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Abstract: Enzymatic reaction cascades represent a powerful tool to convert biogenic resources into
valuable chemicals for fuel and commodity markets. Sugars and their breakdown products constitute
a significant group of possible substrates for such biocatalytic conversion strategies to value-added
products. However, one major drawback of sugar cascades is the need for cofactor recycling without
using additional enzymes and/or creating unwanted by-products. Here, we describe a novel, multi-
enzymatic reaction cascade for the one-pot simultaneous synthesis of L-alanine and L-serine, using
the sugar degradation product 2-keto-3-deoxygluconate and ammonium as precursors. To pursue this
aim, we used four different, thermostable enzymes, while the necessary cofactor NADH is recycled
entirely self-sufficiently. Buffer and pH optimisation in combination with an enzyme titration study
yielded an optimised production of 21.3 +/− 1.0 mM L-alanine and 8.9 +/− 0.4 mM L-serine in one
pot after 21 h.

Keywords: enzyme reaction; multi-enzyme cascade reaction; cofactor self-sufficient; optimisation;
one-pot synthesis; amino acids

1. Introduction

The development of bio-based alternatives to petroleum-based products as well as
an urgent demand for a reduction of global warming is a crucial topic of today’s research.
To satisfy the prerequisites of green chemistry, novel production processes for fuels and
chemicals based on renewable resources will be in even higher demand [1]. To develop
such processes, catalysis and especially biocatalysis is a primary key. For biocatalytic
conversion strategies, several reaction steps and corresponding enzymes are often needed.
Multi-enzyme reactions consist of two or more enzymatic reactions and offer the possibility
of using multi-stage reactions, combined with their necessary cofactors in a controlled
environment to produce interesting target products without the separate preparation of
intermediates [2–6]. With a wise selection of enzymes, their various advantages can be
combined in a single pot reaction. By working with thermostable enzymes, for example,
protein purification is less time-intensive, and higher temperatures can be used for the reac-
tion conditions, which speeds up the production of the target molecule [7]. Consequently,
the research interest and number of published papers on artificial bio-catalysed cascades
has increased continuously within the past years [5,6].

Artificial enzyme cascades are often based on existing natural pathways where cen-
tral intermediates are formed, e.g., by using the non-phosphorylated Entner–Doudoroff
pathway which yields pyruvate and 2-keto-3-deoxygluconate from D-glucose. 2-keto-
3-deoxygluconate was previously produced in a couple of sugar degradation reaction
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schemes, for example in an enzymatic cascade, in which D-glucose is converted to D-
gluconate by use of a glucose dehydrogenase and further on to 2-keto-3-deoxygluconate by
a D-gluconate-dehydratase [8–10]. The glucose dehydrogenase requires NAD+ and using
this method directly creates a cofactor imbalance with one NADH left for the following
reactions. Depending on the subsequent steps of the cascade, this can be a challenge. Sperl
et al. developed a compartmented combination of heterogeneous and enzyme catalysis to
produce 2-keto-3-deoxygluconate from glucose, where gold-catalysis is used for sugar oxi-
dation instead of the dehydrogenase [11]. Other ways to generate 2-keto-3-deoxygluconate
chemically or by enzymatic means are shown by Matsubara et al. [12]. Using a cofactor
free synthesis opens the possibility to design the following enzymatic reactions cofactor
independently.

Gmelch et al. showed an enzymatic cascade to convert D-glucose via this sugar
degradation product 2-keto-3-deoxygluconate to the amino acid L-alanine [9]. Currently,
several millions of tons of amino acids are produced per year and used in various parts of
our everyday life, for example as an additive in food, feed, cosmetics, and medicine [13,14].
Previously, Li et al. developed a different cascade reaction for the conversion of glycerol,
where they showed how to create L-serine, among other products, from the intermediate
glycerate [15].

The ingenious design of enzymatic cascades by combining naturally selected enzyme
variants is thus a great strategy to develop production pathways for renewable resources.
Nevertheless, the simple combination of enzymes in one-pot generally yields only low
conversion rates and product titers [6]. To reach good product yields, different strategies
for optimisation like varying the cascade parameters are crucial. A common method is
to identify the reaction properties, depending on kinetic analyses and inhibitor- and pH-
effects of the required enzymes [16]. Liu et al. described an experimental enzyme titration
method, where a single enzyme is varied at a time to identify possible bottlenecks of the
enzymatic reactions [17].

In this work, we designed a cell-free enzymatic cascade, starting with 2-keto-3-
deoxygluconate and using of ammonium sulphate for the simultaneous production of
L-alanine and L-serine. Hence, a sugar degradation product can be converted into value-
added amino acids. Aside from the implementation of this cascade, we optimised the
yields of L-alanine and L-serine. For this, the used enzymes were evaluated regarding their
kinetic parameters and the specific activities depending on different buffers and pH values
were measured. Furthermore, the cascade was tested in a titration study and based on this,
an optimised form is shown.

2. Results
2.1. Cascade Design

The cofactor-balanced production of amino acids from renewable starting materials
via enzymatic cascades has been described previously [9,15]. Starting from either D-glucose
or glycerol completely cofactor neutral cascades yielded either L-alanine (breakdown of
D-glucose) or L-serine (conversion of glycerol). Aiming at a bioeconomy future featur-
ing biorefineries that allow the conversion of molecules of varying oxidation state, we
envisioned a cascade reaction starting at 2-keto-3-deoxy-gluconate (KDG). KDG was previ-
ously produced by converting D-glucose to ethanol, but also using an NAD+-independent
method, by coupling the Au-catalyzed oxidation of sugars by molecular oxygen to a
dihydroxyacid dehydratase catalysed enzymatic dehydration step [8,11].

We further designed our cascade by cleaving KDG into pyruvate and D-glyceraldehyde
by action of the 2-keto-3-deoxygluconate aldolase from Picrophilus torridus (PtKDGA). Pyru-
vate and ammonium are then converted to L-alanine by the reductive amination activity of
the L-alanine dehydrogenase from Archaeoglobus fulgidus (AfAlaDH). The NADH demand
for this reaction is covered by the simultaneous transformation of D-glyceraldehyde into
D-glycerate, whereby NAD+ is reduced to NADH by the aldehyde dehydrogenase of
Methanocaldococcus jannaschii (MjAlDH). Converting the produced D-glycerate to a second
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pyruvate molecule for subsequent reductive amination to L-alanine, described by Gmelch
et al., was not possible in our case, as we started our reaction schema at KDG, which
represents a singly oxidised sugar component [9]. We thus decided to choose another path
to yield L-serine, which was previously described by Li et al. [15]. Accordingly, D-glycerate
was first converted to hydroxypyruvate, catalysed by the glyoxylate reductase from Ther-
mococcus litorialis (TlGR) and then further converted to L-serine in a two-step hydrogen
borrowing reaction. The latter reaction was again catalysed by the AfAlaDH and required
ammonium for the reductive activity required to produce L-serine (Figure 1).
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Figure 1. Enzyme cascade reactions for the synthesis of L-alanine and L-serine out of the sugar
degradation product KDG. Legend: KDG (2-keto-3-deoxygluconate), NAD+/NADH (Nicotinamide
adenine nucleotide). Biocatalysts: PtKDGA (2-keto-3-desoxygluconate aldolase from Picrophilus
torridus), MjAlDH (aldehyde dehydrogenase from Methanocaldococcus jannaschii), TlGR (glyoxylate
reductase from Thermococcus litorialis), AfAlaDH (alanine dehydrogenase from Archaeoglobus fulgidus).
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2.2. Kinetic Parameters of the Enzymes

Developing a multi-enzyme system requires a deep understanding of every single
biotransformation to set up a concerted and viable reaction. To obtain feasible product
yields from the beginning, we assessed each employed enzyme regarding its preferred
temperature, pH-value and buffer. Using these assessments, we aimed for “best for all”
reaction condition for the system. For this, the starting point of this work was evaluating
the enzymes involved in the designed cascade reaction scheme by analysing the kinetic
parameters of single enzyme catalysed reactions (Table 1).

Table 1. Overview of the kinetic data of the used enzymes. Data are taken from the literature and
were supplemented with own measurements [9,18].

Enzyme Km (Substrate) [mM] Km (Cofactor) [mM] vmax [U/mg]

PtKDGA 1.1 (KDG) - 12
MjAlDH 0.3 (glyceraldehyde) 0.3 (NAD+) 2

AfAlaDH
0.2 (pyruvate) 0.06 (NADH) 26

0.07 (hydroxypyruvate) 113 ((NH4)2SO4) 0.46
TlGR 1.3 (hydroxypyruvate) 0.067 (NADH) 1.6

PtKDGA is triggering the first cascade reaction with the highest substrate Km of all
chosen enzymes of the cascade. Since it is the starting enzyme, PtKDGA works most of the
time at saturating substrate concentrations and therefore shows reaction velocities near
vmax. MjAlDH and AfAlaDH show a Km well below 1 mM for their substrates. The exact
concentrations of the intermediate products are unknown during the reaction, but since
for the most part the resulting product is used immediately as an educt by the subsequent
enzyme, it can be assumed that the concentrations of the intermediates are low. Therefore,
the low Km of the enzymes are advantageous for a smooth run of the cascade.

Compared to pyruvate, AfAlaDH has a significantly lower vmax for hydroxypyruvate
conversion. This fact, in combination with the much longer and complex reaction path,
leads to the assumption that the formation of L-serine will be slower than that of L-alanine.

For the TlGR, the equilibrium of its oxidoreductase reaction between hydroxypyruvate
and D-glycerate lies almost completely on the D-glycerate side. Because of this, suitable
kinetic and pH-dependency studies starting with D-glycerate as substrate were not possible.

Biocatalysts are not only highly selective natural reagents, but they are compatible
with each other within specific ranges of operating conditions [5,6]. This allows for the
integration of several biocatalytic transformations in one-pot cascades for the synthesis of
complex molecules [19]. For the design of enzymatic networks in a one-pot system, the
enzymes have to be matched up in terms of operating conditions, because the enzymatic
activity is strongly influenced by the milieu that is provided by the buffer used [20].
Evaluating the effect of buffers and pH on the single enzymes, the specific activity for
TRIS-HCl, MOPS, HEPES and KPi were investigated, depending on the pKs values of the
different buffers [21]. It allowed us to cover a broad range of pH 6.5–8.5 with the four
commonly used buffers.

For an exact comparison, the overall results for different buffers and pH values related
to the specific enzyme-substrate activities are shown in Table 2. The activity is calculated
relative to the highest activity shown.

The PtKDGA displayed a general improvement of the specific activity with lower pH
values. For example, the activity in the presence of HEPES buffer at pH 6.5 was 3.3 times
higher than in HEPES buffer at pH 8.5. Furthermore, the best buffer at higher pH values
seemed to be KPi, and at lower pH values KPi and HEPES showed the highest activity.
The highest specific activity was reached in HEPES buffer pH 6.5. TRIS-HCl buffer led to
the lowest specific activities of MjAlDH, probably because of the reaction of the substrate
D-glyceraldehyde with TRIS-HCl [22]. HEPES and KPi seemed to be the best choice for
higher pH values, while the maximal activity was achieved in HEPES buffer pH 8.0. As
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opposed to the other two enzymes, TRIS-HCl led to the highest specific activities of both
substrates of AfAlaDH.

Table 2. Measured activity for the enzymes PtKDGA, MjAlDH and AfAlaDH dependent on different
buffers and pH. The percentage depends on the maximum measured activity of each respective
enzyme-substrate combination. 0–50% is shown in red, 51–75% in yellow and 76–100% in green. Exact
reaction conditions and values for every enzyme can be seen in the Supplementary Figures S1–S4.

TRIS-HCl MOPS HEPES KPi

Enzyme Substrate 7.0 7.5 8.0 8.5 6.5 7.0 7.5 8.0 6.5 7.0 7.5 8.0 8.5 6.5 7.0 7.5 8.0

PtKDGA KDG • • • • • • • • • • • • • • • • •

MjAlDH D-glycer-
aldehyde • • • • • • • • • • • • • • • • •

AfAlaDH hydroxy-
pyruvate • • • • • • • • • • • • • • • • •

AfAlaDH pyruvate • • • • • • • • • • • • • • • • •

Contrary to PtKDGA, more basic pH values are better for the AfAlaDH, as previously
described by Li et al. [15]. For hydroxypyruvate, the best buffer is TRIS-HCl, while for
pyruvate, the buffer must be alkaline. Summing up, TRIS-HCL seemed to be the best buffer
for the AfAlaDH. In contrast to that, it was the worst buffer for PtKDGA and MjAlDH.
Concerning the different pH values, MjAlDH and AfAlaDH showed increased activity
with higher pH values, while PtKDGA preferred lower pH values.

Every buffer-pH combination showed drawbacks for the cascade to some extent.
Since PtKDGA occurs as the first enzyme in the bio-catalysed pathway, the enzyme is
saturated with the substrate. Therefore, it realises its maximal specific activity and is less
depending on steady-state concentrations. Since the PtKDGA also has one of the highest
specific activities of the enzymes used, a reduction in the vmax for this enzyme is acceptable.
Considering Table 2, KPi buffer pH 8.0 seems to be the best for the combination of all
enzymes in one cascade, while it is the only combination where all enzymes show an
activity higher than 50% of the maximum measured.

2.3. Enzyme Titration Study

In the above sections, the designed reaction cascade and the properties of individual
enzymes were examined. Based on these results, KPi pH 8.0 was selected as a suitable
buffer condition for the complete cascade. With this knowledge, it was possible to combine
all enzymes into the planned cascade. For a first attempt, the enzymes were used with the
same amount of activity determined under substrate saturation conditions. As shown in in
Figure 2 (reference), L-alanine showed almost full conversion with 23.3 +/− 0.4 mM, while
the yield of L-serine turned out much lower with 5.3 +/− 0.3 mM. Therefore, the next aim
was to increase the yield of L-serine without lowering the L-alanine concentration.

A well-matched stoichiometry of enzymes within the cascade is an essential part of
cascade optimisation. Because of this, we conducted a titration study whereby the ratio
of one applied biocatalyst was varied down to 20% (0.1 U) or up to 200% (1.0 U) and the
concentrations of the others were maintained at 0.5 U.

All tested enzyme ratios, except one with a decreased MjAlDH amount, achieved a
high L-alanine yield of more than 85%. Due to that independence of the variation of the
enzymes to produce L-alanine, the L-serine yield was the primary focus for further analysis.
Compared with the 1:1 ratio, reducing AfAlaDH or MjAlDH lead to a significant decrease in
L-serine titers down to having no L-serine production. This indicates that both enzymes are
limiting factors while lowering the amount of TlGR and PtKDGA did not have a significant
effect on the yield and indicated that both are sufficiently incorporated. However, the
individual increase of AfAlaDH or MjAlDH only leads to a modestly higher L-serine yield
of around 120% of the reference. With this knowledge, buffers only promoting suboptimal
activities for PtKDGA while showing similar activities for AfAlaDH and MjAlDH, e.g.,
HEPES pH 8.0, might perform equal to the phosphate buffer regarding product yields of
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the overall cascade. Nevertheless, as the activities of the limiting enzymes AfAlaDH and
MjAlDH were not significantly higher in HEPES buffer, we decided to continue our yield
optimisation approach without analysing the full cascade with other buffers.
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Figure 2. Overview of differently composed cascade variants as well as the resulting, improved cascade. Reaction mixtures
contained enzymes, 150 mM ammonium sulfate, 5 mM NAD+, 25 mM KDG and 100 mM KPi buffer pH 8.0 at 50 ◦C for 21 h.
0.5 U of each enzyme was used as a reference, based on the activity of the respective enzymes in the buffer KPi pH 8.0. As
an approximation, the TIGR was quantified using the reverse reaction. Percentages relate to the enzyme specified in each
case, based on the value of the reference. For the improved cascade, PtKDGA stayed at the value of the reference while the
enzymes AfAlaDH, TlGR and MjAlDH were increased to 200%.

For the improved cascade reaction, the applied units of MjAlDH, TlGR and AfAlaDH
were thus increased by a factor of two up to 1.0 U, whereas the amount of PtKDGA was
maintained at 0.5 U. MjAlDH and AfAlaDH were shown to be a bottleneck while the
increasing of TlGR was performed since this is the central enzyme in the production of
L-serine and we did not want to create a new weak point in this part of the cascade. Com-
paring the improved variant with the reverence variant shows an increased yield of L-serine
by a factor of 1.6 from 5.5 +/− 0.3 mM up to 8.9 +/− 0.4 mM. The L-alanine yield differs
only slightly with 23.3 +/− 0.4 mM before and 21.3 +/− 1.0 mM after the optimisation.

For this improved cascade variant, we also had a closer look at the product formation
over time to get an overview of the speed of formation of the two products (Figure 3).
Furthermore, this analysis could also give us hints for possible bottlenecks of the cascade.
The increase of L-serine was almost linear during the observed period of 21 h, which shows
that the enzymes are stable at 50 ◦C and catalyse their reactions at maximum speed under
the developed steady-state conditions. As expected, the formation of L-alanine is faster
and almost stoichiometric conversion was already reached after two hours with a yield of
98.0% +/− 1.3%. This also means, that PtKDGA had already transformed 25 mM KDG to
pyruvate and D-glyceraldehyde by that time. This fits to the results of our titration study,
where we could show that the influence of PtKDGA is low of the total yield after 21 h.



Catalysts 2021, 11, 31 7 of 12

Catalysts 2021, 11, x FOR PEER REVIEW 8 of 13 
 

 

not observed, what might be attributed to the low L-serine amount generated during that 
time. Due to the balance in the reaction of TlGR being strongly shifted to D-glycerate, it 
can also be assumed that almost no hydroxypyruvate existed in the reaction mixtures. 
Summing up, large amounts of D-glycerate and L-alanine might have existed in the reac-
tion mixtures after 2 h. Following the conversion of D-glycerate, the cofactor dependent 
equilibrium, outlined above, was established, which accompanied a slight decrease in L-
alanine yield. 

 
Figure 3. Time-dependent formation of L-alanine and L-serine by the improved cascade reaction. 
Reaction mixtures contained enzymes, 150 mM ammonium sulfate, 5 mM NAD+, 25 mM KDG and 
100 mM KPi buffer pH 8.0 at 50 °C. 1 U of AfAlaDH, TlGR and MjAlDH and 0.5 U of PtKDGA 
were used, based on the activity of the respective enzymes in the buffer KPi pH 8.0. As an approxi-
mation, the TIGR was quantified using the reverse reaction. 

3. Discussion 
2-keto-3-deoxy-sugar acids are compounds of bacterial polysaccharides, lipopolysac-

charides, and cell wall components. As a central intermediate in pathways like the Entner-
Doudoroff, the Dahms or the Weimberg, they occur in all three types of cells, bacteria, 
archaea and eukarya. [24–26]. For this reason, these sugar degradation products are inter-
esting to use as source material for the green production of biofuels or bio-based chemi-
cals. One example for these sugar acids is KDG, which can be generated out of glucose 
among others by chemo-enzymatic catalysis with a gold-catalyst and the enzyme 
SsDHAD [11]. 

Herein, we designed an in vitro biosystem for the biotransformation of KDG into 
value-added amino acids. KDG is cleaved by PtKDGA and in combination with ammonia 
can be converted into L-alanine and L-serine by an artificial enzymatic reaction cascade 
composed of MjAlDH, TlGR, and AfAlaDH. The designed pathway was consolidated to 
use only NADH as an electron carrier. Since the production of KDG can be cofactor free, 
our cascade is furthermore able to recycle the needed NAD+/NADH completely self-suf-
ficient [11]. The use of thermostable enzymes enables an increased reaction temperature. 

Figure 3. Time-dependent formation of L-alanine and L-serine by the improved cascade reaction.
Reaction mixtures contained enzymes, 150 mM ammonium sulfate, 5 mM NAD+, 25 mM KDG and
100 mM KPi buffer pH 8.0 at 50 ◦C. 1 U of AfAlaDH, TlGR and MjAlDH and 0.5 U of PtKDGA were
used, based on the activity of the respective enzymes in the buffer KPi pH 8.0. As an approximation,
the TIGR was quantified using the reverse reaction.

Furthermore, the conversion of D-glyceraldehyde into D-glycerate was also largely
accomplished after 2 h, since this reaction delivers the reduced cofactor NADH, which
is needed for the L-alanine formation. Afterwards, the detected L-alanine concentration
decreased again. The equilibrium between hydroxypyruvate, pyruvate, L-alanine, and
L-serine, which was described by Sallach, could have been responsible for that [23]. Hence,
L-alanine might have reacted back to pyruvate to produce NADH, which is needed for the
conversion of hydroxypyruvate to L-serine. Within the first two hours, this effect was not
observed, what might be attributed to the low L-serine amount generated during that time.
Due to the balance in the reaction of TlGR being strongly shifted to D-glycerate, it can also
be assumed that almost no hydroxypyruvate existed in the reaction mixtures. Summing
up, large amounts of D-glycerate and L-alanine might have existed in the reaction mixtures
after 2 h. Following the conversion of D-glycerate, the cofactor dependent equilibrium,
outlined above, was established, which accompanied a slight decrease in L-alanine yield.

3. Discussion

2-keto-3-deoxy-sugar acids are compounds of bacterial polysaccharides, lipopolysac-
charides, and cell wall components. As a central intermediate in pathways like the Entner-
Doudoroff, the Dahms or the Weimberg, they occur in all three types of cells, bacteria,
archaea and eukarya [24–26]. For this reason, these sugar degradation products are inter-
esting to use as source material for the green production of biofuels or bio-based chemicals.
One example for these sugar acids is KDG, which can be generated out of glucose among
others by chemo-enzymatic catalysis with a gold-catalyst and the enzyme SsDHAD [11].

Herein, we designed an in vitro biosystem for the biotransformation of KDG into
value-added amino acids. KDG is cleaved by PtKDGA and in combination with ammonia
can be converted into L-alanine and L-serine by an artificial enzymatic reaction cascade
composed of MjAlDH, TlGR, and AfAlaDH. The designed pathway was consolidated
to use only NADH as an electron carrier. Since the production of KDG can be cofactor
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free, our cascade is furthermore able to recycle the needed NAD+/NADH completely self-
sufficient [11]. The use of thermostable enzymes enables an increased reaction temperature.

For an initial understanding of the performance of the planned enzymes, their kinetic
data were determined. We found that most enzymes have an activity of greater 1 U/mg
and a low substrate and cofactor Km of less than 1 mM. Also, AfAlaDH shows only a minor
activity for hydroxypyruvate, which will slow down the last amination to L-serine.

The test of different buffers and pH values shows how different the activity of enzymes
in different conditions can be, and how this especially crucial for the collaboration of several
enzymes. Only one combination is possible to reach more of 50% of the maximal activity of
every enzyme. While other combinations could be suitable with some cutbacks, others are
impossible due to the inactivity of at least one of the used enzymes. Therefore, we finally
decided on a buffer of KPi pH 8.0, which shows a good result for all enzymes tested.

Even without optimising the cascade, the L-alanine yield is close to full conversion. As
expected, the production of L-serine is lower, mainly because of the unsuitable equilibrium
of the TlGR for glycerate to hydroxypyruvate and the greater complexity of this part of
the cascade. The used titration study was able to show that an increase of just one enzyme
alone does not increase the L-serine yield significantly. However, lowering the amount
of single enzymes led to a severe reduction of cascade product yield. The enzymes are
dependent on each other via the cofactor dependence and increasing the amount of a
single enzyme shows no effect while the NAD+/NADH or the sideproduct balance may
be disturbed. Thus, on addition to AfAlaDH and MjAlDH, which proved to be limiting
factors, the amount of TlGR was increased equally to produce more L-serine.

With our optimised cascade, we converted 25 mM KDG into 30.2 mM amino acid
products in total after 21 h, 34.8% +/− 1.4% stoichiometric conversion for L-serine and
85.2% +/− 4.2% for L-alanine. Regarding L-alanine, Gmelch et al. could generate up to
>95% of product out of 25 mM glucose with a precisely optimised enzyme ratio for their
four-enzyme cascade [9]. We could reach full conversion of 25 mM KDG to L-alanine
within just two hours with only two enzymes. In the cascade of Gmelch et al., KDG is
likewise split into pyruvate and D-glyceraldehyde [9], the latter then being converted into
a second L-alanine with the result of an additional conversion to L-alanine of 8% after 12 h.
In comparison, in our designed way with L-serine we achieved a 2.5 times higher usage of
the D-glyceraldehyde with 21.2% +/− 1.2% conversion after 10 h.

Li et al. designed an enzymatic cascade reaction for the conversion of glycerol to
produce L-serine. They gained an L-serine yield of 71.3% within 18 h out of 10 mM substrate
and three used enzymes [15]. In comparison to our approach with an L-serine yield of
34.8% +/− 1.4% from 25 mM KDG after 21 h, they applied much higher enzyme amounts
with 7 U respectively 30 U for the comparable step from glycerate to L-serine instead of
only 1 U for both enzymes and used a condensed pathway starting from glycerol [15].
Comparing the concentration of the product, we created 8.7 mM +/− 0.4 mM L-serine in
21 h, what is comparable to the yield of 7.13 mM in 18 h of Li et al. [15]. An advantage of
our cascade is the steady rise of the L-serine concentration during the 21 h run, while at Li
et al. the product increase slows down sharply after 9 h.

The yields and production rates of the system developed in this study still need to be
improved to facilitate a possible industrial application. L-alanine yields up to 13.4 g/(lh)
can be reached by transforming fossil resource-based fumarate with immobilised cells of
E. coli and P. dacunhae, while the maximal rate of our enzymatic cascade for L-alanine is
1.1 g/(lh) [27]. Especially regarding the L-serine yield, our cascade needs to be improved.
Here, we could gain a space-time yield of 57 mg/(lh), while fermentative processes,
which are not used in industry now, can produce 270 mg/(lh) [28,29]. Improvements are
envisioned by enzyme engineering and further reaction engineering. The slow formation
of L-serine is partially due to the suboptimal conversion of glycerate by TIGR, which
has glyoxylate as natural substrate. To support the reaction engineering an additional
analytic procedure for the detection of the concentration of all intermediates without
interference by present substance should be implemented. Hence, it would be possible
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to ascertain the reaction’s bottleneck precisely and gain more insight into the interactions
between intermediates, cofactors, and enzymes. Thus, assumptions about the cofactor-
depending balance and associated yield formation could be validated and specific enzymes
engineering regarding Km or vmax can be applied to achieve an increased efficiency of
the cascade that would enabled a preparative scale production. Summing up, a cascade
reaction for amino acid production with high yield was implemented and optimised
building a reasonable basis for further developments.

4. Materials and Methods
4.1. Chemicals and Enzymes

All chemicals were of analytical grade and purchased from Sigma-Aldrich (Saint Louis,
MO, USA), Carl Roth GmbH (Karlsruhe, Germany), Serva Electrophoresis GmbH (Heidel-
berg, germany), Merck KGaA (Darmstadt, Germany) and Thermo Fisher Scientific GmbH
(Darmstadt, Germany). 2-keto-3-deoxy D-gluconate (KDG) was synthesised using 200 mM
D-gluconate and the dihydroxyacid dehydratase from Sulfolobus solfataricus (SsDHAD) as
described previously [30]. Lactate dehydrogenase from the rabbit muscle was supplied by
Carl Roth GmbH (Karlsruhe, Germany). The HPLC-method for determining amino acids
was provided by Dr. Maisch GmbH (Ammerbuch-Entringen, Germany). AA-Standard was
from Sigma Aldrich (Saint Louis, MO, USA).

4.2. Strains and Plasmids

The sequence of glyoxylate reductase from Thermococcus litorialis (EC 1.1.1.29, TlGR)
was synthesised codon-optimised for E. coli from Thermo Fisher Scientific GENEART
GmbH (Regensburg, Germany) and cloned into pET24a(+) vectors via NdeI/ XhoI re-
striction sites. The plasmids coding for 2-keto 3-deoxygluconate aldolase from Picrophilus
torridus (EC 4.1.2.55, PtKDGA), aldehyde dehydrogenase from Methanocaldococcus jannaschii
(EC 1.2.1.22, MjAlDH) and alanine dehydrogenase from Archaeoglobus fulgidus (EC 1.4.1.1,
AfAlaDH) have been prepared previously in our lab [9].

4.3. Enzyme Expression

Enzyme expression was performed in E. coli BL21(DE3) as host strain in shaking
flask cultures using ZYP-5052 autoinduction media [31], supplemented with 100 µg/mL
kanamycin. After 1%-inoculation of the autoinduction media with an overnight grown
culture of E. coli BL21(DE3) harbouring the corresponding plasmid, expressions were
carried out overnight at 20 ◦C and 100 rpm. Cell pellets were harvest by centrifugation for
30 min at 4000× g and stored at −20 ◦C.

4.4. Enzyme Purification

Cells were resuspended in 100 mM HEPES buffer pH 7.5 and disrupted by ultrasoni-
cation on ice. After clarifying the lysates via centrifugation, the enzymes were loaded onto
a His GraviTrap column (GE Healthcare, Freiburg, Germany) equilibrated with 100 mM
Tris pH 7.5 containing 20 mM imidazole and 500 mM NaCl following the manufacturer’s
recommendations. The elution buffer contained 500 mM imidazole and subsequently, the
eluted proteins were desalted using a HiPrep 26/10 column (GE Healthcare, Freiburg,
Germany) equilibrated with 100 mM HEPES pH 7.5. Purified proteins were flash-frozen in
liquid nitrogen, stored at −80 ◦C and thawed freshly every day.

For changing the buffer of enzyme solutions, a PD-10 desalting hand-column (GE
Healthcare, Freiburg, Germany)) was used. For higher volumetric activities, enzyme
solutions were concentrated by using a VIVASPIN 10 kDa filter (Satorius AG, Göttingen,
Germany) following the manufacturer’s recommendations.

Protein concentration was measured by a Bradford protein assay using the Roti-
Nanoquant reagent (Carl Roth GmbH, Karlsruhe, Germany) according to the manufac-
turer’s recommendations with bovine serum albumin as standard.
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4.5. Activity Assays

All enzymes were analysed photometrically following NADH consumption or produc-
tion at 340 nm (εNADH = 6.22 mM−1·cm−1) with an Epoch 2 Microplate Spectrophotometer
(BioTek GmbH, Sursee, Switzerland) at 50 ◦C. If not mentioned otherwise, reactions were
carried out in triplicates using 96 well plates (Greiner Bio-OneTM PP 96-Well F-Bottom
Microplates, Kremsmünster, Austria) containing a final volume of 200 µL.

Michaelis-Menten constants were determined for all enzymes by measuring twelve
different substrate concentrations, plotting initial velocities vs. substrate concentration,
and fitting the parameters with Sigma Plot (version 13.0, Systat Software GmbH, Erkrath,
Germany). One unit (1 U) is defined as the amount of enzyme that consumes 1 µmol of
substrate per minute. Determination of enzyme activity in different buffers of AfAlaDH
contained 0.2 mM NADH, 150 mM ammonium sulfate, 5 mM hydroxypyruvate or 10 mM
pyruvate with the respective buffer 100 mM and for MjAlDH 1 mM NAD+, 150 mM am-
monium sulfate, 2 mM D-/L-glyceraldehyde with the respective buffer 100 mM. Reaction
mixtures for determining the activity of PtKDGA containing 0.5 mM NADH, 150 mM
ammonium sulfate, 2.5 mM KDG, 5 U LDH and the respective buffer 100 mM.

4.6. Cascade Reactions

Mixtures for initial cascade reactions were prepared to contain 5 mM NAD+, 25 mM
KDG, 150 mM ammonium sulfate, 100 mM KPi buffer pH 8.0 at 50 ◦C and each of the
enzymes PtKDGA, TlGR, MjAlDH, and AfAlaDH with 0.5 U, calculated by the buffer
measurements. The reactions proceeded at 50 ◦C and 300 rpm for 21 h.

Enzyme titration studies and the improved cascade were performed identically, but
different amounts of enzymes were added. Titration studies mixtures were prepared
where the amount of one enzyme was either decreased to 0.1 U or increased to 1.0 U. For
the improved variant, PtKDGA was maintained at 0.5 U, while the other enzymes were
increased up to 1.0 U. The sampling was done after 0.5 h, 1 h, 1.5 h, 2 h, 10 h, and 21 h.

4.7. Determination of Amino Acids via HPLC

For analysis, the samples were filtrated with a 10 kDa centrifuge filter (10 kDa MWCO,
modified PES, VWR, Germany) and the analysis was performed by HPLC (Ultimate-
300 HPLC-system, Dionex Softron GmbH, Germaring, Germany). For the quantification,
derivation with OPA/3-MPA reagent was used, following the manufacturer’s recommen-
dations of Dr. Maisch GmbH (Ammerbuch-Entringen, Germany). As column, a GromSil
OPA-1, 3 µM, 100 mm × 4.6 mm from Dr. Maisch GmbH (Ammerbuch-Entringen, Ger-
many) was used. For the quantification, the standard containing the reaction matrix with
150 mM ammonium sulfate, 5 mM NAD+ and 100 mM KPi buffer pH 8.0. Samples were
prepared by diluting them 1:25 and adding 0.2 parts borate buffer 1 M pH 10.7. The
derivatisation was performed by automatic mixing of 3parts OPA/3-MPA reagent and
7 parts of the sample for 90 sec at room temperature. The system runs with 1.1 mL/min
of a mixture of the two buffers NPi A (sodium phosphate buffer 12.5 mM pH 7.2 with 3%
(v/v) acetonitrile) and NPi B (sodium phosphate buffer 12.5 mM pH 7.2 with 50% (v/v)
acetonitrile), whereby the ration of buffer NPi B increased during the first 8 min from 0% to
20%, to 16 min up to 55%, and till 20 min with a decrease to 0%. The peaks were detected
by absorption at 330 nm.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073
-4344/11/1/31/s1, Figure S1: Specific activities of PtKDGA for the conversion of KDG to D-
glyceraldehyde and pyruvate; Figure S2: Specific activities of MjAlDH for the conversion of D-
glyceraldehyde to D-glycerate; Figure S3: Specific activities of AfAlaDH for the conversion of
hydroxypyruvate to L-serine; Figure S4: Specific activities of AfAlaDH for the conversion of pyruvate
to L-alanine.

https://www.mdpi.com/2073-4344/11/1/31/s1
https://www.mdpi.com/2073-4344/11/1/31/s1
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Abbreviations
AA Amino acids
AfAlaDH alanine dehydrogenase from Archaeoglobus fulgidus
SsDHAD dihydroxyacid dehydratase from Sulfolobus solfataricus
E. coli Escherichia coli
KDG 2-keto-3-deoxygluconate
KPi Potassium phosphate buffer
LDH Lactate dehydrogenase
MjAlDH aldehyde dehydrogenase from Methanocaldococcus jannaschii
NAD+, NADH Nicotinamide adenine dinucleotide
NPi Sodium phosphate buffer
OPA/3-MPA o-phthaldialdehyde /3-mercaptopropionic acid
PtKDGA 2-keto-3-desoxygluconate from Picrophilus torridus
TlGR glyoxylate reductase from Thermococcus litorialis
U Enzyme unit
+/− Indicates the standard deviation of the determined values
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