V312I) were produced by PCR using the pET28b-Hgdh
plasmid as template, and primers designed to complement the
DNA region containing the desired mutation (Table S3). PCR
mixtures contained 0.4 ng μL−1 template DNA, 250 μM of
each dNTP, 125 ng of both direct and reverse primers, 1 unit
of Phusion High-Fidelity DNA polymerase (Thermo Scien-
tific), and the manufacturer’s reaction buffer. Reaction
conditions were as follows: (i) a hot start at 98 °C for 1
min; (ii) 18 cycles at 98 °C for 20 s, 58 °C for 50 s, and 72 °C
for 6 min; and (iii) a final cycle at 72 °C for 10 min. The
resulting plasmids were digested with DpnI, dialyzed against
water using an MF-Millipore Membrane Filter (0.025 μm pore
size), and transformed into E. coli DH5α. The mutated plasmid
from a positive clone of each variant was sequenced
(Macrogen, Amsterdam, The Netherlands) to confirm that
the desired mutations had been properly introduced. The
verified plasmids were then transformed into E. coli BL21
(DE3) for protein expression.
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