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Abstract: The selective hydroxylation of non-activated C-H bonds is still a challenging reaction in
chemistry. Non-heme Fe2+/α-ketoglutarate-dependent dioxygenases are remarkable biocatalysts
for the activation of C-H-bonds, catalyzing mainly hydroxylations. The discovery of new Fe2+/α-
ketoglutarate-dependent dioxygenases with suitable reactivity for biotechnological applications is
therefore highly relevant to expand the limited range of enzymes described so far. In this study, we
performed a protein BLAST to identify homologous enzymes to already described lysine dioxyge-
nases (KDOs). Six novel and yet uncharacterized proteins were selected and synthesized by cell-free
protein synthesis (CFPS). The subsequent in vitro screening of the selected homologs revealed activity
towards the hydroxylation of L-lysine (Lys) into hydroxy-L-lysine (Hyl), which is a versatile chiral
building block. With respect to biotechnological application, Escherichia coli whole-cell biocatalysts
were developed and characterized in small-scale biotransformations. As the whole-cell biocatalyst
expressing the gene coding for the KDO from Photorhabdus luminescens showed the highest specific
activity of 8.6 ± 0.6 U gCDW

−1, it was selected for the preparative synthesis of Hyl. Multi-gram
scale product concentrations were achieved providing a good starting point for further bioprocess
development for Hyl production. A systematic approach was established to screen and identify
novel Fe2+/α-ketoglutarate-dependent dioxygenases, covering the entire pathway from gene to
product, which contributes to accelerating the development of bioprocesses for the production of
value-added chemicals.

Keywords: KDO; Fe2+/α-ketoglutarate-dependent dioxygenase; chaperones; cell-free protein syn-
thesis (CFPS); L-lysine; hydroxy-L-lysine

1. Introduction

Non-heme Fe2+/α-ketoglutarate-dependent dioxygenases constitute a large super-
family of enzymes. They are capable of catalyzing a plethora of different reactions, such as
desaturations, epoxidations, halogenations, oxidations, cyclizations, and predominantly
hydroxylations [1,2]. In recent years, Fe2+/α-ketoglutarate-dependent dioxygenases have
been discovered, which hydroxylate L-lysine (Lys) to produce hydroxy-L-lysine (Hyl) [3,4].
The enzymes have been termed KDO for lysine dioxygenase [3]. Depending on the re-
spective KDO, different isomers are formed with high regio- and stereospecificity. Hyl is
a molecule of industrial interest as it is a building block for the synthesis of a variety of
pharmacologically relevant molecules, such as the HIV protease inhibitor palinavir [5,6], or
newly identified drug candidates such as tambromycin (anticancerogenic activity), cepa-
fungin I or glidobactin A, both of which are proteasome inhibitors [7–9]. It can also be
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used for the generation of chiral amino alcohols, which represent relevant chiral building
blocks [10,11]. Therefore, the discovery of novel enzymes able to catalyze challenging
reactions such as the selective hydroxylation of non-activated C-H bonds in Lys is of high
importance.

To screen and identify novel enzymes, in vitro or cell-free protein synthesis (CFPS)
has become an established tool for rapid transcription and translation [12–14]. CFPS
can complement traditional in vivo protein synthesis to accelerate the discovery of novel
enzymes or enzyme variants [15]. However, a common challenge is that proteins, when
synthesized with heterologous systems, often do not fold properly and therefore become
insoluble. Molecular chaperones prevent protein aggregation and promote protein folding.
Exogenous addition of molecular chaperone proteins has effectively facilitated the synthesis
of various soluble proteins in CFPS systems [16]. Alternatively, the chaperones can be
directly synthesized in the source organisms before CFPS extract preparation [17]. To
accomplish this, Escherichia coli strains are transformed with plasmids encoding different
sets of molecular chaperones. These are synthesized during growth of the strain, which
serves as the basis for the cell extract. The extract thus contains not only all components
for transcription and translation, but also chaperones that will support the synthesis of
soluble protein. This avoids the time-consuming and laborious synthesis and purification
of chaperones, or the expensive use of commercially available chaperones. Alternatively,
the CFPS reaction mix can be used first to synthesize the chaperones, and only in a second
step does the synthesis of the target protein take place [18]. In this case, it is mandatory
that the synthesis solution is refreshed after the first synthesis step, as the systems will
otherwise have a lower synthesis performance.

In this study, chaperone-enriched CFPS extracts were developed to synthesize KDOs,
which are difficult to express in soluble form in E. coli [3,8]. Five different chaperones
containing CFPS systems were prepared from E. coli strains and tested to screen novel and
putative KDOs (Figure 1). The CFPS systems allowed the efficient synthesis of soluble
enzymes without the need for exogenous addition or co-expression of folding effectors.
Subsequent activity assays demonstrated the successful hydroxylation of Lys to Hyl for
several KDOs, including six novel and previously biochemically uncharacterized and
undescribed enzymes. The novel KDOs were further characterized in whole-cell systems
using recombinant E. coli. One newly identified homolog was selected and applied in a
resting-cell biotransformation on a preparative scale.
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2. Results
2.1. Sequence Similarity Search for Novel KDOs in Bacteria

In this study, 13 enzymes from different bacteria (Figure 2) were tested for hydrox-
ylation of Lys to Hyl, of which six were uncharacterized enzymes. To identify novel
KDOs belonging to the superfamily of Fe2+/α-ketoglutarate-dependent dioxygenases, we
searched for enzyme homologs to the known KDOs, which were discovered by Baud
et al. 2014 [3] and Hara et al. 2017 [4], using Protein Basic Local Alignment Search Tool
(BLAST) (NCBI, Bethesda, MD, USA). These enzymes catalyze the regio- and stereospecific
hydroxylation of Lys to form either (3S)-3-hydroxy-L-lysine or (4R)-4-hydroxy-L-lysine and
were grouped in the clavaminate synthase-like family (IPR014503) [19]. Our BLAST search
led to protein sequences of the putative KDOs KrhiKDO from Kineococcus rhizospharae
and MintKDO from Mycobacterium interjectum (Figure 3A). They share a protein sequence
identity of 47.32% and 42.11%, compared to the sequence of CaciKDO from Catenulispora
acidiphila, respectively.
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In 2019, Amatuni et al. discovered that the enzyme GlbB, from the glidobactin
synthesis cluster of Polyangium brachysporum (now reclassified as Schlegelella brevitalea sp.
nov. [21]) also belongs to the Fe2+/α-ketoglutarate-dependent dioxygenase family and
acts as KDO to produce (4S)-4-hydroxy-L-lysine [9]. This enzyme is therefore termed
PbraKDO in our study. Interestingly, as the authors mentioned, this enzyme only shares a
very low sequence identity with the KDOs discovered previously (e.g., 11.7% to CaciKDO).
PbraKDO was found to form a novel cluster in the PF10014 (IPR018724) family [9]. The
phylogenetic assignment clearly shows the distinction between the two different groups
of KDOs belonging to the superfamily of Fe2+/α-ketoglutarate-dependent dioxygenases
(Figure 2).

Using the protein sequence of PbraKDO as a query sequence, we found almost 100
protein sequences ranging from a maximum of 59% identity to 31% identity. We se-
lected four sequences with different phylogenetic distance to PbraKDO for our study
(Figure 2, Figure 3B); the putative KDOs PlumKDO from Photorhabdus luminescens (56.73%
identity), BspeKDO from Burkholderia species MSMB617WGS (57.48% identity), BpseKDO
from Burkholderia pseudomallei (51.89% identity) and BplaKDO from Burkholderia plantarii
(50.41% identity). These protein sequences were all annotated as belonging to the Fe2+/α-
ketoglutarate-dependent dioxygenase family.

The enzymes from the group of C. acidiphila are all larger in size than the KDO from
P. brachysporum and its homologs (Figure 3). The alignments show the conserved sites
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for metal ion binding as well as the conserved arginine, which is involved in the binding
of α-ketoglutarate (α-KG). Fe2+ binding is usually facilitated by a 2-His-1-carboxylate
facial triad [22]. While Fe2+ binding of the first group is facilitated by His-Glu-His motif
(Figure 3A), it is constituted by a His-Asp-His motif in the second group (Figure 3B).

2.2. Cell-Free Protein Synthesis Identifies Novel KDOs

CFPS can be performed within a few hours and thus accelerates the screening of
enzyme variants [13,15]. Therefore, we performed the synthesis of known KDOs and
yet undescribed homologs in an E. coli-based CFPS system with plasmids carrying DNA
templates.

The protein syntheses were investigated with SDS-PAGE analysis (Figure 4A, Sup-
plementary Materials Figures S3–S26). Corresponding protein bands could be proven
for most protein homologs. For the new variants, no synthesis could be confirmed only
for the homolog derived from B. plantarii. However, the successful synthesis cannot be
ruled out due to the complex protein composition of the CFPS mix in combination with
insufficient protein concentrations. In some cases, prominent bands of E. coli’s endogenous
proteins overlaid the area for the associated sizes. Therefore, no preselection of expressible
or non-expressible homologs was carried out and all CFPS reactions were screened for
activity in subsequent hydroxylation assays combined with LC-MS-based analysis. The
previously described KDOs showed activity towards the hydroxylation of Lys, proven
by the formation of Hyl (Figure 4B). Previous studies already identified the products of
CpinKDO, NkorKDO, FspeKDO, FjohKDO to be (4R)-4-hydroxy-L-lysine and CaciKDO and
KradKDO to be (3S)-3-hydroxy-L-lysine [3,4,19]. The product of PbraKDO was identified to
be (4S)-4-hydroxy-L-lysine [8,9]. We were able to distinguish between 5-hydroxy-DL-lysine
(analytical standard) and (4R)-4-hydroxy-L-lysine with our HPLC-methods. Unfortunately,
(3S)-3-hydroxy-L-lysine and (4S)-4-hydroxy-L-lysine eluted at the same retention time,
so no clear discrimination was possible. However, based on the phylogenetic origin, it
is likely that KrhiKDO and MintKDO form (3S)-3-hydroxy-L-lysine and that PlumKDO,
BspeKDO, BpseKDO and BplaKDO produce (4S)-4-hydroxy-L-lysine. The products still need
to be investigated further to determine their absolute configuration. For that, synthesis in
preparative scale of all products would be required for chemical derivatization and NMR
analysis, which was beyond the scope of this work. Nevertheless, these results confirm the
applicability of CFPS in combination with a hydroxylation assay for KDOs.

Remarkably, four of six novel KDOs, which have never been characterized biochem-
ically before, catalyzed the synthesis of more than 50 µM Hyl and were thus confirmed
as KDOs. Only the enzyme homologs originating from M. interjectum and B. species
MSMB617WGS produced just trace amounts of Hyl. In negative controls with the CFPS
mix but without a DNA template, Hyl could not be detected after 20 h. The highest product
concentration of 3.66 ± 0.16 mM (~37% yield) was achieved by the KDO of Flavobacterium
species. As the CFPS reaction solution is a complex mixture, it is possible that enzymes
from E. coli metabolism, which are present in the extract, degraded Lys or α-KG. Moreover,
oxygen limitation, oxidation of Fe2+, or chelation by components of the CFPS reaction
solution might be reasons for the incomplete conversion in the hydroxylation assay. It
should be noted that identical reaction conditions were tested for all enzymes. However,
it has already been described that some KDOs showed higher activities under different
conditions, such as increased or decreased temperatures and pH [4]. Nevertheless, higher
product concentration may indicate better protein expression, higher enzyme stability or
activity, and thus indicate a suitable biocatalyst for the biotransformation of Lys into Hyl.
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Figure 4. (A) SDS-PAGE gel image of cell-free synthesized CaciKDO. M, marker; -DNA, CFPS mix without plasmid template;
+DNA, CFPS mix containing the plasmid template for CaciKDO. (B) Hydroxy-L-lysine (Hyl) concentrations achieved in
in vitro hydroxylation assays for cell-free synthesized KDOs (Caci, Catenulispora acidiphila; Krad, Kineococcus radiotolerans,
Krhi, Kineococcus rhizosphaerae; Mint, Mycobacterium interjectum; Cpin, Chitinophaga pinensis; Nkor, Niastella koreensis; Fspe,
Flavobacterium sp.; Fjoh, Flavobacterium johnsoniae; Pbra, Polyangium brachysporum; Plum, Photorhabdus luminescens; Bspe,
Burkholderia sp. MSMB617WGS; Bpse, Burkholderia pseudomallei; Bpla, Burkholderia plantarii). Assays were performed on a
100 µL scale with 10 mM L-lysine (Lys) and 20% v/v protein solution for 20 h. Protein homologs are sorted by phylogenetic
distance. Grey bars indicate described KDOs, while white bars indicate undescribed KDOs. Error bars are a result of
biological duplicates.

Hence, the combination of CFPS and the in vitro hydroxylation assay is very well
suited for the screening and identification of KDOs. A further simplification and increase
in speed would be the use of PCR-based linear DNA templates, thus eliminating any
cloning steps [23]. This would allow a much larger number of proteins to be screened for
biocatalytic activity in a very short time.

2.3. Chaperone-Assisted Expression Can Improve the Productivity of Cell-Free Synthesized KDOs

In a previous study, suboptimal protein yields of CaciKDO and PbraKDO were ob-
tained due to the synthesis of insoluble proteins [7,8]. This issue could be mostly solved
by the co-expression of chaperones, in this case, GroEL and GroES. In our study, similar
problems were noticed when we analyzed the soluble and total fraction of the cell-free
synthesized KDOs (Figure 5). Since correct three-dimensional folding is critical for full
enzyme function, these insoluble proteins are usually inactive.

Therefore, we decided to test chaperone-enriched cell extracts for the CFPS of KDOs,
which could lead to a higher fraction of soluble enzyme and thereby increased hydroxyla-
tion activity. We generated five additional cell extracts, in which the commercially available
plasmids pG-KJE8, pKJE7, pGro7, pG-Tf2, and pTf16 were used for the expression of differ-
ent chaperone sets, consisting of DnaK, DnaJ, GrpE, GroES, GroEL, and tig. These extracts
were used for the synthesis of the 13 enzyme variants, which were tested in subsequent
hydroxylation assays (Table 1).
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Table 1. Hyl concentrations in mM achieved in in vitro hydroxylation assays for cell-free synthesized
KDOs with chaperone-enriched cell extracts. Assays were performed on a 100 µL scale with 10 mM
Lys and 20% v/v protein solution for 20 h. Coloring applies to each row individually; dark green is the
highest value and red is the lowest value. Values below 0.02 mM are dark red. Standard deviations
are a result of biological duplicates.

Reference
DnaK, DnaJ,
GrpE, GroES,

GroEL

DnaK,
DnaJ,
GrpE

GroES,
GroEL

GroES,
GroEL, tig tig

Caci 0.08 ± 0.06 0.06 ± 0.00 0.03 ± 0.01 0.05 ± 0.00 0.07 ± 0.01 0.02 ± 0.00
Krad 2.07 ± 0.30 0.83 ± 0.54 0.99 ± 0.34 0.17 ± 0.05 2.02 ± 0.03 1.65 ± 0.09
Krhi 1.22 ± 0.08 0.15 ± 0.02 0.32 ± 0.01 0.06 ± 0.01 0.46 ± 0.01 0.02 ± 0.00
Mint 0.01 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.01 ± 0.00 0.02 ± 0.00 0.01 ± 0.00
Cpin 1.85 ± 0.21 0.48 ± 0.24 1.55 ± 0.41 0.34 ± 0.01 0.30 ± 0.02 0.05 ± 0.00
Nkor 0.54 ± 0.05 0.28 ± 0.08 0.44 ± 0.04 0.02 ± 0.00 0.03 ± 0.00 0.01 ± 0.00
Fspe 3.66 ± 0.16 3.13 ± 0.98 2.68 ± 0.20 0.23 ± 0.01 0.27 ± 0.02 0.09 ± 0.00
Fjoh 0.20 ± 0.02 0.08 ± 0.01 0.15 ± 0.01 0.01 ± 0.00 0.02 ± 0.00 0.01 ± 0.00
Pbra 0.52 ± 0.02 0.95 ± 0.20 0.31 ± 0.07 0.03 ± 0.02 0.08 ± 0.04 0.03 ± 0.00
Plum 0.12 ± 0.01 0.12 ± 0.01 0.08 ± 0.02 0.01 ± 0.00 0.01 ± 0.00 0.00 ± 0.00
Bspe 0.00 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00
Bpse 0.31 ± 0.06 0.72 ± 0.12 0.33 ± 0.01 0.05 ± 0.01 0.15 ± 0.09 0.03 ± 0.02
Bpla 0.05 ± 0.01 0.11 ± 0.01 0.02 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00

The concentrations obtained after 20 h incubation with 10 mM Lys varied from 0 to a
maximum of 3.66 ± 0.16 mM, which was still obtained with FspeKDO in the cell extract
without chaperones. Thus, the maximum obtained yield was 37%, which is significantly
lower than the expected yield of up to 100% [4,7,8]. Lys or Hyl degrading enzymes in the
complex cell extract or insufficient KDO activity or stability may cause the incomplete
conversion of Lys into Hyl. The CFPS reaction volume is too low and complex for a
more detailed analysis of the product and substrate progress, so no definite statement
can be made at this point. In most cases, lower Hyl concentrations were achieved in the
chaperone-containing synthesis mixes compared to the reference. This could be explained
by interactions between the enzymes and the chaperones. The chaperones might have a
negative influence on the activity or overall stability of the biocatalysts. A previous study
showed that an excess of DnaK, DnaJ, and GrpE was inhibitory for protein production,
and it was suggested that increased proteolysis could be the explanation [24]. Interestingly,
enhanced synthesis in the presence of chaperones cannot be attributed to individual
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chaperones, but rather occurs in the complex mixture of all chaperones. In the case of the
PbraKDO homologs, the combination of DnaK, DnaJ, GrpE, GroES, and GroEL increased
the product concentrations for all active variants. Increases of more than 100% were
achieved for BpseKDO and BplaKDO. The enzyme variants MintKDO and BspeKDO, which
showed only marginal Hyl production in the initial screening, did not show any higher
product concentrations in these experiments either. Furthermore, a tendency can be seen
that the respective chaperone sets show a similar effect for phylogenetically closely related
variants. Thus, chaperone-assisted CFPS is a good tool for the rapid screening of suitable
chaperones for the synthesis of difficult-to-synthesize proteins and can lead to more efficient
biocatalysts.

2.4. Heterologous Expression of Novel KDOs

PbraKDO is known to catalyze the hydroxylation of Lys to (4S)-4-hydroxy-L-lysine.
The enzyme and its respective homologs have not yet been characterized for biotechnolog-
ical application in a whole-cell biocatalyst format. Since all homologs of PbraKDO were
shown to synthesize Hyl in the CFPS experiments, we next investigated them as whole-cell
biocatalysts with E. coli. Although BspeKDO yielded only trace amounts of Hyl in the
screening experiments, we decided to include it in the whole-cell experiments to test the
transferability of our approach. All proteins were successfully synthesized in vivo in E. coli
BL21 (DE3), but the percentage of the soluble protein fraction varied significantly among
the different homologs (Figure 6A). Especially for BspeKDO, the heterologous expression
led almost exclusively to insoluble protein. We then tested the different strains in small-
scale resting-cell biotransformations for hydroxylation of Lys and determined the activity
of the biocatalysts (Figure 6B). No activity was detected for E. coli BL21 (DE3) pET-24a(+)-
BspeKDO. This might be a result of misfolded protein and is in accordance with the results
obtained from CFPS experiments. E. coli BL21 (DE3) pET-24a(+)-BplaKDO and PlumKDO
exhibited the highest activity of the tested whole-cell biocatalysts of about 2 U gCDW

−1.
At first glance, these results seem to contradict the results from the in vitro hydroxylation
assays, where PbraKDO and BpseKDO gave the highest product concentrations of the five
considered enzymes. However, it should be noted that the in vivo and in vitro expression
conditions are very different, and the biotransformation conditions also differ from each
other. Despite that, the combination of CFPS and the in vitro hydroxylation assay correctly
identified the four most active and therefore most promising enzyme homologs.

To test whether the whole-cell biotransformation is limited by mass transfer, we
performed resting-cell biotransformations with the addition of 1% v/v Triton X-100 as
permeabilization agent (Figure 6B). As before, α-KG was added in twofold excess relative
to Lys to avoid limitation by insufficient co-substrate concentrations. The permeabilization
led to a vast increase in activity for the four active biocatalysts. E. coli BL21 (DE3) pET-
24a(+)-PlumKDO exhibited the highest activity with 8.6 ± 0.6 U gCDW

−1, which is more
than a threefold improvement compared to the assay without Triton X-100. The activity is
on a similar scale as other E. coli-based whole-cell biocatalysts from the study of Hara et al.
(5–27 U gCDW

−1, calculated from the given specific productivities [4]).
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Figure 6. (A) SDS-PAGE gel image of the protein content of E. coli BL21 (DE3) whole-cell biocatalysts.
M, marker; Tpi, total protein pre-induction; T, total protein; S, soluble protein fraction; I, insoluble
protein fraction. Molecular weights of the proteins of interest are PbraKDO 32.5 kDa, BplaKDO
31.5 kDa, BpseKDO 30.5 kDA, PlumKDO 31.8 kDa and BspeKDO 30.2 kDa. (B) Specific whole-cell
biocatalyst activities, assays were performed in 0.5 mL 50 mM KPi pH 7.4 with 1 gCDW L−1, 10 mM
Lys, 20 mM α-KG, 5 mM L(+)-ascorbic acid and 1 mM FeSO4 for 1 h at 30 ◦C in an Eppendorf®

ThermoMixer® C at 500 rpm. n.d., not detected. Standard deviations are a result of two biological
replicates.

Limitations due to mass transfer across the bacterial membrane have already been
observed with whole-cell biocatalysts in combination with other Fe2+/α-ketoglutarate-
dependent dioxygenases [25–27]. In these cases, permeabilization was achieved by Nymeen
solution or freezing and thawing of the cells. Alternatively, the overexpression of respective
transporters, for example LysP, the lysine permease from E. coli, could reduce mass transfer
limitations. Such endeavors have already been proven successful for other whole-cell
biocatalysts such as the production of 5-aminovalerate [28] or the production of L-pipecolic
acid from Lys [29] using recombinant E. coli.

2.5. Preparative-Scale Production of Hydroxy-L-Lysine

We employed the most active biocatalyst, E. coli BL21 (DE3) pET-24a(+)-PlumKDO for
the preparative production of Hyl on a 50 mL reaction scale (Figure 7). Using a biocatalyst
concentration of 10 gCDW L−1 (Figure 7A), 25 mM of Lys were fully converted to Hyl.
Motivated by these results, we set up a reaction with 50 mM Lys. From 50 mM initial Lys,
30 mM were converted to Hyl during 12 h of biotransformation, which corresponds to a
yield of ca. 60% and a titer of almost 5 g L−1 (Figure 7B). After 12 h, no further conversion or
degradation of the substrate and the product was observed. Generally, complete conversion
of Lys to Hyl is feasible (Figure 7A). This was also demonstrated in studies with other
KDOs [4,7,8]. Amatuni et al. fully converted approximately 40 mM Lys to Hyl using a cell
lysate from E. coli BL21 (DE3) expressing the gene coding for PbraKDO, with a final amount
of lysate corresponding to an OD600 of 15 [8]. The reaction was carried out overnight at
23 ◦C in 50 mM KPi pH 8.0. In our study, we employed cells at an OD600 of 30 at 30 ◦C in
50 mM KPi pH 7.4. It is therefore very likely that optimization of the reaction conditions
may lead to a higher degree of conversion. Moreover, the use of Triton X-100 may not fully
circumvent mass transfer limitation in the whole-cell biotransformation.
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The activity during the first 2.5 h is in the same range as in the small-scale biotrans-
formations, which reflects the principal scalability (Figure 7). While the specific activity
during the first 2.5 h of reaction is about 10 U gCDW

−1 for the biotransformation with
initially 50 mM Lys, it already drops to 3.6 U gCDW

−1 between 2.5 and 5 h (Figure 7B). As
α-KG was added in large excess (twofold concentration of Lys), this is not likely to be the
reason for the incomplete conversion. The KM of PbraKDO is about 34 µM for Lys, so the
decreasing substrate concentration is not considered to be the reason for the reduction in
the specific activity in the reaction with 50 mM initial Lys [9]. Product inhibition might be
an explanation but has not yet been reported for KDOs. The incomplete conversion might
also be attributed to enzyme stability (kinetic stability, thermodynamic stability, operational
stability). Moreover, Fe2+/α-ketoglutarate-dependent dioxygenases are reported to show
uncoupling effects, which might lead to inactivation of the biocatalyst and therefore result
in incomplete conversion [30]. Interestingly, Hara et al. were able to completely convert up
to 600 mM Lys to Hyl, with E. coli whole-cell biocatalysts expressing the gene coding for
KradKDO (K4H-1 in their study) using a biocatalyst concentration of OD600 = 30 in 52 h [4].
This might indicate higher biocatalyst stability, which is of high importance for efficient
scale-up. The reasons for this significantly higher stability are not yet known. Nevertheless,
our results are a good basis and they demonstrate the principal applicability of the whole-
cell biocatalyst, which already showed suitable productivity and a high titer without a
detailed optimization. Through optimization of the reaction parameters and systematic
elucidation of the process boundaries, the overall performance of the biotransformation
can likely be further increased [31].

3. Materials and Methods
3.1. Chemicals/Strains and Plasmids

Chemicals were purchased from Carl Roth GmbH & Co. KG (Karlsruhe, Germany),
VWR International (Radnor, PA, USA), Merck KGaA (Darmstadt, Germany), Sigma-Aldrich
Chemie GmbH (Steinheim, Germany), AppliChem GmbH (Darmstadt, Germany) and
Thermo Fisher Scientific (Waltham, MA, USA). The kits for DNA extraction (NucleoSpin®

Gel and PCR Clean-up), plasmid isolation (NucleoSpin® Plasmid (No Lid)) and genomic
DNA extraction (NucleoSpin® Microbial DNA) were purchased from Macherey-Nagel
GmbH & CO. KG (Düren, Germany). Q5® High-Fidelity Polymerase (2× Master Mix)
and restriction enzymes were purchased from New England Biolabs (Ipswich, MA, USA).
Plasmids pG-KJE8, pTf16, pGro7, pG-Tf2, and pKJE7 were obtained from Takara Holdings
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Inc. (Kyoto, Japan). The plasmids pET-22b(+)-CaciKDO, pET-22b(+)-CpinKDO, and pET-
22b(+)-FjohKDO were a kind gift from Prof. Anne Zaparucha and were described in [3].

A list of strains and plasmids used in this study is shown in Table 2. Nucleotide
sequences of the genes are provided in Supplementary Materials (Table S2).

3.2. Cloning

Gene sequences coding for KradKDO and KrhiKDO were amplified from genomic
DNA of Kineococcus radiotolerans and Kineococcus rhizosphearae with the primer pairs
PPN070/PPN071 and PPN072/PPN073 and cloned into NdeI/NotI digested pET-24a(+)
via Gibson cloning. Gene sequences coding for PbraKDO (PPN088/PPN089), BplaKDO
(PPN091/PPN092), PlumKDO (PPN092/PPN093), BpseKDO (PPN094/PPN095), BspeKDO
(PPN096/PPN097) and MintKDO (PPN074/PPN075) were purchased as DNA strings
from Thermo Fisher Scientific (Waltham, MA, USA) and amplified by PCR with the indi-
cated primer pairs. The PCR products were purified by gel electrophoresis and cloned
into NdeI/NotI digested pET-24a(+) via Gibson cloning [32]. The codon-optimized gene
sequence of PbraKDO was adopted from [9], gene sequences of the homologs were codon-
optimized for E. coli by Thermo Fisher Scientific.

Table 2. Strains and plasmids used in this study.

Strain Information

Escherichia coli DH5α F-, Φ80dlacZ∆M15, ∆(lacZYA-argF)U169, deoR, recA1, endA1,
hsdR17(rK-mK+), phoA, supE44, λ-, thi 1, gyrA96, relA1

Escherichia coli BL21 (DE3) F-, ompT, hsdSB(rB-mB-), gal (c1875, ind1, Sam7, nin5, lacUV5-T7 gene1), dcm (DE3)
Kineococcus radiotolerans wild-type, DSM No. 14245
Kineococcus rhizospharae wild-type, DSM No. 19711

Plasmid Protein Description Reference
pET-22b(+)-CaciKDO CaciKDO KDO, L-Lysine 3-hydroxylase [3]
pET-22b(+)-CpinKDO CpinKDO KDO, L-Lysine 4-hydroxylase [3]
pET-22b(+)-FjohKDO FjohKDO KDO, L-Lysine 4-hydroxylase [3]
pET-22b(+)-NkorKDO NkorKDO KDO, L-Lysine 4-hydroxylase [3]
pET-22b(+)-FspeKDO FspeKDO KDO, L-Lysine 4-hydroxylase [3]
pET-24a(+)-KradKDO KradKDO KDO, L-Lysine 3-hydroxylase This study
pET-24a(+)-KrhiKDO KrhiKDO Putative KDO This study
pET-24a(+)-MintKDO MintKDO Putative KDO This study
pET-24a(+)-PbraKDO PbraKDO KDO, L-Lysine 4-hydroxylase This study
pET-24a(+)-BplaKDO BplaKDO Putative KDO This study
pET-24a(+)-BpseKDO BpseKDO Putative KDO This study
pET-24a(+)-PlumKDO PlumKDO Putative KDO This study
pET-24a(+)-BspeKDO BspeKDO Putative KDO This study

pAR1219 T7RNAP T7 RNA-polymerase [33]

pG-KJE8 DnaK, DnaJ, GrpE, GroES,
GroEL Molecular chaperones [24]

pKJE7 DnaK, DnaJ, GrpE Molecular chaperones [24]
pGro7 GroES, GroEL Molecular chaperones [24]
pG-Tf2 GroES, GroEL, tig Molecular chaperones [34]
pTf16 tig Molecular chaperones [34]

All vector constructs were checked for errors with sanger sequencing (Microsynth
Seqlab, Göttingen, Germany). Plasmids used in this study are shown in Table 2 and
nucleotide sequences of the genes and primers are provided in the Supplementary Materials
(Tables S1 and S2).

3.3. E. coli Extract Preparation

The E. coli extract was prepared as described by [15] with some modifications, which
are stated in the following. E. coli BL21 (DE3) was transformed with pAR1219 for over-
expression of T7 RNA polymerase (T7RNAP) and with pG-KJE8, pKJE7, pGro7, pG-Tf2,
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or pTf16 for the overexpression of different chaperone sets, respectively. A preculture of
10 mL lysogeny broth medium (LB, 10 g L−1 tryptone, 5 g L−1 yeast extract, 5 g L−1 NaCl)
with 100 µg mL−1 ampicillin and 20 µg mL−1 chloramphenicol, in case of strains with
chaperone-encoding plasmids, was inoculated with a single colony of the source strain
for the cell extract. The preculture was grown for 16 h at 200 rpm and 37 ◦C. The main
culture of 125 mL 2xYTPG medium (16 g L−1 tryptone, 10 g L−1 yeast extract, 5 g L−1 NaCl,
7 g L−1 K2HPO4, 3 g L−1 KH2PO4, 18 g L−1 glucose) in a 1 L baffled shake flask was inocu-
lated to an OD600 of 0.1 and grown at 200 rpm at 37 ◦C. Chaperone expression was induced
by addition of 0.5 mg mL−1 L-arabinose (Carl Roth, Karlsruhe, Germany) or 5 ng mL−1

tetracycline (Thermo Fisher Scientific, Waltham, MA, USA) according to the manual of the
chaperone plasmid set. At an OD600 of 0.6, 1 mM of isopropyl-β-D-thiogalactopyranoside
(IPTG, Carl Roth, Karlsruhe, Germany) was added to induce T7RNAP production. Cells
were harvested at an OD600 of 3 and pelleted via centrifugation at 5000× g for 10 min at
10 ◦C. The pellets were washed three times with 4 ◦C cold S30 buffer (10 mM tris acetate,
pH 8.2; 14 mM magnesium acetate; 60 mM potassium acetate; and 2 mM dithiothreitol
(DTT, Carl Roth, Karlsruhe, Germany), flash-frozen with liquid nitrogen, and stored at
−80 ◦C. For lysis, cells were thawed on ice and resuspended in 1 mL of S30 buffer per
gram of wet cells. Three cycles of sonication were performed for 40 s and 2 mM DTT were
added. Cellular debris was removed by centrifugation at 18,000× g for 10 min at 4 ◦C. The
supernatant was incubated in an Eppendorf® ThermoMixer® C (Eppendorf, Hamburg,
Germany) at 450 rpm for 60 min at 37 ◦C, and then centrifuged at 10,000× g for 10 min
at 4 ◦C. The final supernatant was flash-frozen with liquid nitrogen and stored at –80 ◦C
until use. Protein concentrations were determined by the Bradford method using bovine
serum albumin (BSA) as a standard [35]. Obtained extracts contained between 40 and
60 mg mL−1 total protein.

3.4. Cell-Free Protein Synthesis (CFPS)

CFPS reactions with a reaction volume of 20 µL were performed in microtubes con-
taining: E. coli cell free extract (see 4.3) amounting to 9.2 to 15.3 mg mL−1 protein, 10 mM
magnesium glutamate, 130 mM potassium glutamate, 1.5 mM each of 20 amino acids
(except leucine), 1.25 mM leucine, 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), 1.5 mM ATP and GTP, 0.9 mM cytidine triphosphate (CTP) and uridine
triphosphate (UTP), 0.2 mg mL−1 E. coli tRNA, 0.26 mM coenzyme A (CoA), 0.33 mM
nicotinamide adenine dinucleotide (NAD), 0.75 mM cyclic adenosine monophosphate
(cAMP), 0.068 mM folinic acid, 1 mM spermidine, 30 mM 3-phosphoglyceric acid (3-PGA),
2% polyethylene glycol-8000 (PEG), and 5 nM plasmid DNA. Reactions were incubated in
an Eppendorf® ThermoMixer® C for 4 h at 450 rpm and 37 ◦C.

3.5. In Vitro Biotransformations

In vitro biotransformation reactions were performed in a total volume of 100 µL,
consisting of 20 µL CFPS-reaction solution and 80 µL assay solution (50 mM KPi pH 7.0).
Final concentrations were 10 mM Lys, 20 mM α-KG, 5 mM L(+)-ascorbic acid, and 1 mM
FeSO4. Reactions were incubated in 1.5 mL reaction tubes at 25 ◦C and 500 rpm in an
Eppendorf® ThermoMixer® C for 20 h and stopped by addition of 100 µL acetonitrile.
After centrifugation for 10 min and 17,000× g, the supernatant was subjected to LC-MS
analysis.

3.6. Resting-Cell Biotransformations

For resting-cell biotransformations, LB pre-cultures (10 mL) were inoculated from
cryogenic-stocks and incubated at 37 ◦C and 200 rpm overnight. A 50 mL LB culture with
50 µg mL−1 kanamycin was inoculated to an initial OD600 of 0.1 and incubated at 37 ◦C
and 200 rpm until an OD600 of 0.6–0.8. Cultures were then cooled on ice for 20 min and
heterologous gene expression was started by addition of 0.5 mM IPTG. Cultivation was
continued at 20 ◦C for another 20 h.
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Cells were harvested by centrifugation (4500× g, 10 min, 4 ◦C) and resuspended
in 50 mM KPi buffer pH 7.4 to a biomass concentration of approximately 1 gCDW L−1

(an OD600 of 1 corresponds to 0.312 gCDW L−1). Resting-cell biotransformations were
performed in a total volume of 0.5 mL in 2 mL reaction tubes (1 gCDW L−1, 20 mM α-KG,
5 mM L(+)-ascorbic acid and 1 mM FeSO4). Reactions were performed at 30 ◦C and 500 rpm
in an Eppendorf® ThermoMixer® C. After preconditioning for 5 min, biotransformation
was started by addition of 10 mM Lys and the reactions were incubated for 60 min and
quenched by addition of 0.5 mL acetonitrile. Following centrifugation for 10 min and
17,000× g, the supernatant was analyzed via LC-MS.

3.7. Preparative-Scale Biotransformation

For the preparative-scale biotransformation, E. coli BL21 (DE3) pET-24a(+)-PlumKDO
was cultivated as in 3.6, but the main cultures consisted of 2 × 200 mL LB medium in
2-L baffled shake flasks. After cultivation, the cells were harvested by centrifugation and
concentrated to the desired biomass concentration. The biotransformation was performed
in a volume of 50 mL at 30 ◦C and with orbital shaking at 180 rpm (2.5 cm amplitude)
in a 500 mL baffled shake flask. The reaction mixture contained 50 or 100 mM α-KG
(twofold concentration of Lys), 5 mM FeSO4, 10 mM L(+)-ascorbic acid, 1% v/v Triton
X-100 and approximately 10 gCDW L−1 cells in 50 mM KPi buffer pH 7.4. The cells were
preconditioned at the desired temperature for 10 min. Afterwards, the reaction was started
by addition of 25 or 50 mM Lys. Aliquots of 0.5 mL were withdrawn after regular time
intervals and cells were separated by centrifugation (10 min, 17,000× g) and the supernatant
was subjected to LC-MS analysis.

3.8. Analytics

Detection and quantification of Lys and Hyl was performed on an Agilent 1260 Infinity
II liquid chromatography system coupled to a 6120 single quadrupole ESI mass spectrome-
ter (Agilent Technologies Inc., Santa Clara, CA, USA). Chromatographic separation was
realized with an iHILIC®-(P) Classic column (150 × 2.1 mm, 5 µm, 200 Å) in combination
with a SeQuant® ZIC®-pHILIC-guard column (20 × 2.1 mm, 5 µm, 200 Å) in isocratic mode
(70% acetonitrile, 30% 50 mM ammonium acetate pH 4.0) and a flow rate of 0.2 mL min−1

in 20 min. MS-analysis was conducted in positive SIM mode with the following settings:
drying gas chamber temperature 350 ◦C, gas flow 12 L min−1, capillary voltage 3000 V and
nebulizer pressure 35 psig. Quantification was conducted by external calibration using
standards of Lys (Sigma-Aldrich, St. Louis, MI, USA) and 5-hydroxy-DL-lysine hydrochlo-
ride (Carbosynth, Compton, UK) as the latter was the only commercially available Hyl
isomer. Lys was retrieved as [M+H]+ (m/z 147.1) and Hyl isomers as [M+H]+ (m/z 163.1).

4. Conclusions

In this study, CFPS has been combined with subsequent activity assays for the identifi-
cation of Fe2+/α-ketoglutarate-dependent dioxygenases for the first time. Investigating a
set of known and putative KDOs, production of Hyl was confirmed for all published as well
as for new, previously undescribed enzymes. This demonstrates that CFPS is a valuable tool
to simplify and speed up the identification of new Fe2+/α-ketoglutarate-dependent dioxy-
genases. In current research, for example, genetic-engineering derived enzyme variants
are generated, which possess higher activity or which expand the reaction and substrate
scope of Fe2+/α-ketoglutarate-dependent dioxygenases [5,36–38]. It is reasonable that our
screening system would also allow for rapid prototyping of enzyme variants, analysis
of the substrate scope, or the screening of different reaction conditions. With regard to
our study, it will be interesting to investigate the substrate scope of our newly identified
enzymes as PbraKDO also accepts L-leucine and L-methionine as substrates [9].

We successfully applied the newly identified KDOs in a whole-cell biocatalyst format.
Mass transfer of the substrates and products across the membrane was found to be a major
limitation of the biotransformation. Using a permeabilization method with Triton X-100,
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preparative-scale production of Hyl was accomplished and feasibility was demonstrated.
Reaction conditions (pH, temperature) and enzyme stabilities require further investigation
and optimization, which would very likely lead to higher product formation. Optimization
of gene expression (IPTG concentration and expression temperature) may lead to higher
percentages of functionally active protein, which in turn is expected to yield higher reaction
rates and conversion. Moreover, our experiments with CFPS and different combinations
of chaperones indicate that distinct sets of chaperones (e.g., DnaK, DnaJ, GrpE, GroES,
and GroEL in the case of PbraKDO and its homologs) might be beneficial for biocatalyst
activity also in a whole-cell format. While some chaperones and combinations thereof
had a beneficial influence on product formation, others showed severe detrimental effects.
This demonstrates the applicability of CFPS for the screening of chaperones for difficult-to-
express proteins.

In summary, a systematic approach from CFPS to screen and identify novel Fe2+/α-
ketoglutarate-dependent dioxygenases to a whole-cell biotransformation for the prepara-
tive synthesis of Hyl was successfully developed. New homologs have now been identified
with suitable reactivity, resulting in a multi-gram scale hydroxylation reaction. These
homologs now expand the spectrum of the previously limited number of described KDOs
(nine wild-type enzymes) and represent potential new candidates for biotechnological
application.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11091038/s1, Figure S1. Exemplary plasmid map of pET-22b(+)-CaciKDO, Figure S2.
Exemplary plasmid map of pET-24a(+)-PbraKDO, Figure S3–S26 SDS-PAGE analysis of cell-free
synthesized KDOs (with and without chaperone-enriched extracts), Table S1. Primer sequences,
Table S2. Gene sequences, Table S3. Amino acid sequences.
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