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Summary

Cell free enzymatic reaction cascades combine isolated enzymes from various organisms
to in vitro pathways, in order to overcome the limits of classical fermentation approaches.
The major advantage of systems biocatalysis, as this approach is termed nowadays, is the
freedom in pathway design which means that biocatalysts from different natural pathways
can directly be combined to artificial pathways leading to novel products. The process
parameters (e.g. pH or salt concentration) of such reaction cascades can be easily fine
tuned since the enzymes are not compartmentalized within a regulatory cell environment.
Within this work, a cell free enzymatic cascade was designed for the production of
L-alanine from commonly available D-glucose which serves as model substrate for
biomass. Deduced from the archeal Entner-Doudoroff pathway, this minimized glycolytic
degradation combines an oxidative and a reductive module to a redox balanced cascade.
The oxidative module is composed of five enzymes yielding two pyruvate equivalents
together with two redox-equivalents NADH from one molecule of glucose. Cofactor
regeneration is then coupled to L-alanine formation via L-alanine dehydrogenase within
the reductive module. In sum, D-glucose shall be converted atom efficiently to two
equivalents of L-alanine, including an internal regeneration of the sole cofactor NAD".
Starting from a previously designed reaction cascade towards ethanol, the oxidative
module was investigated and an in detail literature review and extensive screening effort
resulted in novel promising candidates with improved properties. This new set of
biocatalysts demonstrated increased activity and specificity under the predefined cascade
conditions. The kinetic characterization also included saturated alanine conditions, since
very high product titers were to be achieved. While the oxidative module seemed to be
generally unaffected, the alanine dehydrogenase showed a drastic decrease in the overall
activity.

Once the enzymes were identified and kinetically characterized, an optimization of the
enzyme ratio and the process parameters (such as buffer and cofactor concentration and
ammonium source) was conducted in order to identify the most economic values. For this
analysis, several quantitative alanine assays were compared according to their
compatibility with the complex reaction matrix. While the rather slow HPLC analysis as well
as ninhydrin or o-phthaldialdehyde assays gave only unsatisfying results, fluorescamine
was able to selectively derivatize alanine within the complex reaction matrix. Combining
the developed fluorescence based high-throughput assay with an enzyme titration study,
an optimized enzyme ratio yielded the maximum cascade yield already at 50% of the
original enzyme loading.

In the second part of the thesis, the aldehyde dehydrogenase from Thermoplasma
acidophilium was engineered towards increased NAD* acceptance. This highly selective
and thermostable enzyme can be applied for the cofactor dependent oxidation of
D-glyceraldehyde within the cascade. Unfortunately, the naturally existing enzyme prefers
NADP* over NAD" as demonstrated by an approximately 1000 times large Ku for NAD,
which diminishes its other benefits. Since a previous random mutagenesis approaches did
not significantly increase the NAD* acceptance, a rational design approach on the basis of




the available crystal structure was conducted. Alteration of four key residues in the
proximity of the cofactor binding site could increase the specificity towards NAD* by a
factor of 14 and slightly increase the activity without influencing the substrate specificity for
its second substrate D-glyceraldehyde. Additional modifications at the substrate tunnel
entrance could successfully erase the D-glyceraldehyde substrate inhibition, double the
activity and further decrease the Ky for NAD™* by a factor of two. In order to understand the
effects of the mutations on a fundamental basis, molecular dynamics simulations have
been conducted. Enzyme-glyceraldehyde-NAD* complexes of original template and final
mutated variant were simulated for 10 ns and analysis of the A-RMSF revealed a subtle
increase in flexibility within cofactor binding areas. Concerning the D-glyceraldehyde
inhibition, the increase of the substrate tunnel opening was found to be responsible for the
obliteration of the inhibition. Overall the kc./Kw for NAD* could be increased by a factor >
100 with only minor effects on the temperature stability. Additional improvements in solvent
stability as well as in artificial cofactor acceptance, render this mutant biocatalyst a
promising variant for further cascade designs.
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1 Introduction

1.1 Systems biocatalysis

Catalysis is the process of decreasing the activation barrier of a chemical reaction in order
to speed up the turnover. Within this field, biocatalysis focuses on catalytically active
proteins called enzymes, which are usually produced within living systems and are
commonly biodegradable. During natural evolution, combinations of those highly functional
biocatalysts have been developed in order to sustain the metabolism of every organism.
Due to the (multistep) cascade set up of these metabolic pathways, the concentration of
unstable intermediates can be kept at a minimum. Furthermore, the additional pull of
downstream reactions can drive thermodynamically unfavorable reactions to completion.
Fermentation or whole cell catalysis approaches apply those established pathways directly
and convert substrates to the desired products in vivo and with the present set of
enzymes. Although metabolic engineering for well described (and sequenced) organisms
led to highly specified production strains which are still applied industrially for e.g.
fermentation of glutamate,® laborious design-build-test cycles are commonly required to
identify suitable gene knock outs or gene replacements.? Despite the use of computer
based pathway predictions and decades of experience, issues like substrate channeling or
the elimination of side products remain challenging for in vivo systems.?

In contrast to this, the emerging concept of systems biocatalysis deals with the in vitro
combination of isolated enzymes towards cell free reaction cascades. Such operations are
free from competing metabolic pathways, from kinetic restrictions by physical barriers and
regulating circuits, and from toxicity problems with reactive foreign substrates, which are
notorious problems in whole-cell systems.* Due to the absence of a regulatory cell
environment, fine tuning of the reaction conditions is easier compared to in vivo
approaches. Although the required enzymes need to be purified, the level of complexity is
drastically reduced and novel products are enabled by artificial cascades. Economic
applications for systems biocatalysis are still in the research stage, but with the prizes for
enzyme purification decreasing® and the awareness for sustainable, oil independent
processes increasing, the time of change might be getting closer.

Cell-free metabolic engineering®, synthetic biochemistry system’ and in vitro metabolic
engineering®are other terms for the concept of systems biocatalysis.

1.1.1 Redox neutral pathway design

The major advantage of systems biocatalysis is the freedom in pathway design because
enzymes can be directly combined in vitro in order to obtain the desired substrate to
product flux. Economically feasible production pathways can be obtained by minimizing
the amount of enzymatic steps and the types of cosubstrates (e. g. only NAD/H as redox
shuttle). Especially cost intensive redox cofactors such as nicotinamide or flavine based
nucleotides are commonly required in stochiometric amounts and need to be regenerated
in order to keep the production costs low. Clearly, this regeneration needs to be very




accurate in order to avoid degradation of the cofactor. If 50% of the original cofactor
activity is to be remained after 100 turnovers, the regeneration efficiency must be 99.3%.°
Regeneration can be achieved electrochemically,’® photochemically* and
enzymatically.’> Enzymatic regeneration is preferred for industrial processes due to its high
selectivity and efficiency.*® Two different approaches have been realized:

A) Addition of a regeneration enzyme which converts a cheap scavanger substrate
(e.g. glucose dehydrogenase converting glucose and NAD* to gluconate and
NADH). This approach can be easily integrated into pathways, since it is completely
decoupled from the other reaction. With an excess of scavenger substrate, a rapid
regeneration can be guaranteed, thus providing constantly high concentrations of
regenerated cofactor. On the downside an extra enzyme is needed and the
scavenger substrate as well as the reaction product need to be removed during the
downstream process. Nevertheless, this approach is widely pursued in
pharmaceutical industry for the synthesis of high value chiral compounds.**

B) Self sufficient cascade design. In this case, the regeneration enzyme is part of the
production pathway and equal amounts of reduced and oxidized cofactors are
produced during the reaction turnover. With this redox neutral strategy, scavenger
substrates as well as additional enzymes for the regeneration can be avoided
completely. Drawbacks here are the increased complexity during cascade design
and the direct coupling of the cofactor regeneration to the production pathway. If the
cofactor dependent reactions are not directly following each other in the multistep
pathway, an efficient regeneration can only be guaranteed when the intermediate
reactions are sufficiently fast in order to generate the substrate for the recycling
reaction. An outstanding example for this approach is the cell free production of
monoterpenes from glucose, where 27 enzymes have been combined in vitro
(including internal NAD(P)H and ATP recycling) in order to reach product titres
>15g/L.»?®

Another interesting example for the cofactor regeneration is the concept of molecular
purge valves, where the regeneration of the cofactor is decoupled from the substrate flux
(like A) but also balanced (like B). This is particularly useful in redox neutral cascades,
when the amount of NADH is decreased by side reactions. Opgenorth et al. demonstrated
the balanced production and consumption of NADPH and NADH by using two different
pyruvate dehydrogenases that selectively accept either NADP* or NAD* in combination
with an NADH oxidase that does not oxidize NADPH.” Within their PHB or isoprene
producing test systems, they could maintain almost quantitative yields and high levels of
NADPH completely independent to up to 10 fold variations in the intial cofactor
concentration. With this proof of concept, other examples for this novel recycling strategy
might follow in the future.




1.1.2 In vitro enzymatic cascade reaction from D-glucose to
ethanol as blueprint for the L-alanine cascade

Ethanol from biogenic resources is used as a fuel additive, slowing down the depletion of
fossil resources.’®* The biocatalytic production is commonly done with an in vivo
fermentation process applying various microorganisms (e.g. saccharomyces strains).*” The
major disadvantage of this process is the cell toxicity of the produced ethanol, limiting the
product titer to around 20 vol-%. Applying the concepts of systems biocatalysis, Guterl et
al. could demonstrate molecular yields of up to 57 % from glucose.® Their artificial
glycolytic pathway can be devided into two modules: (1) The pyruvate module, where one
molecule of glucose is converted into two molecules of pyruvate, and (2) the ethanol
formation module (Figure 1).

D-Glucose

MNAD — NADH
GDH

D-Glyceraldehyde D-Gluconate

.ﬂ.LDHir\j,ﬁ_D . MADH DH.ﬁ.Dl—H_O
D-Glycerate ) 2-Keto-3-deoxy-
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DHAD
“H.O

Pyruvate
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R
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Figure 1: Cell free enzymatic cascade design from D-glucose to ethanol. Adapted from
Guterl et al.®

The pyruvate module starts with the oxidation of glucose towards gluconate which is
catalyzed by an NAD-dependent glucose dehydrogenase (GDH). A dihydroxyacid
dehydratase (DHAD) was used for the subsequent dehydration towards 2-keto-3-deoxy-
gluconate which is then broken up into D-glyceraldehyde and pyruvate by an aldolase
(KDGA). D-glyceraldehyde is further oxidized to D-glycerate by an NAD-dependent
aldehyde dehydrogenase (ALDH) from Thermoplasma acidophilum, since this variant was
found to selectively oxidize D-glyceraldehyde and not ethanal, which is also an
intermediate of the cascade. The dehydration of D-glycerate finally results in the second
pyruvate equivalent. Due to a substrate promiscuity of the applied DHAD from Sulfolobus
Solfataricus, both dehydration reactions could be performed by the same enzyme. In sum,




the pyruvate module generated two equivalents of pyruvate from one equivalent of
D-glucose and additionally two redox equivalents NADH.

The second module uses two additional enzymes in order to produce the final product
ethanol with simultaneous regeneration of the two redox equivalents. In the first step
pyruvate is decarboxylated by pyruvate decarboxylase (PDC) before the NADH-dependent
alcohol dehydrogenase (ADH) reduces the acetaldehyde to ethanol.

In total this artificial reaction cascade consists of six enzymes and is redox neutral due to
an internal NAD* recycling. Additionally, an increased solvent stability of the cell-free
system compared to the whole cell process was pointed out with the applied aldehyde
dehydrogenase being least solvent stable. Minimization of the ordinary glycolytic pathway
was mainly achieved by the substrate promiscuity of the DHAD, eliminating the need for
phosphorylation. Although a molecular yield greater than 50 % indicates a successful
redirection of the produced D-glyceraldehyde towards pyruvate, especially the dehydration
of D-glycerate needs further investigation. Nevertheless, this proof of concept
demonstrates a brilliant cascade design with internal regeneration and high atom
economy, which can be used as platform for future cell free approaches.

On the basis of this artificial ethanol production pathway, a novel L-alanine producing
cascade was to be developed within this work. Therefore, the pyruvate module should be
combined with a suitable alanine dehydrogenase and an ammonia source in order to
produce the desired product L-alanine and simultaneously regenerating the consumed
cofactor NAD".

1.2 Methods for the production of L-alanine

L-alanine is a natural, non essential amino acid, which forms a white solid at room
temperature. It is the smallest, chiral amino acid and mainly used as food or feed additive
because of its sweetening properties®® or in health industry as supplement for nutrition
therapies.'® In order to evaluate the novel enzymatic cascade, the industrially relevant
production processes of L-alanine are briefly explained in the following sections.

1.2.1 Extraction from protein hydrolysates

With 29.7 % L-alanine?® in the average protein backbone, the recovery from hydrolysates
seems promising on the first glimpse. The enantiomeric excess from naturally derived
amino acids is exceptionally high, since nature developed a preference for L-amino acids
and thereby eliminated the need of an enantio-separation. On the downside, the desired
L-alanine is always accompanied by other, chemically similar, amino acids which need to
be depleted.

Before any separation can take place, the peptide bonds of naturally occurring protein
sources such as silk fibroin, gelatin or zein need to be hydrolyzed. In the second step, the
amino acids are separated based on different solubilities of the corresponding copper?,
chromium® or sulfonic acid®® salts. Due to interfering effects of other amino acids,
L-alanine cannot directly be obtained within a single extraction step, but an excellent
recovery of 96 % pure L-alanine was achieved by stepwise extraction of strontium-picrate
complexes.? Within this process, cysteine and tyrosine are extracted from the solidified
hydrolysate with water. Then, the aromatic and basic amino acids are removed with
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charcoal-adsorbtion? and glycine is precipitated as glycin-copper-picrate complex. Finally,
alanine and proline are coprecipitated as strontium-picrate complexes. After acidic
decomposition of both complexes, proline is extracted with ethanol and pure L-alanine is
obtained via recrystallization.

Although multiple, enantiopure amino acids can be obtained during this process, the up-
scaling of such extraction processes for industrial production is rather uneconomical.
Furthermore is the yield of the specific amino acid depending on the occurrence in the
hydrolysate.

1.2.2 Chemical synthesis

In contrast to the extraction of amino acids from hydrolysates, chemical synthesis can be
designed to result directly in the desired product. The key factors for a successful chemical
production include cheap and easily available raw materials, high product yields, sufficient
purity and facile scalability. For amino acid synthesis, excellent asymmetric induction is
necessary in order to avoid a tedious separation of the enantiomeres.

The most relevant synthesis of a-amino acids was accidentally discovered in 1850, when
Adolph Strecker tried to produce lactic acid from acetaldehyde, agueous ammonia and
hydrogen cyanide.?® Instead of lactic acid, D/L-alanine was obtained after acidic hydrolysis.
This one pot, three component reaction is since known as the Strecker reaction.?” Due to
the extreme toxicity of HCN, improved methods use alkali cyanides such as KCN or NaCN
as substitute. The reaction mechanism (Figure 2) starts with the nucleophilic addition of
the ammonium Il (or primary/ secondary amine) which leads to the imine IV. In the next
step, the addition of the cyanide produces the a-amino nitrile V which is then hydrolyzed to
the a-amino acid. Although asymmetric induction is possible with either chiral amines?®#°
or chiral metal- or organocatalysts,®*% the total production costs (including catalyst,
purification and toxic waste disposal) are too high for standard amino acids like
unsubstituted L-alanine.
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Figure 2: Mechanism of the Strecker reaction

1.2.3 Fermentation

L-alanine is essential for protein synthesis, hence every living organism needs to acquire
them by either biosynthesis or uptake from the environment. Microorganisms, such as
E.coli, are independent from the amino acid uptake and can synthesize all proteinogenic
amino acids on their own, only requiring ammonia as the sole source of
nitrogen.** Although the energy demanding synthesis of amino acids is normally regulated
by a feedback loop, several strains of bacteria, yeast and fungi were found to achieve an
overproduction resulting in an accumulation of specific amino acids.** Once produced, the




amino acids usually remain inside the cell, where they can be used by the organism for
e.g. protein synthesis. Surprisingly, recent reports identified an L-alanine transport
system* and speculate about an additional D-alanine transporter® for the transfer of both
enantiomers into the extracellular space. In order to further increase the permeability of the
cell walls, biotin limitation,*® high concentration of Ci6.15 fatty acids®” or p-lactam antibiotics
(e.g. penicillin)® were applied to increase amino acid concentrations within the media.
Concerning the L-alanine fermentation, one major problem is the alanine-racemase
activity, which is present in most wildtype strains.* Extensive research resulted in
genetically engineered organisms (e.g. Vibrio natriegens,” Lactococcus lactis** or
Zymomonas mobilis*’) which are tailored towards an efficient production of optically
enriched L-alanine. This work focuses on engineering of Escherichia coli, since it is one of
the best investigated and understood microorganisms.

As depicted in the metabolic overview (Figure 3), sugar metabolism leads to the central
intermediate pyruvate, which is then converted by an NADH-dependent alanine
dehydrogenase (alaD).

1/2 Glucose
ATP
ADP
_ Gly3P = ~ DHAP
Succmat:_aAD AP NAD* L mgsA
frd}( FADH, NADL  NADH ATP NARH Methylglyoxal
methyglyoxyl
Fumarate <— Malate p— OAA <22 pEgp gloA redué/tgé/e y
AP gloC aldB
ATP PR= \‘QIOB \ aldA
] laD
L-Alanine = a/a\ Pyruvlate bR D-Lactate L-lactate
alrl ldadx NAD* NADH  aceE pfiB co,
NH,  aceF Formate<:
D-Alanine d H,
Acetyl-CoA —22—= Acetyl-P poxB
ADP
S adhE ackA
4 AR ATP
Ethanol Acetate <—

Figure 3: Metabolic overview of the L-alanine fermentation pathway in recombinant E. coli,
according to Ingram et al.

Since the alaD activity is not naturally present in E. coli, variants from either Arthrobacter
or Bacillus have been coexpressed.* The resulting redox balanced pathway can
theoretically produce two eq. of alanine from one eq. of D-glucose (theoretical mass yield
of 0.978). NADH produced during the catabolic conversion of glucose to pyruvate is used
for the reductive amination towards L-alanine. The equillibrium of this reaction strongly
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favors the L-alanine formation with an equilibrium constant of about 107" M.*® Due to the
rather low NADH/NAD* ratio in aerobic culture of 0.02,% the final alanine yield is directly
reduced if the NADH concentration is decreased by side reactions. Most engineering
approaches thus focus on the elimination of such side reactions or on the channeling of
the central intermediate pyruvate towards the L-alanine production.

The predominant carbon flux from pyruvate to acetyl CoA is catalyzed by the pyruvate
dehydrogenase complex which is encoded in aceF, aceE and Ipd. A knockout of the
dihydrolipoyl transacetylase AaceF enabled the accumulation of nearly 40 g/L pyruvate
under aerobic conditions.*” Another direct competitor for both, pyruvate and NADH is the
lactate dehydrogenase IdhA.*® Pyruvate-formate lyase (pfl),* expressed under anaerobic
conditions, as well as the pyruvate oxidase (poxB) and the PEP synthase (pps) can also
reduce the pyruvate pool.*® Knockouts of these genes can increase the concentration of
available pyruvate and therefore directly increase the L-alanine production rate.

During normal growth of E.coli, NADH is consumed by oxygen via oxidative
phosphorylation and NADH oxidases. Lee et al. could demonstrate a 6 fold increase of the
alanine yield (up to 0.63 g/g glucose) by reducing the oxygen mass transfer from 109 h* to
7 h*.5 Smith et al*® separated the growth phase from the production phase because their
engineered E.coli Apfl, AldhA did not grow under anaerobic conditions.** The applied fed-
batch approach limited the side product acetate which possibly occurred as a result of an
"overflow mechanism" due to high growth rates.**-* Overall, they achieved a complete
conversion of glucose to racemic alanine during the anaerobic production phase resulting
in a productivity of 4 g/Lh and a final concentration of 88 g/L. From the two alanine
racemase genes in E. coli, alr is constitutive and less abundant than the predominate
racemase encoded by dadX.*® In order to increase the optical purity, a knockout of the
dadX gene is necessary, while the ALR racemase is still able to produce the essential
D-alanine.*® In combination with the knockouts of acetate kinase ackA, alcohol
dehydrogenase adhE and methylglyoxylate synthase mgsA, Ingram et al. developed a
metabolic evolution platform where the cell growth is coupled to alanine production.* They
further optimized their aerobic process by integrating the less active alanine
dehydrogenase from G. stearothermophilus under the regulation of the native lactate
dehydrogenase (IdhA) and finally obtained 1.28 M optically pure L-alanine from 120 g/L
glucose within 48 h during a batch fermentation in mineral salts medium. Another
approach, published by Yokota et al., applied an H*-ATPase- and IdhA defective E. coli
mutant which showed increased pyruvate production.®” With 20 g/L DL-alanine from 50 g/L
glucose after 24 h of aerobic fermentation, the yield of 41 % stayed behind the
expectations.®® The increase of the glycolytic flux led to 16 g/L pyruvate, which could
possibly not be converted to alanine due to the aerobic conditions.*® An overview of the
described strains is shown in Table 1.

Finally a study from Zhou et al.®® found a significant inhibition of the cell growth by
L-alanine, why they focused again on a two step process. They integrated the alaD from
G. stearothermophilus under the thermo-regulated pr-p. promotor hence separating the
aerobic growth phase from the oxygen-limited alanine production phase. After optimization
of the induction procedure they reached 121 g/L L-alanine due to the increased biomass.




Downstream processing of the L-alanine fermentation broth normally starts with separation
of the cells by either centrifugation or filtration. Since the formation of side products is
reduced via knockouts of competing pathways, the L-alanine content of the broth easily
exceeds 90 wt-%. Residual media compounds or byproducts such as succinate, formate
or acetate can then be reduced by crystallization or ion exchange.*

Table 1: Overview of alanine-producing strains, n.r. = not reported

Time Alanine Yield L-Alanine

Organism Modification [h] [g/L] [%] purity [%]
A. oxydans : _
DAN 756 Alanine racemase deficient 120 77 51 98
Z. mobilis CP4 Plasmid with B. sphaericus IFO3525
(pZY73)* alaD 26 8 16 n.r.
L. lactis NZ3950 Plasmid with B. sphaericus IFO3525
(pPNZ2650)* alaD, AldhA, Aalr Ll = e sl
E. coli ALS887  Plasmid with B. sphaericus IFO3525 27 32 63 nr
(pTrc99A-alaD)** alaD, AldhA, AaceF o
. Plasmid with B. sphaericus IFO3525
= Galileesy 5 alaD, Apfl, Apps, ApoxB, AldhA, 48 88 100 n.r.
(pTrc99A-alaD)
AaceEF
Integrated G. stearothermophilus
E. coli XZ132*®  alaD, Apfl, AackA, AadhE, AldhA, 48 114 95 >909
AmgsA, AdadX
. s Plasmid with G. stearothermophilus
E. coli TBLA-1 alaD, AldhA, (atpA401, bgl*) 24 20 41 n.r
E. coli BO016- Aack-pta, ApflB, AadhE, AfrdA, AldhA 39 121 97 nr
060BC*®° AdadX::cl ts 857-p R -p L -alaD-FRT '
1.2.4 Enzymatic production

In contrast to the fermentation of living microorganisms where the entire metabolism is
involved in the product formation, enzymatic production relies on selected biocatalysts for
the conversion of precursors. Approaches via isolated alanine dehydrogenase systems
comparable to the fermentation pathway (e.g. using malate as substrate)®? are depending
on expensive cofactors and cannot easily be upscaled. Efficient L-alanine production is
thus achieved from aspartic acid using aspartate p-decarboxylase (EC 4.1.1.12) which
was found in multiple organisms such as  Clostridia,®® Nocardia® or Achromo-
bacter.®® Chibata et al. identified Pseudomonas dacunhae (PdAspD) as the most
advantageous organism which can directly be used in a whole cell process for the
accumulation of L-alanine from aspartic acid.® Within their initial report, they found an
induction of the enzyme expression by ammonium fumarate with led to 24 times increased
volumetric activity. Furthermore the presence of surfactants could again double the
conversion rate, resulting in a stoichiometric conversion of 40 % (w/v) L-aspartic acid at
37 °C and 72 h.®® An analysis of the crystalline enzyme showed an allosteric activation by
a-ketoglutarate®” as well as a dependence on pyridoxal 5'-phosphate®® which is in
accordance to other mechanistic studies.® "




L-aspartate
aspartase p-decarboxylase
fumaric acid + NH; = = L-aspartic acid > L-alanine + CO,

Figure 4: Enzymatic L-alanine production from fumaric acid

Since the required aspartic acid is also produced enzymatically from fumarate (Figure 4),
the combination of these two reactions can further facilitate the process. For the first step,
naturally occurring aspartase from E.coli (ECAsp) was selected because of its high activity
and stability.”* Unfortunately the whole cell application of E. coli also results in side
reactions towards L-malate and D-alanine due to fumarase and alanine racemase activity.
In order to avoid these side reactions, the first continuous L-alanine process from fumarate
was done with two consecutive membrane reactors, containing purified lysates of PdAspD
and EcAsp.”? Although the side product formation could be eliminated, especially the
second biocatalyst decayed rather fast due to shear stress by liberated CO, bubbles.
Pressurized reactors show the advantage of increased reaction velocity and can contain
the liberated CO; in solution which resulted in 50 % higher efficiency.” Nevertheless the
purification of biocatalysts is an economical disadvantage and immobilization of the cells
could further enhance the stability of the two biocatalysts. From the different immobilizing
agents like polyurethane,” gelatin” and k-carragenan, the latter was the most efficient.”
Furthermore Chibata et al. could remove side reactivities of fumarase and alanine
racemase by an acid treatment of the immobilized cells.”” The final immobilized and
treated biocatalysts demonstrated a half live of two weeks at 37 °C and reached space
time yields of 13.4 g/(Lh). In order to identify the most efficient combination of the
immobilized catalysts, simulations of various continuous bioreactors were conducted.’®
The standard sequential process with two in line reactors and strictly separated aspartase/
decarboxylase reaction (both at pH 7) was set to 100% efficiency. Comparison to one pot
approaches and mixed reactor set ups showed similar to decreased efficiency within the
simulations. Ultimately, a jump in efficiency to 140% was observed by simulating the
sequential process with an intermediate pH adjustment to account for the different pH
optima of the two reactions. Apparently, the facilitated approach with pH 7 for both
reactions decreases the overall reaction velocity and the efficiency for the aspartase
reaction increases significantly at pH 8.5. Although the necessary change of the reaction
volume due to the intermediate pH adjustment was neglected, this method was found to
be most efficient and is still applied for the industrial production of L-alanine.”

1.3 Aldehyde dehydrogenase

As a subclass of oxidoreductases, aldehyde dehydrogenases (ALDHSs) are ubiquitous in all
live forms, acting as detoxification enzymes against endogenous and exogenous
aldehydes.”™ They catalyze the oxidation of aldehydes to carboxylic acids and like 80% of
all oxidoreductases usually require nicotinamide adenine dinucleotides NAD(P)* as
cofactors.®® These nicotinamide based cofactors have an identical chemical active
functionality and differ only in a phosphorylation at the ribose moiety. Although this
minimalistic modification is sufficiently distant to the reactive site of the molecule, it




enabled the evolution of a natural specificity. Hence ALDHs tend to exhibit a strong
preference for one derivative and significantly reduced activity for the other. Because of
this, anabolic and catabolic pathways can coexist in living cells without influencing each
other. For the mammalian metabolism, ALDHs are key players and were hence divided
into four groups.?* These groups vary substantially in the presence of divalent ions, the pH-
optimum and the rate-limiting step of catalysis.®> While the release of the reduced cofactor
is the rate limiting step for ALDH1, the hydride transfer is limiting for ALDH3. Non-
mammalian ALDHs can be assigned to the above mentioned groups based on sequence
homology. The nomenclature system for the ALDH superfamiliy suggests the root symbol
ALDH for all genes followed by an arabic number denoting the family, a letter representing
the given subfamily and another number signifying the individual gene within that
subfamily.®® An ALDH family is composed of sequences with more than ~40% identity and
subfamilies share more than ~60% identity. Despite their varying polypeptide chain length
and oligomerisation states (dimeric and tetrameric), ALDHs possess a conserved
architecture of three domains (catalytic domain, NAD(P)* binding domain and the
oligomerization domain (Figure 5)).34

Figure 5: Crystal structure (2IMP) of the monomer of lactaldehyde dehydrogenase from E.
coli. The active-site loop containing the catalytic nucleophile Cys285 is magenta. The
Rossmann fold (yellow), catalytic domain (green), oligomerization domain (red), and
cofactor-binding domain (blue) are indicated. Right: Surface model including bound NADH
(disordered between HY and HT-conformation).5

The focus of this work will be on glyceraldehyde dehydrogenases especially on the variant
from Thermoplasma acidophilum (TaALDH) since it was previously applied for the cell free
ethanol production.?® Since there is no complete crystal structure of the TaALDH enzyme,
the structure of the closely related lactaldehyde dehydrogenase from E. coli (2IMP) (39 %
sequence-identity) is shown below. The surface model on the right side in Figure 5 shows
the protein-NADH complex with the disordered nicotinamide ring.® While the cofactor is
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bound to the Rossmann fold (see section 1.3.2), the substrate (in this case lactaldehyde)
reaches the nucleophilic Cystein via a hydrophobic tunnel from the opposite side of the
protein.?” The residues lining this tunnel and pointing towards the active site are presumed
to determine the substrate specificity of the ALDH.#8

1.3.1 Catalytic mechanism of ALDHs

The underlying catalytic mechanism of ALDHs (Figure 6) is family-independent. In the first
step, the cofactor NAD(P)* binds to the Rossman fold, forming hydrogen bonds to highly
conserved residues (e.g. Lys172 and Glu381, residue numbers according to TaALDH).®°
This leads to a structural change of the protein® and the proton abstraction at the
sulfhydryl group of Cys281 by the essential Glu248 enables substrate binding.** In the
second step, the carbonyl group of the substrate is attacked by the nucleophilic thiolate
and a thiohemiacetal intermediate is formed. The negatively charged oxygen atom is
partially stabilized by the Asnl149 residue, which is essential for catalysis. From this
intermediate, the hydride shift to NAD(P)* forms a thioester bond between the aldehyde
and the catalytic Cys281. Finally, this bond is hydrolyzed with water (activated by a Glu248
residue) releasing the carboxylic acid. In some fermentation pathways, CoA esters are
produced instead of free carboxylic acids.®?

A
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Figure 6: Catalytic mechanism of ALDHs adapted from Vasiliou et al.% (residue numbering
according to TaALDH).
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1.3.2 The Rossmann fold of ALDHs

From the comparison of multiple dehydrogenases, Rossmann et al. could identify a
binding domain responsible for the dinucleotide fixation, which is since referred to as the
Rossmann fold.*® Within all originally analyzed crystal structures, the orientation of the
cofactor in respect to the protein chain was identical.®* The binding domain is usually built
up from two p-a-p-a-B-units, joined in such a way, that the first strands of each unit are
adjacent resulting in a strand order 654 123 (Figure 7, left).”> NAD(P)* binds with the
pyrophosphate moiety to the cleft in between the 4-1 strand.®® Usually NADP* depending
enzymes present positively charged residues in positions able to interact with the
2'-phosphate group of the adenosine ribose moiety e. g. establishing hydrogen bonds.*’
On the right site of Figure 7, the zoom on the first p-a-p-a-p-unit shows the highly
conserved fingerprint sequence G X.12GiXXGy typical for Rossmann folds, which is located
in between B1-al. These essential glycine residues stabilize the entire domain and enable
the cofactor binding. G, allows a tight turn of the main-chain from the p-strand into the loop,
Gy permits close contact of the main-chain to the pyrophosphate of the nucleotide and Gy,
facilitates close packing of the helix with the p-strand.®® Additionally, the GXXXG/A motif
in the first helix strengthens the interaction between the helix and the first p-strand.®® This
stabilization is possible due to the four residue distance of the glycyl residues, aligning G
and G/Av on one side of the helix and enabling hydrogen bonds to the adjacent helix.*®
For some NADP-dependent dehydrogenases, G, is replaced by alanine, serine or proline
to increase the distance between the helix and the strand, hence providing space for the
additional phosphorylation.**

Figure 7: Left: Schematic representation of sheet structure in the NAD(P)-binding domain
of dehydrogenases with indicated NAD(P) binding (circle).®® Right: Zoom on secondary
structure of the FAD or NAD(P)-binding Rossmann fold (strand 1-3). The loop connecting
p-strandl and o-helix 1 is referred to as the ligand-binding loop.* Rectangles represent
a-helices and arrows are p-strands.
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For ALDHSs, a variant Rossmann fold was observed, showing unique dinucleotide binding
features compared to other dehydrogenases.'®® Opposed to the classical two B-a-p-a-B-
units, the ALDH Rossmann fold is composed of only five p-strands connected by four a-
helices. Additionally, the pyrophosphate moiety of the dinucleotide does not appear to
interact with any helix dipole or the glycine rich fingerprint motif, as it is usually found in
classical Rossmann fold binding. Instead, the NAD-binding seems to be stabilized by a p4-
aD-p2 motif, forming hydrogen bonds between the adenine ribose and an essential
glutamic acid (located in p2), as well as other hydrophobic interactions between the
adenine ring and the surrounding hydrophobic residues (such as valine or leucine).®* One
consequence of this special binding mode is, that the ALDH enters less contacts with the
cofactor upon binding, allowing multiple conformations.'®

While the identification of NAD(P)" binding sites was previously done via homolog
analysis, recent methods use machine learning algorithms in order to predict cofactor
binding sites for uncharacterized proteins based on their amino acid sequence.**

1.3.3 Modifying the cofactor specificity of dehydrogenases

As described above, NAD(P)" utilizing enzymes normally show a strong preference
towards one cofactor, with significantly reduced activity for the other. Although this
specificity enables the separation of opposed natural pathways within living systems, it can
be a major drawback for the design of artificial cascades. Concerning metabolic
engineering a variety of examples can be found, where an optimization of the cofactor
specificity could drastically improve the efficiency of the biotechnological process.'® For
instance, Arnold et al. could increase the anaerobic fermentation yield of 2-methylpropan-
1-ol up to the theoretical maximum after engineering an alcohol dehydrogenase and the
keol-acid reductoisomerase in E. coli.’” Commonly, the change of the cofactor specificity
is more attractive towards NAD®, since the phosphorylated derivative is much more
expensive. The first report of such a cofactor switch date back to 1990, when Scrutton et
al. reported the redesign of the coenzyme specificity of an E. coli gluthathione reductase
(GSR) by protein engineering.’” Due to the absence of a valid crystal structure for the
GSR of E. coli (EcGSR), human gluthathione reductase (GSR) was used as a structural
model.’® The major focus of this investigation was the stabilization of the NADPH 2'-
phosphate group within the Rossmann fold. A comparison of the crystal structures of the
NADPH-dependent human GSR and the NADH-dependent human dihydrolipoamide
dehydrogenase (LPD), gave some promising leads. Positively charged Arg218, His219
Dihydroxyand Arg224 (numbering for human GSR) were hypothesized to be responsible
for the stabilization of the additional negative charge of the 2'-phosphate group, hence
confering NADPH specificity. Amino acid exchanges R218M or R224L of the ECGSR led to
a large rise (~25 fold) in Ky for NADPH and a modest fall of the Ku for NADH (~4 fold).
This loss of NADP-specificity after exchange of the positively charged groups (here
arginine) next to the 2'-phosphate was also found for other examples.*® Additionally,
Alal79 and Alal83 (EcGSR numbering) within the first helix of the Rossmann fold were
presumed to open it up in order to incorporate the larger NADPH. These two residues are
located on the same side of the helix and their methyl groups occupy more space than the
corresponding glycine residues of the NAD" binding fold. By exchanging A179 to G, the
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specificity of ECGSR for NADH increased ~40 fold compared to the wildtyp while ke as
well as the kinetic parameters for NADPH remained unchanged. The A183G exchange
had only minor effects on the NADH kinetics but increased k.. and Ky for the NADPH. In
sum, the alteration of all identified residues yielded a 70 times increased K¢ to Ky ratio for
the EcGSR with NADH.*" This initial success could demonstrate the power of rational
design and laid the foundation of cofactor specificity redesign. Key learnings from this
initial study include the importance of the stabilization of the additional 2’-phosphate of
NADP(H) and the necessary decrease in size for the smaller NAD(H). Nevertheless,
homology based methods are still limited to structural related sequences and cannot
provide a general procedure.™

Systematic approaches for the cofactor switch, cannot be based on static methods like the
comparison of crystal structures, since the dynamic cofactor binding involves
conformational changes.**'? This protein motion during the binding process is not limited
to the Rossmann fold, hence mutations in any domain (binding, catalytic or bridging) can
alter this folding process and therefore affect the reaction kinetics™® or the substrate
specificity** Furthermore, Rossman folds show a huge diversity and although some
structural motifs are conserved, NAD(P)H binding is controlled through various residues
conferring specificity for one of the dinucleotides.*>"® Successful alteration of the cofactor
specificity normally requires multiple simultaneous mutations which are non-additive in
their effect.™’® This results in a large combinatorial space of mutations, which needs to
be analyzed systematically in order to identify the selectivity determining key mutations.
One of the first systematic procedures for the modification of cofactor specificity was
based on the iterative protein redesign and optimization alogirthm (IPRO).™° Its workflow
includes the stepwise approximation of the detailed cofactor binding energy for every
mutation /n silico. Requiring intensive computational power, this approach was
successfully established for the redesign of Candida boidinii xylose reductase (CbXR) with
the non-native cofactor NADH.™™ Qut of ten predicted variants, seven had significant
activity with NADH, and the best variant showed 27 fold increased activity. Although the
CbXR binds the cofactor via a Tim-Barrel structure, the method could be in theory
transferable to Rossmann fold dehydrogenases.

The next step towards a systematic cofactor switch was done by Brinkmann-Chen et al.
focusing on NADPH-dependent ketol-acid reductoisomerases (KARIs).*?! Although KARIs
are usually NADPH-dependent, a purely NADH-dependent variant was developed via
enzyme engineering.'® In detail structural analysis revealed, that three out of four
mutations necessary for this specificity reversal were located in the loop connecting the 2
sheet with the aB helix of the Rossmannn fold (termed: 2aB loop). Residues within this
loop showed direct contact to the 2'-phosphate moiety. From an alignment with 643
reviewed KARI structures, three different f2aB-loop lengths could be identified containing
either six (14%), seven (68%) or 12 (18%) residues. Moreover, subalignments with the
same loop length showed conserved patterns, indicating an important function.*?* Their
developed workflow suggests mutations based on the identified loop type, which is
followed by random mutagenesis in order to restore the overall activity. Following this
protocol, they could increase the kc./Kw ratio for NADH by a factor of ~2.5 while NADPH is
barely accepted anymore.*** While this approach is limited to KARIs, the key learning from
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this work is, that the stabilization of the 2’-phosphate and the available space within the
cofactor binding pocket have a major impact on the dinucleotide selectivity.

These findings were also considered by Cui et al, who implemented a computational
approach based on molecular dynamics simulations for the reversal of cofactor
specificity.'® For the NADH-dependent Gox2181, the strength of the hydrogen bonds
between cofactor and enzyme were calculated from MD simulations and compared to in
silico designed variants. Since NADPH should be accommodated inside the binding
pocket instead of NADH, exchanges towards positively charged residues were preferred.
Although the final mutant demonstrated high specificity for the non-natural NADPH,
extensive computational power is necessary for the MD simulations, reducing the
throughput of mutants and rendering this approach rather unattractive for general
applications.

The most recent, general tool for the engineering of the NAD(P) cofactor preference of
oxidoreductases termed: “Cofactor Specificity Reversal - Structural Analysis and Library
Design (CSR-Salad)” was published by Cahn et al.*** This semirational strategy comprises
three steps: structural analysis, cofactor switch and recovery of the catalytic activity. Using
a crystal structure or homology model of the desired protein with bound cofactor as input,
the automated online-tool suggests mutagenesis targets, which are normally in the
immediate vicinity of the 2'-motif of the NAD(P). Additional residues for activity recovery as
well as residues that can interact with the cofactor after mutagenesis are also suggested.
Furthermore the mutations are classified according to a modified system of Carugo and
Argos,™® accounting for the residues role within the binding pocket (Figure 8).
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Figure 8: Classification of residues important for cofactor specificity used by CSR-SALAD
shown with either NADH or NADPH. A) Face, B) Edge, C) Motif D) Pyrophosphate, E)
Bidentate and F) Other. Adapted from Cahn et al.***

Face residues (A) make contact with the plane of the adenine moiety and Edge residues
(B) lie along the edge of the adenine residue, continuing parallel towards the ribose
moiety. Motif residues (C) are part of the highly conserved G X,.GiXXG,; motif common for
Rossmann folds and Pyrophosphate residues (D) make contact to the O2' moiety as well
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as the bridging phyrophosphate motif of NAD(P). Bidentate residues (E) make contact with
the O2' hydroxyl or phosphate and the O3' hydroxyl. Finally the other residues (F) do not fit
into any other group. The selection of potential phosphate binding residues is then done by
a distance based approach, focusing on residues within 4.2 A of the 2'-phosphate.
Additionally only residues pointing towards the cofactor (applying the concept of the side-
chain pseudocenter)®® are considered for the mutagenesis. After the classification, amino
acids for cofactor stabilization are selected and translated into degenerated codons. Within
the initial report, the method was validated experimentally, reversing the cofactor
specificity of four structurally diverse NADP-dependent enzymes: glyoxylate reductase,
cinnamyl alcohol dehydrogenase, xylose reductase, and iron-containing alcohol
dehydrogenase.’® The broad applicability as well as the user-friendly online platform
which provides a comprehensive report render the CSR-SALAD a valuable tool for the
engineering of dinucleotide cofactor preference.

1.3.4 Molecular dynamics simulations of ALDHs

Molecular dynamics (MD) simulations allow for atomic-level characterization of
biomolecular processes such as the conformational transitions associated with protein
function.*®® The internal molecular motion of enzymes is calculated stepwise in order to
track e.g. binding or folding processes. Multiple force fields such as CHARM, **” AMBER**
and GROMOS'* have been developed for the accurate treatment of internal forces.
Nevertheless those classical potentials often fail to faithfully capture key quantum effects
and currently machine-learning algorithms are deployed in order to develop improved force
fields to achieve spectroscopic accuracy in molecular simulations.**® For the set up of an
MD simulation of a protein-ligand complex, the system needs to be parameterized against
the desired force field and solvated with an explicit solvent (e.g. TIP3P**! water). By the
addition of ions, the system is neutralized before energy minimization algorithms (e.g.
steepest descent) relax it. A temperature and pressure equilibration is necessary before
the production run can be performed. The analysis of the resulting trajectories usually
includes root-mean-square difference (RMSD) and root-mean square fluctuation (RMSF)
in relation to the input structure. While the RMSD represents the time-dependent
movement of the entire system, the RMSF shows the average movement of each atom (or
residue). Additionally, a principal component analysis can reveal the essential modes
relevant for the protein motion.**? Furthermore time-dependent distances, angles and
charges can be calculated in order to analyze e.g. substrate binding.

The first MD simulations for ALDHs (class 3) have been published by Wymore et al. with
the focus on the positioning of the NAD+ cofactor.**® Although the 200 ps simulation time
was too short to adequately sample all motions of the nicotinamide ring, they postulated a
flexible active center were the nicotinamide moiety moves quickly in and out. From crystal
structures and NMR experiments it is known, that the nicotinamide and phosphate groups
of NAD* exist in two different conformations: The active "hydride transfer" form (HT),
where the nicotinamid is in the vicinity of the nucleophilic Cys in order to receive the
hydride from the thiohemiacetal intermediate and the "hydrolysis" form (HY), where the
nicotinamid is further away from the acitve site (Figure 5, right).!®® Although it was
assumed that the HT position is more favorable for thiolate stabilization,*** an MD analysis
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suggested the HY position for substrate binding.'* This finding is supported by the
formation of dead-end products from the reaction of thiolates and nicotinamides,*** which
exhibit a broad absorption maximum around 319 nm."*" Instead of a stabilization of the
HT-positioned NAD, the MD analysis predicted a proton transfer from the main chain
amide in order to avoid the breakdown of the oxyanion intermediate.*** Furthermore it was
shown for pyrroline-carboxy dehydrogenases, that the activation of the nucleophilic Cys is
repositioning the substrate, finally enabling catalysis.*® Additional studies on the substrate
binding predicted a preference for the formation of the R-thiohemiacetal which would also
facilitate the hydride transfer due to a closer contact of the hydrid to the NAD* cofactor.**
Another set of simulations on the betaine ALDH from rice found that the NAD-binding
domain is the most flexible within the protein and a principal component analysis revealed
a scissor like motion of the protein.’*® Most recently Talfournier et al. could fill the
knowledge gap of how the dinucleotide cofacor can flip from the HY to the HT position
while bound to the flexible Rossmann fold.*** Combining FRET-based kinetics in order to
determine the cofactor conformation with targeted MD simulations, they could identify a
conserved ELGG active site loop which acts as a gatekeeper for the cofactor flip. While
the pre- and post-flip backbone structure exhibit a similar conformation,** the flip relies on
the flexibility of the identified ELGG loop. Although various details of the ALDH mechanism
could be explained by MD simulations, further questions like what is triggering the cofactor
flip or is this currently accepted mechanism valid for all ALDHs remain to be answered in
future experiments.

In sum, MD approaches were successfully deployed for the elucidation of the ALDH
mechanism. The information gathered from simulations concluded the analysis of crystal
structures but additionally gave insights into the protein motion revealing essential
changes of the protein structure during catalysis.

1.4 Objectives of this work

The aim of this work is the development and optimization of a cell free enzymatic cascade
for the conversion of D-glucose to L-alanine in order to have a sustainable alternative for
the current, fossil resources based approach. To realize such an enzymatic cascade, the
first step is to set target conditions under which the reaction would take place. These
conditions should enable an efficient turnover and simultaneously allow an economic
process. In a next step, suitable biocatalysts need to be identified and expressed in a
dedicated host strain. To keep the production of the biocatalysts rather simple, the focus
will be on enzymes, which could already be heterologously expressed. After characterizing
different enzymes under cascade conditions, the most active variants should be applied for
the cell free cascade. Next to activity, the specificity for the desired substrate (and
cofactor) as well as sufficient temperature and storage stability are key factors for
successful candidates. The combination of the identified biocatalysts to a cell free
enzymatic cascade demands a thorough process optimization in order to obtain the
maximum production rate with a minimum amount of biocatalyst. For a direct relation of
the process parameters to the production rate, a suitable assay needs to be established.
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This mainly economically driven optimization can enable a cost efficient alternative for a
future amine production.

While wild type enzymes or characterized mutants are tested for cascade use in the first
step, crucial enzymes, which match the cascade requirements only partly, are going to be
engineered in the second step. The method of choice here is the rational protein design,
which is done based on crystal structures, homology models and docking studies. For a
comprehensive understanding of beneficial mutations, molecular dynamics analysis of
initial and final variant are conducted and analyzed under identical conditions in order to
identify design principals for future engineering approaches.
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2 Materials and Methods

2.1 Materials

The following materials were used throughout this thesis for conducting experiments. All

materials were used as received, unless stated otherwise.

2.1.1 Instruments

Table 2: Overview of used equipment

Equipment Manufacturer | Model

Autoclave Thermo Scientific (UIm) Varioklav 135 S
Centrifuge Thermo Scientific (UIm) Sorvall RC-6 Plus
Clean bench Thermo Scientific (UIm) MSC-Advantage

Climate cabinet

Drying oven

Micro scale

Freezer -20 °C

Freezer -80 °C

Liguid handling station

Liquid handling system
Incubator StoreX IC
Multi-channel-arm (MCA96)
Robotic manipulator (RM)
Spectrophotometer

Magnetic stirrer

Microplate shaker

Multichannel pipette

pH-meter and electrode

Pipettes

Rotor

Scale

Shaker

Spectrophotometer

Table centrifuge
UHPLC

Binder (Tuttlingen) KBF 240 E5.1/C

Thermo Scientific (UIm) Function Line T12

Ohaus Europe (Nanikon) Pioneer™
Liebherr-Hausgerate (Ochsenhausen)

Thermo Scientific (UIm) Forma 906 -86 °C ULT
BRAND (Wertheim) LHS

Tecan (Mannedorf) Freedom EVO

LICONIC Services GmbH (Montabauer)

Tecan (Mannedorf)

Tecan (Mannedorf)

Tecan (Mannedorf) Infinite 200 pro

Thermo Scientific (UIm) Variomag Telesystem
Edmund Buhler (Hechingen) TiMix 5 control and TH15
Eppendorf AG (Hambug) Research pro 8x 1200 pL

Mettler-Toledo (Giessen) Five Easy™ and InLab® Expert Pro

Brand (Wertheim) Transferpetten

Thermo Scientific (UIm) SS-34,SH-3000 and F9-4x1000y

Satorius (Gottingen) TE1502S and TE6101

Thermo Scientific (UIm) MaxQ 2000

Thermo Scientific (UIm) Varioscan Flash and Multiscan
BioTek GmbH (Bad Friedrichshall) Epoch2

Thermo Scientific (UIm) Heraeus Fresco 21

Dionex(ldstein) Ultimate 3000RS
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Degasser
Pump module
Autosampler
Column compartment
Diode array detector
Fluorescence detector
Column
Column
Ultrapure water system
Vortexer
Water bath
FPLC
Pump module
Sample pump module
Control unit
column
column
Agarose-electrophoresis
Dispenser

Gel documentation-system

Colony picker
Thermo cycler

Ultrasonic unit

Microwave

Heating block

Dionex(ldstein) SRD 3400

Dionex(ldstein) HPG 3400RS

Dionex(ldstein) WPS 3000TRS

Dionex(ldstein) TCC 3000RS

Dionex(ldstein) DAD 3000RS

Dionex(ldstein) FLD 3100

Metrohm GmbH (Filderstadt) Metrosep A Supp 10-250/4.0
YMC Europe GmbH Triart C18 12nm, S-1,9um, 100 x 2,0 mm
ELGA LabWater (Celle) PURELAB classic

Scientific Industries (Bohemia) Vortex Genie 2

Huber (Offenburg) CC1

GE Healthcare (Freiburg) AKTA™ purifier

GE Healthcare (Freiburg) P-900

GE Healthcare (Freiburg) UP-960

GE Healthcare (Freiburg) UPC-900

GE Healthcare (Freiburg) HisTrap FastFlow 5 ml

GE Healthcare (Freiburg) HiPrep 26/10 Desalting

Bio-Rad GmbH (Minchen) Mini-Sub Cell GT System
BioTek GmbH (Bad Friedrichshall) MicroFlow select

Intas Imaging Instruments GmbH, (Géttingen) Gel iX Imager

Hudson Robotics Inc. (Springfield NJ, USA) Hudson Rapid
Pick Lite

Bio-Rad GmbH (Munchen) Mini-Sub Cell GT System MJ
Mini™ and MyCycler™

Hielscher Ultrasonics GmbH (Teltow) UIS250L and
VialTweeter sonotrode

ECG (Prag, Czech republic) MH 25 ED
Analytik Jena AG (Jena) Thermostat Tmix

2.1.2 Software

Table 3: List of softwares

Software

Purpose

ChemDraw 12.0

Microsoft Excel (2017)
Microsoft Powerpoint (2017)
Microsoft Word (2017)
Endnote X8

Drawing chemical structures and schemes
Calculations

Preparing schemes

Preparing manuscripts for publication

Manage citations
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Gromacs (2019) Molecular dynamics simulation

Yasara 15.11.18 Protein visualization and docking
Avogadro 1.2.0 Protein visualization

Pymol 1.8.4.0 Protein visualization
Chromeleon 6.8 Control LC station
Clonemanager 9 Manage dna sequences

Bioedit Analyze sequencing results
Matlab R2016a Scripting for automatization
Brand Liquid Handling Control liquid handling station
Sigmaplot 13 Prepare plots and fits

2.1.3 Special consumables

Table 4: List of special consumables

Name of the Material Manufacturer Catalog nhumber
96 well deep well plate 2.0 mL (DWP) Greiner Bio-One 780271

96-well micro titer plate F-Bottom (MTP) Greiner Bio-One 655101

96-well silicon cap mat Whatmann 7704-0105
Aluminum sealing film Axygen PCR-AS-200
Breathable sealing film Axygen BF-400-S
HisGraviTrap GE Healthcare Europe GmbH 11003399

PD-10 column GE Healthcare Europe GmbH 17085101
96-well micro titer plate F-Bottom Nunc black Thermo Scientific 237107

384-well micro titer plate F-Bottom Greiner Bio-One 781101

2.1.4 Media and Buffer

Heat-stable cultivation media, buffers, and solutions were autoclaved for 20 min at 121 °C
and 2 bar. Heat-unstable solutions were filtered through a sterile syringe filter holder
(0.2 um, VWR International GmbH). For cultivation media consisting of various solutions,
all solutions were sterilized before mixing. Solid media were obtained by adding 1.5 %
(w/v) agar-agar before autoclaving. For selective medium, sterilized antibiotics were added
after the medium was cooled down. Purified water, ddH.O, (PURELAB Classic) was used
for all media, buffers, and solutions. All solutions were stored at room temperature, if not
otherwise specified. The final concentrations of the anitbiotics were: Kanamycin 50 pug/mL,
chloramphenicol 30 pg/mL and carbenizilin 100 pg/mL.

Luria-Berani (LB)-media'*®
0.5 % (w/v) yeast extract, 1.0 % (w/v) tryptone, 1 % (w/v) NaCl
Autoinduction medium**
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ZY-solution
0.5 % (w/v) yeast extract, 1.0 % (w/v) tryptone
5052-solution (50x)
25 % (v/v) glycerol, 2.5 % (w/v) D-glucose monohydrat, 10 % (w/v) a-lactose
NPS-solution (20x)
1 M Na;HPO,, 1 M KH2PO,, 500 mM (NH4).SO,
ZYP-5052 autoinduction media
928 mL ZY, 50 mL 20xNPS, 20 mL 50x5052, 2 mL 1M MgSO.,
Lysis buffer
1 g/L lysozyme and 10 mg/L Dnasel in 100 mM HEPES pH 7.35

2.1.5 Enzymes and reagents

All substances were used as received.

Table 5: Overview of the used enzymes and reagents

Name of Enzyme or reagent Manufacturer Catalog humber

a-D-Glucose (monohydrate) Carl Roth GmbH 6887.5
Sodium D-gluconate Sigma-Aldrich S2054
Sodium pyruvate Carl Roth GmbH 8793.1
D-Glyceraldehyde Sigma-Aldrich 49800

DL-Glyceric acid solution 20 %

TCI Deutschland GmbH

D0602

in H20

L-Alanine Sigma-Aldrich A7627

NAD (free acid) Carl Roth GmbH AE11.3
NADH (disodium salt) Carl Roth GmbH AE12.3
NADP (disodium salt) Carl Roth GmbH AE13.3
Isobutanol Sigma-Aldrich 33064
HEPES Carl Roth GmbH HN78.3
Ammonium sulfate Applichem A1032,5000
Fluorescamine Alfa Aesar 43749.MB
Acetonitrile VWR 83640320
Sodium hydroxide Carl Roth GmbH 6771.2
ammonium nitrate Carl Roth GmbH K299
ammonium chloride Carl Roth GmbH K298.1
diammonium phosphate Carl Roth GmbH 0268.2
Roti®-Nanoquant Carl Roth GmbH K015.3
Bovine serum albumin Sigma-Aldrich A2153
Imidazol Merck 1047160250
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Manganese chloride dihydrate Merck 1.0593410100

sodium borate Sigma-Aldrich 71996
Phusion polymerase New England Biolabs MO0530
Phusion high fidelity buffer New England Biolabs MO0530
Dimethyl sulfoxide Carl Roth GmbH AEO02.1
dNTP mix VWR 733-1363
Dpnl New England Biolabs R0176
Glycerol Carl Roth GmbH 3783.2
Lysozyme Carl Roth GmbH 8259.3
DNasel Applichem A3778
SYPRO Orange Sigma-Aldrich S5692
Yeast extract Carl Roth GmbH 2363
Tryptone Carl Roth GmbH 8952.5
Sodium chloride Carl Roth GmbH P029.3
o-Lactose Carl Roth GmbH 6868.1
Magnesiumsulfate Carl Roth GmbH 8283.2
Disodiumphosphate Carl Roth GmbH P030.3
Monopotassiumphosphate Carl Roth GmbH 3904.3

KDG was synthesized as described by Carsten et al.**

2.1.6 Kits

Table 6: Ready to use Kits applied throughout this work following manufactures
recommendations

Kit Manufacturer

GeneJET™ Plasmid Miniprep Kit Thermo Scientific, Fermentas, St. Leon-Rot
NucleoSpin® Gel and PCR Clean-up Kit Macherey-Nagel GmbH & Co. KG, Dilren
CloneJET PCR Cloning Kit Thermo Scientific, Fermentas, St. Leon-Rot
2.1.7 Bacteria strains

Table 7: Bacterial strains used within this work

Strain Genotype Reference
. Novagen
E. coli BL21(DE3) F ompT gal dcm hsdS B (r B m B ) A(DE3) (Darmstadt)
E coli DH5. fhuA2 lac(del)U169 phoA ginV44 ®80' lacZ(del)M15 gyrA96 Invitrogen
' recAl relAl endAl thi-1 hsdR17 (Carlsbad, USA)
BL21-BsGDH E. coli BL21(DE3) with pACYC-Duet-BsGDH encoding This work
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Glucose dehydrogenase (E170K/Q252L)
from Bacillus subtilis
E. coli BL21(DE3) with pET28a-CcDHAD encoding

BL21-CcDHAD Dihydroxyacid dehydratase from Caulobacter crescentus This work
BL21-PtKDGA E. coli BL21(DE3) with pET28a—I_3tKDG_A encoqllng 2-keto-3- This work
deoxygluconate aldolase from Picrophilus torridus
BL21-AfAlaDH E. coli BL21(DE3) with pET24a-AfAlaDH encoding alanine This work

dehydrogenase from Archaeoglobus fulgidus
E. coli BL21(DE3) with pET28a-MjALDH encoding aldehyde
dehydrogenase from Methanocaldococcus jannaschii
E. coli BL21(DE3) with pCBR-SsDHAD encoding
dihydroxyacid dehydratase from Sulfolobus solfataricus
E. coli BL21(DE3) with pCBR-TaALDH encoding aldehyde Steffler et al.1®
BL21-TaALDH-MO dehydrogenase (F34M-Y399C-S405N)

from Thermoplasma acidophilum

BL21-MjALDH This work

BL21-SsDHAD Carsten et al.'#

2.2 Methods

2.2.1 Shaking flask expression

Enzyme expression was performed in E. coli BL21(DE3) as host strain in shaking flask
cultures using ZYP-5052 autoinduction media, supplemented with 100 pg/mL kanamycin
or 10 pg/mL chloramphenicol. After 1 %-inoculation of the autoinduction media with an
overnight grown culture of E. coli BL21(DE3) harboring the corresponding plasmid,
expressions were carried out over night at 30°C and 120 rpm.

2.2.2 Protein purification

The detailed protein purification method is described by Gmelch et al **’ (see this work
page 35). Briefly, cells were harvested, resuspended in 100 mM HEPES buffer pH 7.35
and disrupted by ultrasonication in an ice cooled water bath. Lysates were heat treated
and after clarifying via centrifugation samples were either purified via a His GraviTrap
column (GE Healthcare) equilibrated with 100 mM HEPES pH 7.35 containing 10 mM
imidazole following the manufacturer’'s recommendations or directly desalted using a
PD-10 column (GE Healthcare) equilibrated with 100 mM HEPES pH 7.35. Purified
proteins were flash frozen in liquid nitrogen, stored at -80 °C and thawed freshly every day.
SsDHAD purification was performed as described previously.

Protein concentration was measured by a Bradford protein assay using the Roti-
Nanoquant reagent (Carl Roth GmbH) according to the manufacturer’'s recommendations
with bovine serum albumin as standard.

2.2.3 Kinetic characterization of Proteins

Kinetic experiments contained 100 mM HEPES buffer pH 7.35, 100 mM ammonium sulfate
pH 7 (both titrated with NaOH) and were preheated for 10 min at 50 °C before the reaction
was started with the addition of the appropriate amount of enzyme diluted in 100 mM
HEPES pH 7.35 containing 0.2 mg/mL BSA.

All enzymes were analyzed photometrically following NADH consumption or production at
340 nm (enaon = 6.22 mM™*cm™) with an Epoch 2 Microplate Spectrophotometer (BioTek
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GmbH) at 50 °C. If not mentioned otherwise, reactions were carried out in triplicates using
96 well plates (Greiner f-bottom) containing a final volume of 200 pL. Michaelis-Menten
constants were determined for all enzymes by measuring eight different substrate
concentrations, plotting initial velocities vs. substrate concentration and fitting the
parameters with the online tool ic50.tk. One unit (1 U) is defined as the amount of enzyme
that consumes or releases 1 umol of NADH per minute.

224 Fluorescence based L-alanine quantification

Alanine assays were performed in a 96 f-bottom well plate (NUNC black) using a
Varioscan plate reader (Thermo Fisher) according to a modified protocol from Bantan-
Polak et al.**® 10 pL of diluted sample were mixed with 45 pL of a 0.1 % fluorescamine
solution in dry acetonitrile. After the addition of 8 uL 100 mM sodium borate buffer pH 10
and 95 pL of water, the fluorescence was measured at Aem = 486 NM (hex = 396 NM). Signal
calibration was done using L-alanine concentrations ranging from 1-30 mM and the
complex matrix of the reactions.

225 Construction of sequence saturation libraries

Site-directed mutagenesis was performed in a C1000 Thermo Cycler (BIORAD) with
Phusion polymerase from New England Biolabs (NEB) with the supplied high fidelity buffer
in a final volume of 50 pL. Oligonucleotides were obtained desalted from Eurofins
Genomics (Germany)

A 2 min initial denaturation at 98 °C was followed by 26 cycles of 10 sec at 98 °C, 30 sec
at 60 °C and 3.5 min at 72 °C. Final elongation was done for 10 min at 72 °C before 1 pL
of 20 U/L Dpnl (NEB) was added. Digestion of template dna was done at 37 °C for at least
12 h followed by heat inactivation at 80 °C for 20 min and PCR cleanup with a Macherey
Nagel PCR cleanup kit according to manufactures recommendations. Chemical competent
E. coli BL21 (DE3) were transformed with the according libraries and spread onto LB agar
plates containing 50 pg/mL kanamycin.

2.2.6 HT-MTP oxidoreductase expression

All cultivation media were supplemented with 100 pg/ml kanamycin. Colonies of E. coli
BL21 (DE3) containing the TaALDH variants were transferred into f-bottom microtiter
plates (Greiner) with a RapidPick Lite colony picker (Hudson Robotics, Springfield, NJ,
USA) containing 150 yuL LB media. After an overnight incubation at 37 °C and 1200 rpm,
V-bottom deepwell plates (Greiner) containing 600 L ZYP-5052 autoinduction media were
inoculated with 1.7 vol% of preculture and shaken over night at 30 °C and 1200 rpm.
Backup plates were prepared by mixing 30 pL expression culture with 30 uL 50 % glycerol
and freezing at -80 °C. The expression culture was then harvested by centrifugation at
4200 x g for 15 min and the supernatant was removed. The cell pellets were frozen at
-20 °C before 200 L lysis buffer (1 g/L lysozyme and 10 mg/L DNasel in 100 mM HEPES
pH 7.35) were added followed by an incubation at 37 °C for 60 min and an additional heat
step at 60 °C for 60 min. Insoluble cell debris was removed by centrifugation at 4200 x g
for 15 min and the supernatant containing the soluble variant enzymes of TaAIDH were
tested for activity as described below. The two most active variants per position showing at
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least 20 % increased activity were regrown from backup plates, plasmid purified and sent
for sequencing (Eurofins Genomics, Germany). For further characterization with 1 mM
NAD, 5mM NAD, 3% Isobutanol or 150 uM NADP, ten colonies harboring the
corresponding mutant plasmid were randomly picked and treated as described above. The
heat purified enzyme was diluted three or five times for the activity assays.

2.2.7 Screening for improved oxidoreductase variants

Experiments were carried at room temperature using 96/384 well plates (Greiner f-bottom)
containing a final volume of 200/60 pL. All reactions contained 100 mM HEPES buffer pH
7.35, 100 mM ammonium sulfate pH 7 (both titrated with NaOH) and were started with the
addition of the appropriate amount of enzyme. Reaction velocity was monitored
photometrically following NADH release at 340 nm with an Epoch 2 Microplate
Spectrophotometer (BioTek GmbH). The mutant screening assay solution contained
1.3 mM D-glyceraldehyde and 1 mM NAD+* and the additional assays for the cofactor
acceptance contained either 1 mM or 5 mM NAD™* or 0.15 mM NADP. Reactions with 3 vol
% Isobutanol contained 1 mM NAD. One unit (1 U) is defined as the amount of enzyme
activity producing 1 umol of substrate per minute.

2.2.8 Thermofluor-Assay

The melting point of the proteins was determined with a SYPRO Orange Protein Gel Stain
(Sigma-Aldrich) thermofluor assay in a CFX 96 Real-Time PCR thermocycler (Biorad)
containing 25 L total volume according to a protocol of Meijers et al.**

Briefly, the 5000x concentrated SYPRO Orange solution is prediluted with water to a 62x
working solution. Then the sample is directly prepared in the 96 well plate according to the
following mixing protocol: 18 uL 100 mM HEPES buffer pH 7.35, 2 uL protein stock
solution and 2 pL of the SYPRO Orange working solution. After sealing the plate with an
optical-clear sealing foil it is transferred to the thermocycler, where the plate is heated from
20 °C to 95 °C at one degree per minute. At every temperature a fluorescence readout at
485/20 nm (Ex) and 530/30 nm (En) is conducted.
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3 Results

3.1 Optimization of a reduced enzymatic reaction cascade for
the production of L-alanine

The following publication shows the development of a minimized, enzymatic reaction
cascade for the direct production of L-alanine from D-glucose and ammonium. The
artificial pathway design eliminates the need for phosphorylation and only requires NAD*
as cofactor. An efficient, activity based enzyme selection is demonstrated and the resulting
redox neutral cascade is composed of only six biocatalysts. Next to the specific activity,
thermostability, specificity for the desired substrate and activity under saturated L-alanine
conditions were taken into account for the selection process. Proper kinetic
characterization as well as an analysis of the influence of the ammonium source on the
selected enzymes were done in order to define a starting point for the optimization.

For the following process optimization, a fluorescence based assay was developed in
order to directly monitor the produced L-alanine within the complex reaction matrix. From a
variety of tested methods, the derivatization with fluorescamine was the most accurate and
reliable assay. Due to the excellent sensitivity, the assay could be transferred to MTP scale
requiring only 10 uL of diluted sample. The process time for 96 samples could be reduced
to less than 10 min.

A stepwise enzyme titration approach was performed for all biocatalysts resulting in an
ideal enzyme ratio for the maximum production rate. The process parameters such as
cofactor concentration, buffer concentration and ammonium concentration were optimized
accordingly. In the end a comparison of the optimized to the initial conditions revealed a
significant reduction of the total enzyme load for a similar production rate and a vyield
> 95 %. Finally, critical steps and future experiments concerning the dehydratase reactions
were discussed.

Tobias Gmelch designed the experiments, selected the biocatalysts and conditions and did
all the experiments, measurements, calculations and analysis and wrote the manuscript.
Josef Sperl supported in designing the experiments and proofread the manuscript. Tobias
Gmelch designed the research project and experimental approach guided by Volker
Sieber, who also proofread the manuscript.

Supporting Information to this manuscript can be found in the appendix.
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Cell-free enzymatic reaction cascades combine the advantages of well-established in vitro biocatalysis
with the power of multi-step in vivo pathways. The absence of a regulatory cell environment enables
direct process control including methods for facile bottleneck identification and process optimization.
Within this work, we developed a reduced, enzymatic reaction cascade for the direct production of
L-alanine from D-glucose and ammonium sulfate. An efficient, activity based enzyme selection is
demonstrated for the two branches of the cascade. The resulting redox neutral cascade is composed
of a glucose dehydrogenase, two dihydroxyacid dehydratases, a keto-deoxy-aldolase, an aldehyde
dehydrogenase and an L-alanine dehydrogenase. This artificial combination of purified biocatalysts
eliminates the need for phosphorylation and only requires NAD as cofactor. We provide insight into in
detail optimization of the process parameters applying a fluorescamine based L-alanine quantification
assay. An optimized enzyme ratio and the necessary enzyme load were identified and together with the
optimal concentrations of cofactor (NAD), ammonium and buffer yields of >>95% for the main branch
and of 8% for the side branch were achieved.

Sustainability is a major focus of modern day research, fighting a world governed by the demand on oil. To avoid
a final depletion of fossil resources, renewable alternatives need to be identified and integrated into industrial
production pathways. Promising directions are the bio-mimicking of natural pathways' or the de novo design
of artificial enzyme cascades’. They are considered powerful tools since natural evolution already found ways to
convert a huge amount of substrates under nearly identical conditions**. Integrating multiple approaches for the
conversion of biomass into biorefineries can further enhance their potential as a renewable platform for energy,
fuels or chemicals™®. Tailoring of enzymes towards specific problems additionally increases their versatility. In
the last decades two inherently different process types evolved where either metabolically engineered whole cell
approaches’ are applied or purified enzymes from various organisms are combined to in vitro enzyme reaction
cascades. The latter approach has been termed “(in vitro) synthetic biosystems™?, “in vitro metabolic engineer-
ing”!"!! or “synthetic pathway design™!*. Isolated biocatalysts are combined with the necessary cofactors in a
controlled environment to produce valuable products®*!%. With this approach the advantages of well-established
in vitro biocatalysis are combined with the power of multi-step in vivo pathways to yield sophisticated bioman-
ufacturing platforms“. These are less effected by cytotoxic compounds, do not have a membrane limited mass
transport and can be directly controlled in contrast to classical microbial fermentations'”. With the application
of thermostable enzymes the time consuming protein purification can be reduced and the process stability at
elevated temperatures is enhanced’. A wealth of successful examples that deploy cell-free enzymatic cascades
for the production of e.g. alcohols'®, chiral amines'?, saccharides'® or hydrogen!? has thus been reported. The
absence of a regulatory cell environment enables a direct process control and further optimization of such in vitro
enzyme networks can dramatically improve the economy®. To identify the appropriate enzyme ratio and thereby
avoid unnecessary expenses, one approach is a thorough kinetic analysis of the required biocatalysts including
inhibition constants and pH effects as demonstrated by Beer et al.®. Next to this knowledge based strategy, Liu
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Figure 1. Schematic representation of the developed cell-free reaction cascade to L-alanine. Redox neutrality
is achieved via combination of D-glucose and D-Glyceraldehyde oxidation with the reductive amination of
pyruvate.

et al. described an empirical enzyme titration method, varying one enzyme at a time, in order to identify the best
enzyme ratio for maximum productivity.

In this work, we designed a cell-free enzymatic cascade for the production of L-alanine directly from glucose
and ammonium sulfate. As one of the smallest chiral compounds, L-alanine is used in various areas for example
as food/ feed additive (L-alanine is the unly L-amino acid with a sweet taste*'), in health industry for nutr1t10n
therapies (e. g main 1n§,red1ent of Travasol®) and possibly as future feedstock for tailored thermoplastics™.
Although various organisms have been shown to accumulate L-alanine?!, the current industrial production relies
on a resting cell biotransformation by Pseudomonas dacunhae®. r-carragenan immobilized cells rendered this
process quite feasible from an economic point of view, since the half-life of the derived biocatalyst is 260 d at
37°C and an isolated L-alanine yield of >90% can be reached by a simple ion exchange resin purification step.
Nevertheless the substrate L-aspartic acid couples this process to the petroleum based production of ammonium
fumarate®. In order to render this process sustainable, the design of our cell-free reaction cascade was inspired
by the non-phosphorylative Entner-Doudoroff-Pathway derived from hyperthermophilic archaea®. We have
previously described an artificial glycolytic cascade for the conversion of D-glucose to ethanol comprising only
six enzymes without any need for phosphorylation and only NAD as redox shuttle!. Continuing this work we
identified improved enzyme variants for the conversion of glucose via gluconate, 2-keto-3-deoxy-gluconate, glyc-
eraldehyde and glycerate towards pyruvate. In combination with an L-alanine dehydrogenase from Archaeoglobus
fulgidus (EC 1.4.1.1, AfAlaDH) a redox neutral, L-alanine producing reaction cascade was obtained using only
five to six enzymes (Fig. 1). For the final optimization of the enzyme ratio we combined the two approaches
mentioned above and first determined the kinetic constants and then titrated the biocatalysts based on their
maximum activity to achieve an overall increased efficiency.

Results and Discussion

Cascade design. A cell-free enzymatic reaction cascade for the conversion of D-glucose to L-alanine was
developed from our previously published in vitro enzyme cascade to ethanol/ isobutanol'®. In the first step,
D-glucose is oxidized to D-gluconate under formation of NADH. D-gluconate then undergoes dehydration form-
ing 2-keto 3-deoxy D-gluconate (KDG) followed by a retro aldol reaction resulting in one molecule pyruvate and
one molecule D-glyceraldehyde. The aldehyde is oxidized producing another equivalent of NADH together with
D-glycerate which is further converted to a second pyruvate molecule. While pyruvate was decarboxylated to
acetaldehyde and further reduced to ethanol in the previously published cascade, we modified the last steps and
directly integrated a reductive amination of pyruvate to yield L-alanine and recycle NAD simultaneously. With
this redox neutral cascade two molecules of L-alanine can be formed from each molecule of glucose with NAD
as the exclusive cofactor (Fig. 1). While the effects of ethanol or isobutanol on the enzymes can now be neglected,
ammonium needs to be present for the formation of L-alanine and possible inhibitory effects on the biocatalysts
need to be investigated. Inhibitory effects of L-alanine were not expected since most free amino acids tend to
stabilize pmleins”'m.
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Ky (substrate) Ky (cofactor)

Enzyme [mM] [mM] Vinx [U/mg]
BGDH |79 05(NAD) | 218(15)
CcDHAD | 3.2(7.8) - 29(07)
PIKDGA | L1(14) — 12(4)
MJALDH | 0.3 0.3(17) 2(1)

0.06
AfALDH |02 (NADH) 113 |26

((NH,),S0,)

0.7

SSDHAD® | 7.8 (D-gluconate) | — g’o'lg'““’“““'j

(D-glycerate)

Table 1. Michaelis Menten kinetics at 50 °C in 100 mM HEPES pH 7.35 with 100 mM ammonium sulfate;
values in brackets represent previously published values for ethanol cascade enzymes!®.

Activity based enzyme selection. Learning from our ethanol cascade'® about the bottlenecks and draw-
backs, our goal was to identify more effective enzyme variants for the pyruvate synthesis module. The combi-
nation of such an improved set of enzymes with a highly active L-alanine dehydrogenase should result in an
optimized redox neutral, enzymatic cascade (Fig. 1).

At time point zero the cascade is started via the addition of D-glucose and NAD and the Glucose dehydroge-
nase (GDH) converts the initial substrates to D-gluconate and NADH. Previously, the GDH from the extremo-
phile Sulfolobus solfataricus was applied because of its stability at the process temperature (50 °C). The v, of
SsGDH (15 U/mg) is in the lower range compared to other GDHs. Usually enzymes from mesophilic hosts show
higher activity at moderate temperatures, but normally lack stability and degrade relatively fast. Bommarius
et al. could increase the thermostability of a GDH from Bacillus subtilis by introducing two point mutations,
while retaining its high specific activity*'. Under the final process conditions this double mutant BsGDH was
14x more active towards D-glucose compared to our previously applied SsGDH, enabling a reduced enzyme
load which resulted in an improved economy of the system. The following dehydration of D-gluconate towards
KDG is catalyzed by a dihydroxyacid dehydratase (DHAD). In the ethanol cascade DHAD from Sulfolobus sol-
fataricus was applied because of its activity for both relevant substrates D-gluconate and D-glycerate in com-
bination with its high thermo-tolerance and excellent expression in E. coli. In another study we found that the
preferred D-gluconate reaction is inhibited by D-glycerate, thus slowing down the entire cascade’?. By applying
two independent dehydratases, we tried to circumvent this problem and boost the overall cascade turnover. Since
SsDHAD is to date the only biocatalyst that is able to catalyze the dehydration of D-glycerate, a substitution was
not possible. We thus focused on the identification of an improved enzyme for the conversion of D-gluconate.
Unfortunately we encountered solubility issues during the expression of archaeal gluconate dehydratases that
are reportedly very active and stable against thermal dcgradaliun”"u. During our experiments a highly active
mesophilic DHAD from Caulobacter crescentus (CcDHAD) was published®. In our hands CcDHAD was roughly
40x more active on D-gluconate than SSDHAD corresponding to a specific activity of 29 U/mg albeit at the
cost of reduced thermostability. The product of the dehydration (KDG) is further subjected to a reversible retro
aldol reaction. At this point the pathway is branched by an aldolase forming D-glyceraldehyde and pyruvate.
Previously applied KDGA from §. acidocaldarius has a relatively high K,; for KDG (~14 mM) in combination
with a moderate vy, (4 U/mg). From a range of candidate enzymes the highly specific aldolase from extremo-
phile P. torridus (PtKDGA)** with roughly 3 times higher activity was selected. With one pyruvate equivalent
obtained from the KDG-splitting, one equivalent of NAD can directly be regenerated in the following reductive
amination. For this last step a variety of L-alanine dehydrogenases is described in literature. Of these the enzymes
from Bacillus subtilis and the extremophile Archaeoglobus fulgidus were selected for further investigations based
on their described properties like activity and pH dependence®®*’. While both biocatalysts can be producedin a
soluble form in E. coli and have a pH optimum around pH 9, AfAlaDH was selected because of its excellent long
term heat stability. Defined as the main branch this pathway via GDH, DHAD, KDGA and AlaDH can effectively
run as a redox neutral cascade producing L-alanine and D-glyceraldehyde. Regarding the economy of our pro-
cess, D-glyceraldehyde needs to undergo further conversion in order to eliminate the byproduct and double the
theoretical L-alanine yield. The oxidation of the aldehyde was previously done by a mutated aldehyde dehydro-
genase (ALDH) from Thermoplasma acidophilun®®. With the original enzyme being strictly NADP dependent,
a directed evolution mutagenesis resulted in some activity for NAD*. Although the Ky for NAD remained rela-
tively high (~17 mM), the outstanding advantage of this enzyme for the ethanol cascade was its exclusive activity
for D-glyceraldehyde with no side reactivity for the also occurring acetaldehyde. Since the alanine cascade does
not depend on this exclusive activity anymore, we decided to use the ALDH of Methanocaldococcus jannaschii
instead due to its higher expression yields and an improved specifity for NAD. The second step in the side branch
is the dehydration of the D-glycerate to obtain another equivalent of pyruvate. While the natural glycolytic path-
way requires phosphorylation we could previously demonstrate a successful deployment of SsDHAD for the
direct dehydration of D-glycerate'®. Although the activity is rather low (~10 mU/mg)*, this reaction enables our
kinase-free strategy. Since D-glycerate is a strong competitive inhibitor for CcDHAD (K, of ~0.5 mM), we tried to
avoid its accumulation by applying the maximum possible amount of SsSDHAD. The kinetic characteristics of all
biocatalysts are summarized in Table 1.
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[U/ml] BsGDH CcDHAD | PIKDGA | AfAlaDH
HZO (4440 1)*1(}" 123416 |416+1.3 (29415

NH,Cl1 (5.8£0.7)*10° |0 214428 |91.04+0.2
NH,NO, (5.74£0.1)*10° |0 48404 77.8L1.0

(NH,),HPO, | (50£03)*10° | 25404 |315428 |77.543.1
(NH),80, | (5.0£0.1)*10" | 83405 |315402 [86.2443

Table 2. Activity of cascade enzymes depending on the ammonium source. Reactions were carried out in
triplicates at 50 °C containing 100 mM HEPES pH 7.35 and either 5mM NAD or 0.4 mM NADH and a final
concentration of 200 mM ammonium (except H,O control). For BsGDH 100 mM glucose, for PIKDGA 1 mM
KDG and an excess of MjJALDH, for CcDHAD 20 mM gluconate and excess of PEKDGA/ MjALDH and for
AfAlaDH 1 mM pyruvate were used. Average values are given in U/mL + standard deviation.

Analysis of different ammonium sources. L-alanine formation was achieved via reductive amination
of pyruvate with an L-alanine dehydrogenase from Archacoglobus fulgidus. In our hands the K, of AfAlaDH for
ammonium was roughly 10x higher than reported in literature®. Because of that we had to identify a concen-
tration of ammonium that promotes a high activity of AfAlaDH and simultaneously does not inhibit the other
biocatalysts. In addition we realized different effects of the counterions on the activity of the biocatalysts of our
cascade. To identify the ammonium source with least inhibition, activity assays were performed using ammo-
nium chloride and ammonium nitrate as monovalent compounds and ammonium sulfate and diammonium
phosphate respectively as bivalent ammonium sources. As shown in Table 2, BsGDH is generally activated by
ammonium (+33% in case of ammonium chloride), while AfAlaDH is barely influenced by the type of ammo-
nium source as long as ammonium is present. PEKDGA and CcDHAD show drastically reduced or no activity in
presence of monovalent ammonium sources. Overall, ammonium sulfate is tolerated by all enzymes, retaining
60% and 70% activity for CcDHAD and PtKDGA. A final concentration of 200 mM ammonium was selected to
be in the range of Ky for AlaDH while still not promoting further inhibition of the other enzymes.

L-alanine detection. The detection of amino acids (including L-alanine) in complex matrices is normally
done via HPLC using precolumn derivatization with e.g. o-phtaldialdehyde (OPA)*. Since the run time per sam-
ple was relatively long, our aim was to identify a fast colorimetric assay, which is compatible with our enzyme
and ammonium matrix. We compared a modified Berthelot reaction*!, OPA, ninhydrin and fluorescamine in
order to obtain the best product monitoring platform for our system. The Berthelot reaction refers to the alka-
line derivatization of ammonium by phenol and hypochlorite in order to quantify free ammonium. From the
residual ammonium concentration, we wanted to infer the alanine concentration but these measurements were
unsatisfying. The other three compounds represent common reagents for the derivatization and quantification
of amines. Especially primary amino groups can react with these detection agents, producing chromo- or fluoro-
phores. Unfortunately, ammeonia also reacts with these compounds and forms similar products, which interfere
the alanine detection. For OPA and ninhydrin the excess of ammonium in the matrix had a significant influence
on the measurement and prevented an accurate quantification of L-alanine. In contrast, fluorescamine* derivat-
ization showed sufficient selectivity for L-alanine over ammonium and was therefore selected to directly quan-
tify the produced L-alanine without any prepurification (Fig. $1). Calibration was linear in the range of 1 to 30
mM L-alanine in complex enzyme/ ammonium matrix (Fig. $1). Further avoiding NADH fluorescence influence
(A =366 nm (in living culture), X\, =460 nm*), only endpoint measurements after 12 h have been taken.

Initial L-Alanine prod uction.  Since we knew from the ethanol cascade that the D-glycerate dehydration is
relatively slow, we decided to start the optimization of the cascade with the main branch including the enzymes
BsGDH, CcDHAD, PtKDGA and AfAlaDH while D-glyceraldehyde was accumulated. A separate optimization
should avoid the risk of an NAD sink, where every consumed NAD molecule is temporarily trapped until pyru-
vate is formed from glycerate.

The starting conditions of 50°C, 100 mM HEPES pH 7.35, 25 mM D-glucose and 5 mM NAD have been
adapted from our previous cascade setup'®. Together with 100 mM ammonium sulfate the enzyme reaction was
incubated at 50 °C for 12 h. For the initial L-alanine production the activity of the biocatalysts was adjusted to be
in a 1:1 ratio to each other and the sum of these activities was defined as total units within the cascade. Stepwise
increase of the total enzyme load results in a linear increase of the L-alanine yield up to about 90% for 5.6 U/ml
total enzyme (Fig. 2).

Gptimization of L-alanine prOdUCtiCln. To improve L-alanine production from D-glucose while using
a minimal amount of enzymes, an optimization of the enzyme ratio was performed followed by optimizations
of cofactor, buffer and ammonium concentration. Applying the above mentioned starting conditions, the con-
centration of each enzyme was set to 0.4 U/mL and CcDHAD was increased incrementally. As depicted in Fig. 3,
L-alanine yields increased steadily up to 90% with no further increase for volumetric activities higher 2 U/mL.
Hence this enzyme concentration was used for the further optimization reactions. A similar optimization of
PtKDGA resulted in roughly quantitative yields at 0.2 U/mL and AfAlaDH was ideal at 0.4 U/mL. This led to an
optimized enzyme ratio of BsGDH: CcDHAD: PtKDGA: AfAlaDH = 2/10/1/2. Interestingly, the cofactor recy-
cling enzymes BsGDH and AfAlaDH are present in a 1:1 ratio while only half of an equivalent PtKDGA is nec-
essary. The required excess of CcDHAD is possibly due to its lower thermostability. In the next step we used the
optimized enzyme ratio to determine the buffer, NAD and ammonium optima. The maximum L-alanine yield
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Figure 2. Comparison of L-alanine yields of different enzyme loads of the optimized enzyme ratio and a 1:1
enzyme ratio. The optimized ratio shows improved performance and higher L-alanine yields at identical enzyme
load. Reaction contained either the optimized enzyme ratio BsGDH:CcDHAD:PtKDGA:AfAlaDH = 2:10:1:2 or
a 1:1 ratio of all enzymes.
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Figure 3. Single enzyme titration of CcDHAD, PtKDGA and AfAlaDH. The curves show the dependence of
the L-alanine yield on the amount of single cascade enzymes.

(97%) was reached for 3mM NAD and 75 mM ammonium sulfate (Fig. 4). For the HEPES buffer optimization
50% of the above mentioned enzyme load were applied, to temporarily increase the buffer influence on the sys-
tem. The results correlate to our other experiments and we found a linear increase of product yield until 100 mM,
which is corresponding to a 4 fold excess compared to the 25 mM glucose load. This excess is necessary due to
acid formation during the glucose oxidation pathway. Finally we repeated the total enzyme load experiment
comparing the optimized to the 1:1 enzyme ratio (Fig. 2). Although both curves increase linearily up to above
90% of L-alanine yield, the optimized enzyme ratio reaches its maximum already at 3 U/mL, while almost the
double amount of enzyme (5.6 U/mL) is necessary for the classic 1:1 ratio to obtain the same L-alanine yield.
Time dependent experiments revealed that the production of L-alanine ceased after 6-8 h indicating enzyme
inactivation. A possible explanation could be the modification of enzymes by the accumulated D-glyceraldehyde.

To avoid this problem we included MjALDH and SsDHAD into our set up trying to redirect the
D-glyceraldehyde towards pyruvate. With these additional two enzymes the theoretical yield doubles to 50 mM
L-alanine from 25 mM D-glucose. Due to the very poor activity of SSDHAD for D-glycerate, we decided to use the
maximum possible amount of the enzyme resulting in 4 mU/mL final activity. Applying the optimized conditions
from above, we stepwise increased the concentration of MJALDH. Interestingly a very low ALDH concentration
of 25 mU/mL promotes the formation of 29 mM L-alanine, clearly indicating some activity in the side branch
of the cascade. Increasing the concentration of MJALDH up to 0.2 U/mL resulted in a steady decrease of the
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Figure 4. Dependence of the L-alanine yield on the concentrations of HEPES buffer, ammonium sulfate and
NAD.

L-alanine yield reaching a plateau around 12mM. Since almost quantitative yields (24 mM L-alanine) could be
demonstrated in the main branch, this additional pathway seems to have a negative impact on the entire cascade.
With increasing ALDH concentrations, the D-glycerate and NADH production speeds up and an inhibition of
CcDHAD by accumulated D-glycerate could explain the influence on the main branch (for experimental analysis
of CcDHAD inhibition see Figure 52). Furthermore the regeneration of the now accumulated NADH is also
limited to the D-glycerate dehydration since the in situ cofactor recycling via AlaDH does require Pyruvate. This
leads to a steady decrease of the NAD pool, finally slowing down the entire cascade to the speed of the D-glycerate
dehydration. A twostep process, where the main branch was run for 12h before MJALDH and SsDHAD were
added did not produce any additional L-alanine.

Nevertheless we could establish a redox neutral, in vitro enzymatic reaction cascade from D-glucose to
L-alanine comprising six enzymes and NAD as the only cofactor. After identification and characterization of
suitable biocatalysts, a thorough optimization of the enzyme ratio, total enzyme load, buffer-, NAD- and ammo-
nium concentration doubled the cascade’s effectiveness resulting in a more cost efficient enzyme loading. By
splitting the cascade into two branches, we obtained nearly quantitative yields (>>95%) in the main branch via
BsGDH, CcDHAD, PtKDGA and AfAlaDH plus additional 8% in the less effective side branch via MjALDH
and SsDHAD and again AfAlaDH. During the reaction time of 12h we obtained a space-time-yield of 0.17 g/
(Lh) with a catalyst loading of 0.05 g of catalyst per g of L-alanine. This space-time-yield is still far behind current
industrial alanine production from fumarate, where 13.4 g/(Lh) can be reached with immobilized cells from E.
coli and P.dacunhae*. Engineered E. coli can form up to 121 g/L L-alanine during a 39 h fermentation resulting
in a space time yield of 3.1 g/(Lh)*. Although we could demonstrate a successful redirection of the accumulated
D-glyceraldehyde towards pyruvate, the dehydration of D-glycerate is still considered as the main bottleneck of
this reaction cascade. In order to further increase the efficiency of the cascade and enable preparative scale pro-
duction of L-alanine, identification of improved enzymes as well as enzyme engineering will be necessary.

Materials and Methods

Chemicals. D-glucose (monohydrate), sodium pyruvate, NAD and NADH (disodium salt) were obtained
from Carl Roth GmbH and ammonium sulfate was purchased from Applichem. Sodium-D-gluconate and
L-alanine were purchased from Sigma-Aldrich and fluorescamine was bought from Alfa Aesar. All chemicals
were used as received and 2-keto-3-deoxy D-gluconate (KDG) was synthesized using 200 mM D-gluconate and
the dihydroxyacid dehydratase from Sulfolobus solfataricus (SSDHAD) as described previously™.

Strains and plasmids. E. coli BL21{DE3)(F ompT hsdSB (rB- mB') gal dem (DE3)) cells were purchased
from Novagen and used for protein production. For cloning E. coli DH5« (fhuA2 lac(del)U169 phoA glnV44
D80 lacZ(del)M15 gyrA96 recAl relAl endA1 thi-1 hsdR17) was obtained from Invitrogen. The genes encod-
ing for Dihydroxyacid dehydratase from Caulobacter crescentus (CcDHAD), 2-keto 3-deoxygluconate aldolase
from Picrophilus torridus (PtLKDGA), aldehyde dehydrogenase from Methanocaldococcus jannaschii (MjALDH)
and alanine dehydrogenase from Archaeoglobus fulgidus (AfAlaDH) were obtained codon optimized for E. coli
from GeneArt Thermo Scientific and cloned into pET vectors via Ndel/ Xhol restriction sites or Ncol/ Xhol for
MjJALDH (Table 3). The plasmids coding for D-glucose dehydrogenase from Bacillus subtilis (BsGDH E170 K/
252L)*' and $sDHAD have been prepared previously in our lab. All sequences can be found in the supplement.

Enzyme expression. Enzyme expression was performed in E. coli BL21(DE3) as host strain in shaking
flask cultures using ZYP-5052 autoinduction media*, supplemented with 100 pg/mL kanamycin or 10 pug/mL
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NO. | Plasmid Enzyme Abbrev. Source

1 PACYC-Duet-BsGDH*! Glucose dehydrogenase E170K/Q2521L BsGDH Bacillus subtilis

2 PET28a-CcDHAD Dihydroxyacid dehydratase CeDHAD Caulobacter crescentus

3 PET28a-PIKDGA 2-keto-3-deoxygluconate aldolase PIKDGA Picrophilus torridus

4 pET24a-AfAlaDH Alanine dehydrogenase AfALaDH | Archaeoglobus fulgidus

5 pET28a-MjALDH Aldehyde dehydrogenase MjALDH Methanocaldococeus jannaschii
6 pCBR-SsDHAD™ Dihydroxyacid dehydratase SsDHAD Sulfolobus solfataricus

Table 3. Overview of the applied enzymes and plasmids.

chloramphenicol. After 1%-inoculation of the autoinduction media with an overnight grown culture of E. coli
BL21(DE3) harboring the corresponding plasmid, expressions were carried out over night at 30°C and 120 rpm.

Enzyme purification.  Unless stated otherwise, all steps were carried out at room temperature (25°C), since
some proteins showed sensitivity towards lower temperatures. Protein concentration was measured by a Bradford
protein assay using the Roti-Nanoquant reagent (Carl Roth GmbH) according to the manufacturer’s recommen-
dations with bovine serum albumin as standard.

Cells were harvested, resuspended in 100 mM HEPES buffer pH 7.35 and disrupted by ultrasonication in an
ice cooled water bath. Lysates of BsGDH, AfAlaDH and MjALDH were heat treated at 70°C for 15 min, lysates
of PLKDGA at 65°C for 30 min. After clarifying the lysates via centrifugation, CcDHAD and PtKDGA samples
were loaded onto a His GraviTrap column (GE Healthcare) equilibrated with 100 mM HEPES pH 7.35 containing
10mM imidazole following the manufacturer’s recommendations. The elution buffer contained 500 mM imida-
zole and subsequently the eluted protein and the heat treated lysates were desalted using a PD-10 column (GE
Healthcare) equilibrated with 100 mM HEPES pH 7.35. Purified proteins were flash frozen in liquid nitrogen,
stored at -80°C and thawed freshly every day. 17.1 pmol MnCl, was added per mg of purified CcDHAD before
freezing. SsDHAD purification was performed as described previously™.

Acti\lity assays. Ifnot stated otherwise, all experiments contained 100 mM HEPES buffer pH 7.35, 100 mM
ammonium sulfate pH 7 (both titrated with NaOH) and were preheated for 10 min at 50°C before the reaction
was started with the addition of the appropriate amount of enzyme diluted in 100mM HEPES pH 7.35 containing
0.2 mg/mL BSA.

All enzymes were analyzed photometrically following NADH consumption or production at 340 nm
(Enapr—6.22mM 'em ') with an Epoch 2 Microplate Spectrophotometer (BioTek GmbH) at 50°C. If not men-
tioned otherwise, reactions were carried out in triplicates using 96 well plates (Greiner f-bottom) containing a final
volume of 200 uL. Michaelis-Menten constants were determined for all enzymes by measuring eight different sub-
strate concentrations, plotting initial velocities vs. substrate concentration and fitting the parameters with the online
tool ic50.tk. One unit (1 U) is defined as the amount of enzyme that consumes 1 pmol of substrate per minute.

Kinetic measurements of BsGDH contained either 0.06-2.5mM NAD (100 mM D-glucose) or 1-100 mM
D-glucose (3mM NAD). Reaction mixtures for determining the dependence of PtKDGA activity on the concen-
trations of 2-keto 3-deoxy D-gluconate (KDG) contained 1 mM NAD and KDG concentrations ranging between
0.03 and 3mM together with sufficient amounts of purified MjALDH.

Kinetic parameters of AfAlaDH were determined in cuvettes (0.9 mL final volume) with reaction mixtures
containing either 0.005-0.3 mM NADH (1 mM pyruvate, 100 mM (NH,),S0,) or 0.1-1 mM pyruvate (0.2 mM
NADH, 100 mM (NH,),80,) or 15-175 mM (NH,),50, (1 mM pyruvate, 0.2 mM NADH).

Reaction mixtures for the determination of kinetic parameters of CcDHAD contained 0.2-20mM
D-gluconate, 1 mM NAD and an excess of purified PP(KDGA and MjALDH.

Analysis of different ammonium sources. To identify the most suitable ammonium source, reactions
were carried out as described above (at maximum substrate concentrations) with a final concentration of 200 mM
ammonium. 1 M stock solutions of NH,Cl, NH,NO,, (NH,),50, and (NH,),HPO, were titrated with NaOH to a
pH of 7 (at 25°C) prior to use.

L-alanine detection. Alanine assays were performed in a 96 f-bottom well plate (NUNC black) in a
Varioscan plate reader (Thermo Fisher) according to a modified protocol from Bantan-Polak et al.*% 10 L of
diluted sample were mixed with 45 L of a 0.1% fluorescamine solution in dry acetonitrile. After the addition
of 8uL 100 mM sodium borate buffer pH 10 and 95 pL of water, the fluorescence was measured at A, =486 nm
(N = 396 nm). Signal calibration was done using L-alanine concentrations ranging from 1-30 mM and the com-
plex matrix of the reactions.

Optimization of L-alanine production. One pot L-alanine synthesis reactions were set up in PCR-tubes
containing 25 pL final volume and incubated in a C1000 Thermo Cycler (BIORAD) at 50°C for 12 h. The initial
reaction setup contained 25 mM D-glucose, 5mM NAD, 100mM HEPES pH 7.35, 100 mM ammonium sulfate
pH 7 and 0.4 U/mL of each enzyme (BsGDH, CcDHAD, PtKDGA and AfAlaDH). BsGDH was kept constant
while the activity of the other enzymes was varied. The tested enzyme concentration for the optimization was
CcDHAD 0.4-3U/mL, PtKDGA 0.013-0.8 U/mL and AfAlaDH 0.04-0.8 U/mL using the optimized values for
following optimizations. In addition the total enzyme load (0.35-5.6 U/mL), the NAD concentration (0.5-10 mM),
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the ammonium sulfate concentration (0-200 mM) and the HEPES buffer concentration (0-200 mM) were opti-
mized accordingly.

Reactions for investigating the full cascade contained the optimized conditions for the main branch (0.4 U/
mL BsGDH, 2U/mL CcDHAD, 0.2U/mL PtKDGA, 0.4 U/mL AfAlaDH, 5mM NAD, 100 mM HEPES buffer pH
7.35, 100 mM ammonium sulfate and 25 mM D-glucose). MjALDH was used at levels between 13-800 mU/mL in
combination with 0.42 mg/mL SsDHAD.

Data Availability
All data generated or analyzed during this study are included in this published article (and its Supplementary
Information files).
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3.2 Molecular Dynamics Analysis of a Rationally Designed
Aldehyde Dehydrogenase Gives Insights into Improved
Activity for the Non-Native Cofactor NAD*

In this publication, the enzyme engineering of the thermostable glyceraldehyde
dehydrogenase from Thermoplasma acidophilum (TaALDH) towards an improved
acceptance of the desired cofactor NAD™ is described. From a homology model based on
incomplete crystal structures, seventeen positions of interest were identified and targeted
with a sequence saturation approach allowing all canonical amino acids. By screening
more than 80 colonies per saturated position, six positions showed an improved volumetric
activity. While three positions were next to the cofactor binding site (S206K, S175E,
D176S) and one position was on the surface (M262l), the greatest impact on the activity
was detected for the two mutations at the substrate binding site (W271 and W275). Further
kinetic analysis could demonstrate an obliteration of the rather strong substrate inhibition
(Ki = 1.25 mM) by these mutations. Additionally the manuscript describes the crux of
identifying the most effective amino acid at those two vital positions, since they depended
on the genetic background and could not be predicted beforehand. To identify the best
combination of these beneficial mutations, the specific point mutations S175E, D176S,
S206K and M2621 were assembled in a combinatorial way, before saturating the most
active variant simultaneously at positions 271 and 275. Various measurements with
different NAD* concentrations showed increasing volumetric activity for combined mutants
indicating Ku as well as ke improvements. Finally the combination of five point mutations
reduced the Ky for NAD* from 18 mM to 0.6 mM and increased the activity for the desired
substrate D-glyceraldehyde from 0.4 U/mg to 1.5 U/mg. This final variant was then
compared to the initial variant via a 10 ns molecular dynamics simulation. Under identical
conditions, the final variant showed an increased RMSF especially in the cofactor binding
region. Additionally, the reactive nicotinamide increased in flexibility, while the average
distance to the active site stayed constant. Summarizing those findings into a novel design
principal, the manuscript combines the practical world of enzyme engineering with the
theoretical world of molecular dynamics.

Tobias Gmelch designed the screening, selected the positions of interest and did all the
experiments, molecular dynamics simulations, calculations and analysis and wrote the
manuscript. Josef Sperl supported in designing the experiments and proofread the
manuscript. Tobias Gmelch designed the research project and experimental approach
guided by Volker Sieber, who also proofread the manuscript.

Supporting Information to this manuscript can be found in the appendix.
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ABSTRACT: The aldehyde dehydrogenase from Thermoplasma acid-
ophilum was previously implemented as a key enzyme in a synthetic cell-
free reaction cascade for the production of alcohols. In order to engineer the

enzyme's cofactor specificity from NADP' to NAD', we identified Eread
selectivity-determining residues with the CSR-SALAD tool and investigated genesis | NAD preferring
further positions based on the crystal structure. Stepwise combination of the — Design
initially discovered six point mutations allowed us to monitor the cross NADP totecato] ——

effects of each mutation, resulting in a final variant with reduced K, for the preferring Dynamics g Prlndpal

non-native cofactor NAD* (from 18 to 0.6 mM) and an increased activity
for the desired substrate D-glyceraldehyde (from 0.4 to 1.5 U/mg).
Saturation mutagenesis of the residues at the entrance of the substrate pocket could eliminate substrate inhibition. Molecular
dynamics simulations showed a significant gain of flexibility at the cofactor binding site for the final variant. The concomitant
increase in stability against isobutanol and only a minor reduction in its temperature stability render the final variant a promising
candidate for future optimization of our synthetic cell-free enzymatic cascade.

KEYWORDS: protein engineering, molecular dynamics, cofactor specificity, oxidoreductase, semirational engineering

ational protein design is a powerful tool to improve strong preference for one derivative with significantly reduced

desired enzyme functions. On the basis of a template activity for the other. Because of this, different anabolic and
DNA, carefully designed point mutations can drastically catabolic pathways can coexist in living cells without
improve activity or stability and enable novel or artificial influencing each other. For an artificial cascade design, this
reactions. The combination of such design approaches with exclusiveness can be rather challenging if the desired
molecular dynamics (MD) can visualize the effects of point biocatalyst favors the “wrong” cofactor. For this reason, there
mutations and facilitate structure—function analysis.l With are numerous enzyme engineering examples for the realization
increasing computational power, the calculation of protein of a cofactor switch.*”® Although various tools and procedures
motions allows us to differentiate structurally flexible areas have been suggested for this task, ™'’ switching an enzyme’s
from rigid ones, which is a key factor to understand the cofactor preference is still challenging and needs to be
thermostability of biocatalysts, for example.” Although current investigated on the single enzyme level. We have run into

MD results strongly depend on the selected force field, recent
developments show that machine learning algorithms can help
to define force fields that will enhance the predictive capacity.”
Nevertheless, comparing identically treated systems can
already provide insights into enzyme functionality and render
MD simulations a valuable tool for the analysis of rationally
designed mutations.

Oxidoreductases are nature’s way of catalyzing redox
reactions in living systems. The biological electron transfer is
usually done via a hydride shift to a nicotinamide-based
cofactor, namely, nicotinamide adenine dinucleotide (NAD") Received: December 23, 2019
or its phosphorylated derivative (NADP*). With nicotinamide Published: March 25, 2020
as the chemically active functionality, they only differ in a
phosphorylation at the ribose moiety, which is sufficiently
distant from the active end of the molecule. Nevertheless, a
natural specificity evolved and biocatalysts usually show a

this situation previously when developing a cell-free enzymatic
cascade from D-glucose to ethanol or iscbutanol.'' Represent-
ing an artificial Entner—Doudoroff pathway common for
archaea, the in vitro cascade does not require any
phosphorylation step and relies on NAD" as the sole redox
cofactor. From a screening of various aldehyde dehydro-
genases, only the enzyme from Thermoplasma acidophilum
(TaALDH) matched the cascade requirements regarding

© 2020 American Chemical Society https://dx.doi.org/10.1021/acssynbio.3b00527
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temperature stability, efficient heterologous expression in E.
coli, and exclusive activity for D-glyceraldehyde (not active on
acetaldehyde). The remaining drawback was its cofactor
preference toward NADP" resulting in high K, for NAD*
and a rather low overall activity under cascade conditions.
Previous attempts to improve this enzyme included refolding
for increased protein yield'”> and a directed evolution
approach.”” Although the expression yield and total activity
could be increased, the specificity toward NAD* remained
mostly unchanged. In this study, we continued our work,
aiming at a high activity of TAALDH with the cofactor NAD*.
The most active variant from the previous screening F34M,
Y399C, S40SN (here termed MO) was structurally analyzed,
and positions of interest were saturated with an NNK-motif.
Mutations resulting in increased activity were combined, and
the final variant was then compared to MO via a molecular
dynamics simulation in order to understand the molecular
basis of the activation.

Bl RESULTS AND DISCUSSION

Identification of Mutagenesis Targets. We previously
reported the results of a random mutagenesis approach for the
aldehyde dehydrogenase of Thermoplasma acidophilum
(TaALDH), where we could increase volumetric activity and
slightly improve NAD* acceptance.'” Based on the selected
triple mutant F34M, Y399C, S405N (MO0), we designed this
study to further improve activity for NAD" as well as overall
activity while retaining substrate specificity and thermo-
stability. The three available crystal structures of the TaALDH
variants in the PDB database (SIZD, wild type; SM4X, triple
mutant MO; and 5]J77, F34M, S405N), show rather poor
quality with multiple amino acids missing in the structures.
Since a full structure containing all residues was essential for
our molecular dynamics approach, we decided to model the
full sequence of the triple mutant TaALDH (MO) with SWISS-
MODEL against the 5M4X template in order to include all
residues. The quality of the resulting model was checked by
Ramachandran structure validation using RAMPAGE,"*
resulting in 94.1% residues in a favored region, 5.1% residues
in an allowed region, and 0.8% residues in an outlier region,
which indicates a good structural quality."”'® In comparison to
SM4X, the model structure MO shows three additional residues
in outlier regions but gives coordinates for 32 amino acids,
which were not represented in the crystal structure solution
(see the Supporting Information). Further validation of the
model structure MO was conducted using the ERRAT server.'”
This online tool provides a statistical method analyzing the
non-bonded atomic interactions in order to differentiate
between correctly and incorrectly predicted protein structures.
Both uploaded structures obtained quality factors above 90,
indicating reliable atomic interaction (SM4X, 97.5 and MO,
92.4). Next, the Verify 3D server was used, which evaluates
accuracy by comparing the input structure to its own amino
acid sequence, using a three-dimensional profile generated
from atomic coordinates of the 3D structure.'® The analysis
revealed that 90.67% of the residues of the MO-model have an
average 3D—1D score >0.2, indicating a good reliability of the
model. As expected, SM4X performed poorly within this
analysis, with only 72.89% of the residues reaching a score
>0.2. This is possibly due to the missing amino acids in the
crystal structure. A similarity search of the constructed model
within the PDB database yielded lactaldehyde dehydrogenase
from E. coli as the most similar structure (2IMP: 39% identity,
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60% positives, and 0.976 rms), which shows identical
orientation of the highly conserved ALDH residues K172,
E247, and C281 (see the Supporting Information).'® With this
result, we could further confirm the quality of our model. The
structure 2IMP and partially SM4X contained information on
the cofactor position, which was used for the docking of NAD*
with YASARA. As depicted in the energy minimized structure
(Figure 1), the binding motive for NAD" is located on a
surface-exposed binding pocket.

Figure 1. NAD" binding pocket model of TaALDH (MO0) with
docked NAD" (shown as green sticks).

The substrate can access the active center from the opposite
side of the protein via another cleft, and the catalytically active
C281 is placed directly in between the two substrates showing
an initial distance to DGA of 4.2 A and to NAD* of 4.7 A. Our
model of MO with docked NAD* was then subjected to the
CSR-SALAD tool. Originally, this tool was designed to predict
cofactor specificity determining residues using crystal struc-
tures with bound native cofactor as input.” We were only
aiming on enhancing the activity for the non-native cofactor
NAD" and not necessarily on reversing the selectivity, and
thus, we used our model with docked NAD" as input. The
results suggested to simultaneously target the residues G205
with an RSA codon, S174 with an RSC codon, and K172 with
an AVK codon in order to switch the reactivity. For activity
recovery, the residues G205, G209, T229, R232, and 1233
should be targeted with medium priority and D176 as well as
D210 should be targeted with low priority (see the Supporting
Information for the detailed CSR-SALAD report). Deviating
from the standard CSR method, we decided to screen all
positions predicted from the NAD structure (except 1233,
where we discovered PCR issues) separately with an NNK-
motif in order to identify the effect of each individual position.
Additionally, positions W271 and W275 were included in the
screening, since Steffler et al. had previously identified a major
impact on the overall activity without a detailed character-
ization."”” Furthermore, positions S206 and E207 at the
cofactor entrance site and positions $175 and T177 next to
the NADP" phosphate binding site were selected. Finally, the
surface-exposed positions M262, R306, and S349 were found
to be beneficial in a previous directed evolution experiment
and were also included in this study. A full list of the
corresponding oligonucleotides can be found in the Supporting
Information.

Screening Coverage and Hit Identification. Library
quality and coverage are important aspects to consider for
sequence saturation methods. Reetz et al. investigated
mutagenesis yields for NNK saturation and found values
ranging from 52 to 72% depending on the supplier of the

https://dx.doi.org/10.1021/acssynbio.9b00527
ACS Synth. Biol. 2020, 9, 920-929
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degenerated oligonucleotides.”® By us assuming a 50%
mutagenesis yield, the screening of 80 or 2500 variants for
the single or double NNK libraries resulted in a codon
coverage of roughly 70%, while Py, is greater than 95% (for a
detailed description, see the Supporting Information). Due to
codon diversity, most amino acids are encoded in multiple
codons (e.g., alanine = GCN). Since our focus was on the
protein level, we did not want to screen all codons but identify
the amino acid resulting in the highest activity. With our
selected economic library size, we almost certainly identified at
least the second best variant within each library. Prior to the
investigation of mutant enzymes, the screening platform was
evaluated applying the Z-factor as a measure for assay %ua]jty,
resulting in an excellent screening with a value of 0.86.”

The screening of most variant enzymes showed reduced
activity or none at all for the single NNK-saturated positions,
and only variants with mutations at 175, 176, 206, and 262 as
well as 271 and 275 exceeded the hit limit. As depicted in the
variant landscape (Figure 2), mutations at 206 and 262 led to
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Figure 2. Variant landscape for single NNK screening compared to
template activity (MO); the reactions were carried out at room
temperature with 100 mM HEPES pH 7.35, 100 mM ammonium
sulfate pH 7, 1.3 mM DGA, and 1 mM NAD" in a final volume of 200
L.

the smallest activity increase, barely exceeding the hit limit.
Mutations at 175 and 176 had roughly 70% more activity,
showing in each case four mutants with similar activity.
Mutations at positions 271 and 275 more than doubled the
activity of MO, with a rather high proportion of variants
showing higher activity than the template.

Sequencing revealed that a specific amino acid exchange
leads to the improved activity for the variants S175E, D176S,
S206K, and M262I1. While the first three positions are located
around the NAD™ binding site, M262 is surface exposed and
significantly distant from the substrate binding areas. On the
contrary, W275 is directly facing the DGA pocket on one side
and aligns with W271 on the other. Sequencing showed
mutational potential at those two positions, with the most
active variants being W271Y and W271L or W275T and
‘W275L. In short, we realized that many mutations at positions
271 or 275 increase the activity but that the specific amino acid
exchange (which results in the highest gain of activity) needs
to be identified for every single genetic background. While
D176 was directly identified by CSR-SALAD as low priority
activity recovery, the other successful positions around the
NAD* pocket (S175 and $206) were directly next to predicted

922

positions. Unfortunately, the specificity determining residues
predicted by the tool (K172, $174, and G205) did not lead to
an activity increase, which might be due to our sequential
screening protocol (instead of the suggested combinatorial
approach). Nevertheless, CSR-SALAD proved to be an
efficient tool for the prediction of selectivity-determining
residues.

Sensitivity of Positions 271 and 275. Since the results
of the first screening suggested a large mutational potential of
positions W271 and W275, the four identified variants $175E,
D176S, S206K, and M262I were tested individually with an
NNK-motif at either W271 or W275. By introducing
mutations at 271, all variants demonstrated double or nearly
triple template enzyme activity, with the exception of variant
S175E, which could not be improved further (Supporting
Information). The most active combinations were S206K with
W271T/N and M262I with W271L/1. Since tyrosine was the
preferred amino acid at position 271 for M0 and D176S, the
exchange of tryptophan at position 271 seems beneficial within
the class of hydrophobic amino acids. Concerning mutations at
position 275, the templates S175E and S206K showed the
highest activity in combination with W275N/T/L, while
D176S and M2621 preferred W275S/1 and W275M/L
(Supporting Information). With polar uncharged as well as
hydrophobic residues, there is no obvious preference for a
specific type of amino acid at position 275. Overall, the most
active variant from this screening of 271/275 NNK variants
was the M2621 + W271L/I variant, with roughly five times
higher activity compared to that of the initial template MO.
Since the single M262I mutation resulted in 30% higher
activity and the best single 271 mutation just doubled the
activity of MO, there were obviously synergistic effects. This
amino acid flexibility of positions 271 and 275 reveals a strong
dependence on the genetic background of the template and is
summarized in the Supporting Information. To identify the
best combination of our set of mutations, we decided to
combine the specific point mutations S175E, D176S, S206K,
and M262I in a combinatorial way first, before saturating the
most active variant simultaneously at positions 271 and 275 to
obtain the overall best variant.

Analysis of Combined Mutants. A combinatorial
assembly of the four identified point mutations resulted in
15 wvariants that were cloned directly via site-directed
mutagenesis. From each mutant, we analyzed 10 independently
grown colonies based on their volumetric activity (Table 1).
Under standard screening conditions (1 mM NAD"), the
single mutant activities were comparable to the first screening
round, with S175E showing the highest activity. The four
double mutants containing either S206K or M262I, together
with either S175E or D1768, had an activity within the range
0.45—0.56 U/mL, hence exceeding double the activity of MO.
Interestingly, the combination of the two most active single
mutants S175E and D176S resulted in a lower activity similar
to that of the combination of the two least active mutations
5206K and M2621. Apparently, the combination of S175E and
D176S is unfavorable in all mutants. Regarding the triple
mutants, three out of four could further increase the activity of
the double mutants, with M33 (D176S, S206K, and M2621)
being the most active variant. Under standard conditions (1
mM NAD'), M33 demonstrated a 3-fold increase of the
volumetric activity compared to that of MO (up to 0.77 U/
mL). This high activity could not be exceeded by the
quadruple mutant, which showed slightly reduced activity.

https://dx.doi.org/10.1021/acssynbio.9b00527
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Table 1. Volumetric Activity of Combined TaALDH Variants”

[U/mL] 1 mM NAD*
media media 0.00
pET28a pET28a 0.00
template Mo 0.23
S175E Mi12 0.46
D176S M17 0.39
S206K M13 0.29
M2621 M14 0.28
S175E M18 0.45
S206K

D176S M19 048
S206K

D176S M20 0.57
M2621

S175E M26 0.56
M2621

§20 K M29 0.35
M2621

S175E M3l 0.33
D176S

S175E M28 0.56
S206K

M2621

S175E M32 0.61
D176S

M2621

D176S M33 0.77
S206K

M2621

S175E M34 0.23
D176S

S206K

S175E M35 0.49
D176S

S206K

M2621

D176S M42 2.00
S206K

M2621

W271Y

W275V

3% isobutanol 5 mM NAD* 150 #M NADP*
0.00 0.00 0.00
0.00 0.01 0.01
0.08 0.86 0.77
0.19 107 0.06
0.20 0.89 0.52
0.10 1.02 073
0.10 111 072
0.17 1.07 0.10
025 1.01 0.57
0.28 130 0.68
0.24 1.36 0.09
0.14 1.38 0.65
0.11 0.65 0.13
022 142 0.15
0.24 128 024
0.44 1.63 0.88
0.09 035 0.18
0.19 118 0.37
118 3.03 1.46

“Reactions were carried out at room temperature with 100 mM HEPES pH 7.35, 100 mM ammonium sulfate pH 7, 1.3 mM DGA, and either
1 mM NAD", $ mM NAD, or 150 uM NADP" in a final volume of 200 yL. Reactions with 3% v/v isobutanol contained 1 mM NAD". The values

represent the average activity of ten independently grown colonies.

In order to distinguish between k., and Ky; improvements,
measurements containing S mM NAD" were conducted. Since
the activity of all mutants could be further increased with a
higher cofactor concentration, we concluded that 1 mM NAD"
is rather far from saturating conditions. Furthermore, measure-
ments with 150 M NADP" indicated an unchanged strong
preference for NADP?, since the activity level of most mutants
remained above the experiments with 1 mM NAD. Exceptions
are variants bearing the S175E mutation, which seems to have
a severe impact on the NADP" binding. The rather poor
NADP” activity of the single mutant could be restored to some
extent in combination with the D176S mutation. Since S175E
is predicted to be part of the phosphate binding motive, D176S
might partially substitute the missing serine functionality.

Since the final mutant should also be applied in the
previously published cell-free enzymatic cascade toward

923

isobutanol,"" the solvent stability was analyzed with measure-
ments containing 3% v/v of isobutanol in addition to the
standard conditions (1 mM NAD™). A general reduction of the
overall activity was observed for all mutants to roughly 30—
50% of the activity without isobutanol. Remarkably, M33
demonstrated increased stability, retaining 60% of the initial
activity. Overall, the most promising variant M33 showed the
highest activity during all experiments and was therefore
selected for the simultaneous saturation of 271/275 NNK.

The results of the double NNK saturation at 271 and 275
are presented in Figure 3, visualizing the activity data of more
than 2500 variants.

Roughly 450 mutants did not show any activity, and around
400 mutants had an activity below the template (M33)
threshold, which is clearly clustering around 0.75 U/mL.
Considering the results from the single NNK screening for

https://dx.doi.org/10.1021/acssynbio.9b00527
ACS Synth. Biol. 2020, 9, 920-929

43



ACS Synthetic Biology

pubs.acs.org/synthbio

Research Article

25

—u— M33
—e— 271/275 NNK

2,0

-

0,5 1

volumetric activity [U/mL]

0,0 4

Figure 3. Results of the simultaneous NNK saturation of variant M33
at positions 271 and 275. Reactions were carried out at room
temperature in 384 MTP with 100 mM HEPES pH 7.35, 100 mM
ammonium sulfate pH 7, 1.3 mM DGA, and 1 mM NAD" in a final
volume of 60 xL. In total, 2752 variants and 224 templates were
analyzed.

either 271 or 275, we expected a high number of improved
variants and found more than 1000 mutants (>40% of the
library) that were more active than the template (M33). From
this variety, only seven mutants had an activity greater than 2.1
U/mL, corresponding to more than three times the activity of
MO. These seven mutants were regrown from backup plates
and measured again in 10 replicates similar to the 1 mM NAD*
measurements of the combined mutants. The four most active
variants from this rescreen were sent for sequencing, and all
four showed the mutations W271Y and W275V (M42).
Characterization of M42 revealed an activity of 2 U/mL with 1
mM NAD" (~10x MO), 3 U/mL with 5§ mM NAD*, similar
isobutanol tolerance compared to M33, and almost equal
activities with 1 mM NAD™ or 150 uM NADP".

Characterization of Key Variants. This present screening
was primarily designed to improve the cofactor activity of the
TaALDH toward NAD" in order to get a promising candidate
for the cell-free enzymatic cascade toward isobutanol. Addi-
tional requirements such as stability at 50 °C, sufficient solvent
stability toward isobutanol, and a high K;/Ky ratio for DGA
were also important for a successful candidate. The kinetic
characterization of the key variants MO, M33, and M42
(summarized in Table 2) revealed a rather strong substrate
inhibition of MO and M33 by DGA, which is not present in
M42.

Although the Ky; of DGA increased up to 0.4 mM for the
M42 variant, the kinetic curve is always above the M0 and M33
curve (see the Supporting Information). This is due to the
increased V. and the obliterated substrate inhibition.
Furthermore, the Ky for NAD* could be decreased from 18
mM for MO to 1.3 mM for the preliminary variant M33 and 0.6

mM for final variant M42. This increase of activity with the
NAD" cofactor confirmed our screening method designed for
this purpose. The temperature and storage stability were also
included in the screening with a freeze/thaw cycle of the
harvested cell pellet and a heat step of 60 °C for 1 h of the
lysed cells. Consequently, MO and M33 showed an almost
identical melting point around 79 °C, while the thermofluor
assay indicated a slight reduction of the thermostability of
M42. Nevertheless, M42 is sufficiently stable for the enzymatic
cascade, which was run at 50 °C.

Without especially screening for solvent stability, isobutanol
stability increased from MO to M33 and even more to M42
(Table 1). The most striking difference between M0 and M42
is the enlarged substrate pocket, which is realized by mutations
at position W271 and W275, thereby enabling DGA to have a
closer contact to the binding site. A previous report of
Damborsky et al. illustrated that the gatekeeper residue (in this
case W275) at the entrance of a substrate pocket greatly affects
substrate inhibition.”> This is in accordance with our results
since substrate inhibition was drastically reduced by mutations
at this position. For surface mutation M2621, we expected an
influence on the solubility, and the exchanges of D176S and
S206K might influence the cofactor binding since they are
located at this binding site. To get further insights into the
molecular alterations causing these improvements, we decided
to continue the analysis with molecular dynamics simulations.

Molecular Dynamics. The analysis of the activation of
M42 in comparison to that of MO was done via 10 ns
molecular dynamics simulations. An identical set of parameters
was selected, including the solvation in water, neutralization
with sodium ions, temperature of 323 K, and pressure of 1 bar.
To explore structural changes and flexibility, we computed the
root-mean-square deviations (RMSDs) and fluctuations
(RMSFs) of the three-dimensional TaALDH trajectories.
RMSDs were calculated by comparing the movement of
atoms to initial coordinates at t = 0. In both cases, Ca RMSD
(Figure 4) indicated that the core protein structure became
stable after 4 ns.

A repeating, systematic shift of the Ca RMSD was detected
for M42, changing from 0.3 to 0.5 nm. This behavior,
potentially indicating a shift between two protein states, was
less dominant for MO. Furthermore, the cross RMSD
(Supporting Information) revealed a constant change toward
another state for M0. For M42, the systematic shift between a
closely related state and at least one other state was enhanced.
The analysis of the DGA binding revealed a significant
decrease of the distance between the DGA Ca and the
nucleophilic sulfur of Cys281, dropping from 1.0 & 0.2 nm for
MO to 0.5 + 0.1 nm for M42 (Figure 4). Together with the
reduced RMSD of DGA compared to that of the protein
backbone (see the Supporting Information) and the increased
size of the binding pocket, this finding is a plausible

Table 2. Kinetic Constants and Melting Points for Purified TaALDH Variants.”

Ky (NAD") [mM] Ky (p-glycer-aldehde) [mM]

MO 18.4 0.16
M33 1.3 0.14
M42 0.6 0.4

Ve (0-Gly) [U/mg] K; (p-glycer-aldehyde) [mM] 2. [He)
0.4 1.25 79.5
0.6 3.8 78.5
1.5 31.2 72.5

“Kinetic measurements were cartied out in triplicate at 50 °C containing 100 mM HEPES pH 7.35 and 100 mM ammonium sulfate pH 7. NAD*
saturation kinetics were determined with 1.3 mM DGA, and DGA saturation measurements contained 1 mM NAD" in a final volume of 200 uL.

Melting points were detected via a thermofluor assay.

https://dx.doi.org/10.1021/acssynbio.9b00527
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explanation for the loss of substrate inhibition. In order to
compare equilibrated systems, all RMSF values were calculated
based on the last 6 ns of the simulation. The two variants show
a very similar fluctuation with only subtle changes in the
residual plot (Figure 5).

Ignoring the very flexible C-terminal loop region, the general
difference is that M42 has increased RMSF in the NAD"
binding regions and decreased RMSF in the DGA binding
regions (as depicted in the Supporting Information). In
addition, the mutations at positions 176, 262, 271, and 275 led
to a direct increase of the local RMSF, indicating a gain in
flexibility. A recent report by Talfournier and co-workers
demonstrated the need of a cofactor flip for successful ALDH
functionality, which is controlled by a shift of a conserved
ELGG loop.”® This motive can also be found in the TaALDH
(positions 247 to 250) and shows increased RMSF after
mutation of MO to M42. The increased flexibility from
positions 217 to 251 includes parts of the bottom NAD”
binding site, hence facilitating a possible cofactor flip. Other
MD studies with betaine aldehyde dehydrogenases from Oryza
sativa also found that the NAD" binding region is the most
flexible within the entire protein.”*>> While the distance of the
NAD* C38 to the catalytically active sulfur of Cys281 stayed at
1.3 + 0.1 nm for both variants, the RMSD of NAD" slightly
increased for M42 in comparison to the backbone (see the
Supporting Information). Moreover, the RMSF of the NAD*
cofactor increased in the area of the reactive nicotinamide
(Figure 6) due to the mutations.

In summary, our results demonstrate an increased flexibility
of the NAD" binding site and the cofactor itself for the M42
variant. Our future design principle for aldehyde dehydro-
genases will therefore aim at an increase of the cofactor
flexibility.

Hl CONCLUSION

In this study, we effectively engineered TaALDH toward
increased NAD™ activity by mutagenesis of rationally selected
positions. The 17 positions of interest were identified by a
crystal structure analysis and the CSR-SALAD tool. Although
designed for a complete cofactor switch, CSR-SALAD
demonstrated its applicability in the prediction of specificity
determining residues. Individual sequence saturation of each
position via an NNK motif resulted in six single mutants
showing increased volumetric activity. The comprehensive
combination of these mutations led to M42 (D176S, S206K,
M2621, W271Y, and W275V) as the most active variant, with
close to 10-fold increased activity under standard conditions.
Comparing the initial variant MO with M42 by means of
molecular dynamics, we identified an increased flexibility at the
NAD? binding site as a potential cause of the 30-fold improved
activity with NAD™. Furthermore, our analysis revealed initial
evidence for another binding state, which seems worth
investigating in future studies. The next step will be the
transfer of this flexibility-based design toward other oxidor-
eductases in order to guide future engineering approaches. The
kinetic characterization of the initial and final variant also
revealed an obliteration of the substrate inhibition by DGA.
Based on its improved properties, the new variant M42 is a
promising candidate for cell-free metabolic engineering
approaches.
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B METHODS

Chemicals, Strains, and Plasmids. NAD" and NADH
(disodium salt) were obtained from Carl Roth GmbH
(Karlsruhe, Germany), and b-glyceraldehyde (DGA) was
bought from Sigma-Aldrich (Darmstadt, Germany). All
chemicals were used as received without any further
purification.

E. coli BL21 (DE3) (F~ ompT hsdSB (rB” mB~) gal dem
(DE3)) was obtained from Novagen (Darmstadt, Germany)
and used for library construction, protein production, and
screening. The construction of the plasmid coding for the
triple mutant aldehyde dehydrogenase from Thermoplasma
acidophilum (TaALDH) was reported previously.'"”"?

Structural Modeling and Docking. The 3D structure of
TaALDH (MO0) was modeled by SWISS-MODEL**"** with
the available crystal structure of the triple mutant TaALDH
F34M, Y399C, S40SN (PDB code: SM4X) as a template.
Structure validation was done using RAMPAGE for the
Ramachandran analysis and ERRAT and Verify 3D from the
Structural Analysis and Verification Server (SAVES)."*"""'® To
each tool, the final model of MO and the input structure 5M4X
(without cofactor) were uploaded in order to get comparable
data. The docking of NAD" and DGA was done with Yasara
15.11.18”" by applying the docking method VINA. The model
structure of M42 for the molecular dynamics analysis was
generated by mutating MO in silico with Yasara. For the
prediction of mutagenesis targets, the MO model with docked
NAD* was uploaded to the online tool CSR-SALAD, which
was developed by the Arnold lab for the cofactor switch of
NADP* toward NAD*.® Additionally, MO with docked NADP
was uploaded to the CSR-SALAD in order to compare the
both outputs, The maximum library size was set to 850, and
the options “rossman fold only”, “exclude pyrophosphate-
binding residues”, and “exclude peripheral residues” were set to
false. Together with additional positions of interest from the
crystal structure, all mutagenesis targets have been addressed
separately with an NNK codon in order to monitor the effects
of the individual position.

Construction of Variant Libraries via Site-Directed
Mutagenesis. Site-directed mutagenesis was performed in a
C1000 Thermo Cycler (BIORAD) with Phusion polymerase
from New England Biolabs (Frankfurt am Main, Germany)
with the supplied high-fidelity buffer in a final volume of 50 pL.
Oligonucleotides were obtained desalted from Eurofins
Genomics (Ebersberg, Germany). A typical reaction is
summarized in the Supporting Information. The PCR
conditions were 2 min of initial denaturation at 98 °C,
followed by 26 cycles of 10 s at 98 °C, 30 s at 60 °C, and 3.5
min at 72 °C. Final elongation was done for 10 min at 72 °C
before 1 yL of 20 U/L Dpnl (New England Biolabs, Frankfurt
am Main, Germany) was added. The digestion of template
DNA was done at 37 °C for at least 12 h, followed by heat
inactivation at 80 °C for 20 min and PCR cleanup with a
Macherey Nagel PCR cleanup kit (Macherey Nagel, Diiren,
Germany) according to manufacturer’s recommendations.
Chemically competent E. coli BL21 (DE3) were transformed
with the prepared libraries and spread onto LB agar plates
containing 50 ptg/mL kanamycin.

Screening Procedure for TaAIDH Variants. The
expression of variant enzymes was performed according to a
modified protocol by Steffler et al.'’ All media were
supplemented with 100 ug/mL kanamycin, and the screening

https://dx.doi.org/10.1021/acssynbio.9b00527
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was done in 96 MTPs containing 86 mutant variants, 7
template enzymes, and 3 media controls. Colonies of E. coli
BL21 (DE3) containing the TaALDH variants were trans-
ferred into F-bottom microtiter plates (Greiner, Frickenhau-
sen, Germany) with a RapidPick Lite colony picker (Hudson
Robotics, Springfield, NJ, USA) containing 150 4L LB media.
After overnight incubation at 37 °C and 1200 rpm, V-bottom
deep well plates (Greiner, Frickenhausen, Germany) contain-
ing 600 uL ZYP-5052 autoinduction media®’ were inoculated
with 1.7% v/v of preculture and shaken overnight at 30 °C and
1200 rpm. Prior to harvesting, backup plates were prepared by
mixing 30 uL of expression culture with 30 uL of 50% glycerol
and freezing at —80 °C. The expression cultures were
centrifuged at 4200g for 15 min, and the supernatant was
removed. The cell pellets were frozen at —20 °C before 200 uL
of lysis buffer (1 g/L lysozyme and 10 mg/L DNasel in 100
mM HEPES pH 7.35) was added, followed by incubation at 37
°C for 60 min and an additional heat step at 60 °C for 60 min.
Insoluble cell debris was removed by centrifugation at 4200g
for 15 min, and the supernatants containing the soluble variant
enzymes of TaAlDH were tested for activity, as described
below. The single saturation mutagenesis libraries were
analyzed with at least 80 clones; more than 2500 clones
were screened for the double saturation W275 + W271. For
the simultaneous saturation of 271 and 275, the colonies were
grown as described above and the lysates of four 96 MTPs
were combined into one 384 MTP for the activity assay.

The two most active variants per position showing at least
20% increased volumetric activity were regrown from backup
plates, plasmid purified, and sent for sequencing (Eurofins
Genomics, Ebersberg, Germany). For the lysate tests of
combined variants with 1 mM NAD*, 5 mM NADY, 3% v/v
isobutanol, or 150 yM NADP, 10 independently grown
colonies harboring the corresponding mutant plasmid were
randomly picked and treated as described above. For the
activity assay, the heat purified enzyme was diluted three or
five times.

Activity Assays. Unless mentioned otherwise, the experi-
ments were carried out in triplicate at room temperature using
96-well plates (Greiner F-bottom) containing a final volume of
200 uL. The necessary ammonia for the reductive amination of
pyruvate was supplied with 100 mM ammonium sulfate, and all
reactions contained 100 mM HEPES buffer pH 7.35 and
various amounts of NAD" and DGA and were started with the
addition of the appropriate amount of enzyme. The reaction
velocity was monitored photometrically following NADH
release at 340 nm with an Epoch 2 Microplate spectropho-
tometer (BioTek GmbH, Bad Friedrichshall, Germany). The
mutant screening assay solution contained 1.3 mM DGA and 1
mM NAD®, and the additional assays for the cofactor
acceptance contained either 1 mM or 5 mM NAD" or 0.15
mM NADP*. Reactions with 3% v/v of isobutanol contained 1
mM NAD*. The final screening of M33 with 271/275 NNK
was performed in 384 MTPs (F-bottom Greiner) in a final
volume of 60 uL with the above-described substrate
concentrations. Michaelis—Menten constants were determined
at 50 °C by measuring eight different substrate concentrations,
plotting initial velocities vs substrate concentration, and fitting
the parameters with Sigmaplot 13.0 (Systat Software GmbH,
Erkrath, Germany). The parameters for DGA dependence
were fitted with the equation for substrate inhibited enzymes.
One unit (1 U) is defined as the amount of enzyme activity
producing 1 ymol of substrate per minute.
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Kinetic measurements of TaALDH contained either 0.5—30
mM NAD* (1.3 mM DGA) or 0.05—5 mM DGA (1 mM
NADY).

Shaking Flask Expression and Upscaled Experiments.
The upscaled expression and purification of M0, M33, and
M42 was done as described above in 10 mL incubation tubes
containing 5 mL of media. Protein concentration was
determined via a Bradford protein assay by applying the
Roti-Nanoquant reagent (Carl Roth GmbH, Karlsruhe,
Germany) according to the manufacturer’s recommendations
with bovine serum albumin as standard. The melting point of
the protein was determined with a SYPRO Orange Protein Gel
Stain (Sigma-Aldrich, Darmstadt, Germany) thermofluor assay
in a CFX 96 Real-Time PCR thermocycler (Biorad,
Feldkirchen, Germany) containing 25 uL of total volume.”'

Molecular Dynamics. The simulations were carried out
with GROMACS 2019 %" with the modified gromos$4a7
force field from the automated topology builder (atb) and
repository version 3.0.”® The parameter sets for the ligands
NAD" and DGA were also obtained from atb. The protein—
ligand complex was centered in a dodecahedral box with 1 nm
distance and periodic boundaries. Solvation was done with
TIP3P water molecules before the system was neutralized with
five or three sodium ions for MO or M42, respectively. The
particle mesh Ewald (PME)*" method with cubic interpola-
tion, a Fourier spacing of 0.16 nm, and a short-range
electrostatic cutoff of 1.2 nm were used for electrostatic
treatment. Steepest descent energy minimization was done to
remove bad contacts until the maximum force was <10 kJ/mol.
The constant temperature ensemble simulation (NVT) and
the constant pressure ensemble simulation (NPT) were carried
out for 100 ps, and the non-hydrogen atoms of the protein and
the two ligands were restrained by a force constant of 1000 kJ
mol™' nm™2 The bonds to hydrogen were restrained in all
simulations by the lincs™ algorithm with iter 1 and order 4.
The temperature coupling was done using a v-rescale®
thermostat at 323 K with a coupling constant of 0.1 ps and
the coupling groups protein—ligands and water—ions. The
Berendsen algorithm at 1 bar with a coupling constant of 2 ps
was used for pressure coupling. In the final 10 ns production
run, the Parrinello—Rahman algorithm™®® was used for pressure
coupling, time steps of 1 fs were used for integration, and the
coordinates were recorded every S ps. Simulation trajectories
were analyzed using GROMACS tools. XRMSD plots were
generated using MDplot.*'
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4 Discussion

4.1 In Vitro vs. in vivo L-alanine production from D-glucose

In vivo, the standard glycolysis (Embden-Meyerhof-Parnas pathway, black in Figure 9 A),
requires ten enzymes for the degradation of D-glucose towards pyruvate. L-alanine can
then be obtained from an aminotransferase reaction involving glutamate as amino donor.
This pathway evolved naturally in order to supply the organism with energy in form of

adenosine triphosphate (ATP) and reduction equivalents NADH.
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Figure 9: Natural and artificial pathways from D-glucose to L-alanine. (A) The natural
pathway in mammals (in black) consisting of at least eleven enzymes: 1 hexokinase, 2
phosphoglucose isomerase, 3 Phosphofructokinase, 4 Fructosebisphosphate aldolase, 5
Triosephosphate isomerase, 6 Glyceraldehyde-3-phosphate dehydrogenase, 7
Phosphoglycerate kinase, 8 Phosphoglycerate mutase, 9 Enolase, 10 Pyruvate kinase, 11
Alanine transaminase requiering glutamate as amine donor. In light grey is the Entner-
Doudoroff pathway common archea: i glucose-6-phosphate dehydrogenase, ii 6-
Phosphoglucolactonase, iii Phosphogluconate dehydratase, iv Ketodeoxyphosphate
aldolase, (B) The cell free artificial pathway established in this work involves only six
enzymes: 1 Glucose dehydrogenase, 2 Dihydroxyacid dehydratase, 3 Ketodeoxy
aldolase, 4 Glyceraldehyde dehydrogenase, 5 Dihydroxyacid dehydratase, L-Alanine
dehydrogenase. (C) Formation of the amin-donor glutamate from either 1 dehydrogenase
or 2 transaminase reaction.

Although two ATP-consuming phosphorylation steps are necessary in the beginning of the
glycolysis, the breakdown into pyruvate returns 4 equivalents ATP and two equivalents
NADH for each glucose molecule.

Alternatively, some bacteria and archaea developed a pathway, that avoids the second
phosphorylation step by an oxidation of the glucose-6-phosphate. Termed Entner-
Doudoroff pathway (grey in Figure 9 A), this modified glycolysis reduces the overall ATP
yield from two to one equivalent. Obviously less efficient, the major advantage of this
pathway is the possibility to metabolize gluconate or similar organic acids.

In both cases the alanine biosynthesis requires glutamate as amino-shuttle, which is
commonly derived from a-ketoglutarate by either dehydrogenase or transferase activity
(Figure 9 C). This dependence on glutamate further complicates the production pathway
and metabolic engineering approaches usually rely on an alanine dehydrogenase (alaD)
for the direct reductive amination of pyruvate instead of a transferase. Further genetic
engineering is then required in order to channel the carbon flux towards pyruvate and
eliminate common side products such as acetate, ethanol or the D-alanine.

The cell free enzymatic cascade designed in this work, is not limited by such drawbacks.
As presented in Figure 9 B, only six enzymes and a single cofactor are necessary for the
L-alanine synthesis from glucose. Since no metabolism needs to be maintained, the ATP
yield is of no interest. Au contraire, without phosphorylation of the intermediates, the
cascade steps can be drastically reduced. Derived from the semi-phosphorylated Entner-
Doudoroff pathway, the reaction sequence could in theory occur within living
organisms.*®® The only artificial reaction is the direct dehydration of glycerate towards
pyruvate. The applied dihydroxyacid dehydratase from Sulfolobus solfataricus (SSDHAD)
was found to catalyze this reaction with a maximum velocity of about
10 mU/mg.*** Because the same enzyme also catalyzes the dehydration of gluconate, the
first experiments contained only this dehydratase (similar to the ethanol cascade of Guterl
et al).® Due to the rather slow turnover rate of the SsSDHAD for both reactions, archaeal
gluconate dehydratases of Sulfolobus solfataricus (SsSGAD) and Picrophilus torridus
(PtGAD) were investigated as possible substitute. The thermophilic origin of these
enzymes combined with the high activity on gluconate, render these variants very
interesting.****? Unfortunately, an expression of the active protein from the preferred
expression host E. coli was not possible and the proteins were always found in the
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insoluble cell debris with no detectable activity. During this work, a dehydratase from the
mesophilic organism Caulobacter crescentus (CcDHAD) was identified,”™* which was
finally chosen for the gluconate dehydration due to the 40 times increased activity
compared to the SsDHAD. Since the CcDHAD did not show significant activity for the
bottleneck substrate glycerate a double dehydratase set up (CcDHAD for gluconate and
SsDHAD for glycerate) was established for this cascade. After this decision was done,
Sutiono et al. reported dehydratase activity on glycerate by the dehydratase from
Paralcaligenes ureilyticus (PuDHT). With > 100-fold higher activity for glycerate compared
to SsDHAD and more than 3 times increased activity on gluconate compared to CcDHAD,
this enzyme appears to be an ideal choice for future experiments.**

Once the dehydratase system was established, the focus was shifted towards the cofactor
acceptance of the aldehyde dehydrogenase. The initially deployed variant from
Thermoplasma acidophilum (TaALDH) showed a preference for the phosphorylated
cofactor NADP.*¢** Since NAD* was to be used as single cofactor, a two-ponged strategy
was followed in order to optimize this enzyme: A) random screening of ALDHs for
glyceraldehyde and NAD+* activity and B) engineering the cofactor specificity of the
TaALDH (see section 4.2). Screening of 21 enzyme variants available at our chair,
identified the ALDH of Geobacillus stearothermophilus (GSALDH) as interesting alternative
for the TaALDH.*™® Although showing improved specificity towards the cofactor NAD®,
further investigation revealed a rather high Ky for the substrate glyceraldehyde. In the end,
the variant from methanocaldococcus jannaschii (MJALDH) was identified from literature,*>’
tested and applied within the cell free cascade due to increased expression yield and
cofactor specificity.

With finalization of the identification of the crucial biocatalysts, the next step was to
analyze the reaction cascade and develop the process for the alanine production. For this,
a reliable, fast and quantitative detection method for alanine was required. Usually
precolumn derivatization with e.g. o-phthalaldehyde and separation/detection via HPLC-
DAAD are the state of the art for amino acid quantification.® Nevertheless several
colorimetric assays have been investigated in order to increase the sample throughput.
Due to the presence of ammonium in the matrix, satisfying results were only obtained with
fluorescamine derivatization, where the increased reaction velocity for the formation of the
alanine intermediate led to a selective derivatization.*® The initial process parameters for
pH, buffer, temperature, cofactor and substrate concentration were adapted from the
ethanol cascade of Guterl et al.®° From there an empirical approach with step wise variation
of single parameters resulted in the reported optimized parameters.**’

The direct comparison of the previously published ethanol cascade to the herein
developed alanine cascade reveals identical product yields of 58 %. Although the isolated
biocatalysts of the novel alanine cascade show improved kinetic parameters, the
combination could not improve the product yield. Since the only unchanged enzyme was
the SsDHAD, the bottleneck situation of the glycerate dehydration was demonstrated
again.

After all, with a yield greater than 50% a successful redirection of the produced
glyceraldehyde towards pyruvate could be demonstrated. With space time yields of 0.17 g/
(Lh) and a catalyst load of 0.05 g/g alanine, the productivity of the presented cascade is
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still far behind the industrial production via immobilized cells of E. coli and P. dacunhae,
where 13.4 g/(Lh) are achieved.” Nevertheless, with further optimization of the glycerate
dehydration, the next goal will be to beat the fermentation yield of 121 g/L alanine in 39 h,
which corresponds to a space time yield of 3.1 g/(Lh).®°

4.2 Engineering the cofactor specificity of the glyceraldehyde
dehydrogenase of Thermoplasma acidophilum

In addition to the screening of available ALDHs, the initially deployed TaALDH was
engineered towards the unnatural cofactor NAD". Previously, Steffler et al. increased the
protein yield from the heterolog expression in E. coli by refolding™*> and achieved a 55 fold
increase of volumetric activity after several rounds of directed evolution.**® The final triple
mutant F34M-Y399C-S405 (here termed “MO0”) was the basis for the rational design
presented in this work.

First, the screening method used by Steffler et al. was evaluated and optimized towards
improved reliability. This was done recording wildetype profiles**® and calculating the Z-
factor.’®® Although Steffler et al. directly inoculated autoinduction media with a single
colony, experiments with a preculture in LB media showed an improved activity distribution
on wildtype plates. For the cell lysis, a mixture of DNasel and Lysozyme was used instead
of the ready to use BPER-reagent. Together with a novel tip-wash program for the Tecan
automated liquid handling platform, the costs of consumables for the screening could be
pushed below 0.3 €/mutant. For further throughput optimization, the final activity
measurement was adapted to the 384 mtp format which led to a maximum screening
capacity of around 3000 mutants (plus controls) per 8 h.

In order to identify positions of interest for a rational design, an accurate 3D-model of the
target protein is essential. Although the crystal structures of the TaALDH wildtype, MO and
another mutant variant were published before,'®* the 3D-model deployed here was
obtained by alignment of the full amino acid sequence to the crystal structures via SWISS-
MODEL. Due to 32 non represented amino acids in the crystal structure, this step was
essential for a high quality model. In order to assess the quality of the obtained structure
for MO, a comparison to the template (5M4X) as well as to the most similar crystal
structure 2IMP was conducted (Table 8). First the Ramachandran analysis with the
RAMPAGE online tool gave one outlier residue for 5M4X, two outliers for 2IMP and 4
outlier residues for M0.**?> Generally the results of the Ramachandran investigation is
comparable to other values obtained for ALDHs.** In the next step, the acceptance criteria
(quality factor > 90) for the non-bonded atomic interactions analysis with the ERRAT
server was exceeded for all three structures.*® Although, the surrounding of the active
center (1282 - A284) was found to be of poor quality, the specificity determining residues
are sufficiently distant and in the high quality range. Finally, the Verify 3D server was used,
which evaluates accuracy by comparing the input structure to its own amino acid
sequence, using a three dimensional profile generated from atomic coordinates of the 3D
structure.*® Here, the acceptance criteria is > 80% of all residues need to score = 0.2
which was only met for the MO model. Possibly the SWISS 3D modeling included changes
into the template structure in order to optimize this folding score.
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Table 8: Comparison of the MO model to the template crystal structure 5M4X and the most
similar crystal structure 2IMP (39% identity, 60% positives compared to MO)

5M4X crystal structrue MO model 2IMP crystal structure
ez 461/ 493 493/ 493 479/ 483
amino acids
97.8% favored region 94.1% favored region 94.9% favored region
RAMPAGE 2.0% allowed region 5.1% allowed region 4.7% allowed region
0.2% outlier region 0.8% outlier region 0.4% outlier region
5;5(5- Quality factor 97.5 Quality factor 92.4 Quality factor 96.1
Verify 3D 73 % residues with 91 % residues with 77 % residues with
server score 2 0.2 score 2 0.2 score 2 0.2
Containing 2x SO4, lactaldehyde
cofactor none Aab 2 conformations for NAD
RMS to MO 0.860 n.a. 0.976

In the next step, the Rossmann fold was identified within the structure. As described in
section 1.3.2, the cofactor binding site is composed of five p-strands connected by four a-
helices.'® The strand order is 3-2-1-4-5 and a modified version of the typical Rossmann
fingerprint motive G X.1.GiXXGy; is found in the loop region right after 3. The insertion of
an additional amino acid in front of Gy of the fingerprint to G»3;RGSEIG might further
enhance the NADP specificity.’® Further proof of the NADP preference is the absence of
glutamic acid within the binding pocket, which commonly forms hydrogen bonds to 2’ and
3'- hydroxyls of the adenine ribose.*®®

The docking of the cofactor was done with yasara and the final structure was uploaded to
the CSR-SALAD' tool in order to predict the specificity determining residues important for
the cofactor switch towards NAD. Although this platform was initially tested with NADP
containing structures, the potential of this tool was further investigated by uploading
structures containing either NAD or NADP. A comparison of the results showed, that most
of the positions have been found for both cofactors. While the key selectivity determining
residues for the NAD containing structure where K172, S174 and G205, for die NADP
containing structure it was L145 and K172. Since the K172 position is reported to be
essential in ribose binding, it was rather surprising that it was identified in both structures.
Most likely the algorithm suggested this position in order to remove the only positively
charged residue within reach of the phosphorylated ribose motive of NADP. Even more
interesting is the recommendation of G205 which is part of the modified fingerprint motive.
Potentially the tool recognized the impact on the NADP specificity by this modified form
and suggested the mutation towards the typical fingerprint. Unfortunately, there are no
detailed explanations on why specific positions are selected by the tool, or why the
selectivity determining residues are dependent on the cofactor which is present in the
uploaded structure.

Nevertheless, the residues recommended for the NAD containing structure (including the
positions for activity recovery) were saturated separately with an NNK-codon. Together
with further hand picked positions, in total 17 positions have been investigated. From
these, only mutations at the positions S175, D176, S206, M262, W271 and W275 could
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increase the volumetric activity during the screening. Interestingly, the screening results
could be categorized into two groups: While S175, D176, S206, M262 show one to three
hits exceeding the hit limit with similar activity, the two tryptophan mutations resemble an
activity distribution with multiple hits of increased activity. Sequencing of the two most
active variants per plate further proved that the first group is based on specific amino acid
exchanges, where only one amino acid was found to be beneficial (S175E, D176S, S206K
and M262l). With the introduction of glutamic acid at position 175, the for NAD preferring
ALDHs essential residue which forms hydrogen bonds to 2’ and 3’- hydroxyls of the
adenine ribose is established.'®® Analog to this discovery, Zhang et al, who were working
on ALDH from Vibrio harveyi also identified beneficial effects on the NAD acceptance by
introducing the glutamic acid residue in the vicinity of the ribose moiety. With their T175E
mutation, they could realize a 7-fold increase of the NAD-specificity and simultaneously
reduce the NADP+ specificity by a factor of 2000.'®" Interestingly, the introduction of
D176S resulted in the second most active single mutant, but in combination with the
S175E, the activity is almost restored to the initial activity of MO. Apparently, the double
serine functionality enables similar cofactor binding than the introduction of glutamic acid,
but with a neighboring serine the hydrogen bonding capacity of glutamic acid seems to be
reduced.

The second group of beneficial positions, W271 and W275, showed even higher potential
for increasing the volumetric activity. Several amino acids were found to improve the
enzyme and by combining this group to the first group with specific mutations, a
dependence on the genetic background was identified. For example the D176S mutant
showed highest activity with W271Y and W275S, while MO was most active by including
W271Y and W275T. This promiscuity was already discovered by Steffler et al. but the
mutants containing either W271S or W271R were not further characterized.* Located on
the entrance to the substrate tunnel, these residues might act as gate keeper for
glyceraldehyde. Changing size and the chemistry of these positions effectively modulates
the substrate specificity and the increased volumetric activity is possibly the result of
changes in the substrate inhibition. Damborsky et al. also identified a gatekeeper
tryptophan for their ALDH, which showed direct influence on the inhibition
pattern.'®® Furthermore, Keller et al. proposed a tremendous effect of a C-terminal helix on
the substrate specificity due to trans-protein effects.**® Since the C-terminal region tends to
crystallize poorly, this effect cannot be properly investigated for the TaALDH. The two large
tryptophanes (W271 and W275) might interact with the C-terminus of another protein
within the tetramer, hence enabling substrate control.

With this background, the most active combination of the identified mutations was obtained
by combining the positions of the first group in a combinatorial way and saturate this
variant simultaneously at W271 and W275. With this approach the mutant D176S S206K
M2621 W271Y W275V (termed M42) was found to be most active, showing three-fold
increased specific activity, thirty fold decreased Kv for NAD" and a complete loss of the
glyceraldehyde inhibition. Furthermore, this engineered variant TaAALDH shows more than
10 times improved activity in the presence of 3% isobutanol which renders it a promising
candidate for the cell free ethanol/ isobutanol cascade.
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4.3 Molecular dynamics analysis for beneficial mutations

Molecular dynamics (MD) analysis is a useful tool for the investigation of molecular motion
of e.g. binding or folding processes. Here, the simulation of the engineered TaALDH M42
was compared to the template MO in order to identify the beneficial effects of the

introduced mutations and relate them to the klnetlc |mprovements
"' ™

k

Figure 10: Representat/on of the hydrolys:s (HY) and the hydrid transfer (HT) mode of
NAD in the crystal structure of lactaldehyde dehydrogenase from E. coli (2IMP). The
catalytically active cystein is colored in green and the ELLG-loop in magenta.

For the analysis of the ALDH-NAD interaction it is important to consider the two different
conformations of bound NAD. The binding process is considered to start in the "hydrolysis”
mode (HY), where the nicotinamid is facing away from the acitve site. A subsequent
change to the active "hydride transfer" mode (HT) enables the reception of the hydride
from the thiohemiacetal intermediate. Finally, another conformational change to the HY
mode needs to occur before the reduced cofactor is released.** Figure 10 shows the most
similar, available crystal structure (2IMP) compared to MO with cocrystalized NAD in the
two possible binding conformations. As described above, the specificity determining
adenosine-ribose stays within the binding pocket and the reactive nicotinamide is flipped
in- and out of the reactive center.

Since NAD was accepted to some extend by the initial variant MO of the TaALDH, the
binding step was omitted and the focus was on the active state with NAD in the HT mode.
With this approach, a tedious comparison of hydrogen bond patterns was avoided and the
attention was shifted towards the hydride transfer itself. For the MD simulations, the 3D-
model for MO containing NAD was engineered in silico towards M42 and both structures
were simulated for 10 ns with an identical set of parameters. A similar approach of
comparing two enzyme variants via molecular dynamics was previously done by e.g.
Boonyalai et al. who were working on the substrate specificity of betaine aldehyde
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dehydrogenases. In their case, the bonding step had the highest priority and with the
identification of specific hydrogen bonding patterns they could explain differences in
substrate specificity.’’® The more general approach in this work should result in a basic
understanding of the introduced mutations in the first step and possibly predict beneficial
mutations in future experiments.

Because M42 is a variant of MO, the 10 ns MD simulations of the two structures with the
NAD cofactor showed to be similar. The RMSF revealed subtle changes which pointed
towards an increased flexibility of the NAD binding regions and decreased flexibility in the
glyceraldehyde (DGA) binding region of M42. Furthermore, the nicotinamide ring shows
increased RMSF, also indicating higher fluctuation of the active site of the cofactor. Since
the cofactor needs to flip in and out of the active center, the increased flexibility of the
binding pocket is basically supporting this movement and generally indicates an increased
reaction turnover. Talfournier et al. were also working on MD simulations of ALDHs, and
they identified the ELGG loop, which possibly controls the cofactor switch between HT and
HY mode.** This loop is also present in TAALDH (starting with E247) and shows increased
flexibility for M42, further supporting the reaction turnover. Summarizing this, the focus on
the bound NAD in the active HT state resulted in overall increased molecular motion of the
binding pocket for M42 containing the unnatural cofactor.

Concerning the substrate binding site, the gain in rigidity of M42 is accompanied by a
closer and less fluctuating position of DGA to the active C281. In contrast to the cofactor,
which needs to flip during the reaction, the substrate needs only minimal reorganization.
Hence this finding indicates a stabilization of the active center. Similar results were
obtained by Madhusudhana Rao et al. who identified increased activity for a more rigid
mutant of their lipase.'™

With this simulation based analysis of the initial and the engineered variant, first
indications for the improved activity of M42 could be identified. Nevertheless, the
differences between the simulations of MO and M42 are rather small, suggesting only
minor changes in the cofactor reactivity. Future experiments should therefore include the
binding process with a focus on the specific hydrogen bonds for the HY state of NAD.

4.4 Future perspectives

The cell free enzymatic cascade from D-glucose to L-alanine was successfully optimized
towards efficient enzyme loading. Thereby, the most economic ratio of the involved
cascade enzymes of the main branch could be identified, which was found to be
GDH/DHAD/KDGA/AlaDH = 2/10/1/2. In contrast to the highly productive main branch via
gluconate, keto-deoxy-gluconate and pyruvate which gave almost quantitative L-alanine
yield, the side branch via glyceraldehyde, glycerate and pyruvate needs further
investigation. It was shown, that the bottleneck here is the very poor activity of SSDHAD
for the unnatural substrate glycerate. Alternatively, the artificial glycerate dehydration could
be avoided by the redesign of the side branch towards L-serin. In this case, the separation
of L-serin and L-alanine would arise as new problem. With the recently discovered DHADs
that show increased activity for the dehydration of glycerate, this developed reaction
cascade should be reinvestigated with a focus on the side branch productivity.
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In terms of further enzyme optimization, the applied glucose dehydrogenase should be
used as benchmark concerning the activity and heat stability. Although the glucose
specificity could be further increased, as the first enzyme of the reaction sequence, the
substrate concentration is far above a limiting level. Since the identified DHAD shows
increased activity and substrate specificity, the major limitation is the long term
temperature stability, which could be improved in order to further reduce enzyme loading.
For the applied KDGA, ALDH and the AlaDH, temperature stability is sufficient, but a
general speed up of the reaction kinetics would also improve the economy of this cascade.
Although AlaDH could demonstrate high reaction turnover, this will certainly change with
increasing Alanine concentrations during upscaling of the cascade. Together with the
ammonium specificity, the product inhibition is to be targeted in the next round of
engineering.

All of these enzyme optimizations can be targeted by mutagenesis based on a
combination of molecular dynamics and rational design, which was already successfully
applied here for engineering of an aldehyde dehydrogenase. Increasing the scope of this
approach beyond the cofactor specificity of ALDHs, the design guidelines obtained from
molecular dynamics should be validated by extensive engineering experiments in the first
step. With the refined engineering guidelines, beneficial mutations for e.g. increased NAD*
specificity of ALDHs could possibly be predicted in silico from targeted molecular dynamics
simulations. The further development of an analysis server with automated structure
handling could further contribute to insights into e.g. redox cofactor binding and possibly
be another step towards the de novo design of enzymes.

Finally, the efficiency of the presented (and in future optimized) L-alanine process, needs
to be upscaled and the reactor design as well as the downstream processing should be
included into the picture. Increasing the product concentration above to the solubility limit
could be the next step in order to facilitate the product separation and purification, which is
essential for an economically feasible process. Further process parameters like
temperature, pH, feeding strategy or dwell time need to be investigated in order to
establish a competitive process. Additionally, the designed cascade core module to the
central intermediate pyruvate could also be adapted towards a variety of other products
such as L-valin, for example.
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Figure S1. Fluorescamine calibration curves in different buffer matrices. Ammonium is consumed during the
reductive amination of pyruvate to L-alanine. To exclude effects of reduced ammonium concentration on the
quantification of L-alanine, we compared standards containing either 200 mM ammonium or an ammonium
concentration that is reduced by the concentration of L-alanine in the corresponding standard sample. Blue
diamonds: 100 mM HEPES pH 7.35, 200 mM ammonium; red squares: 100 mM HEPES pH 7.35, (200 mM — [L-
alanine]) ammonium. Fluorescamine assays were performed with 100-fold diluted samples in total reaction

volumes of 158 pL, average values of technical triplicates are shown with error bars indicating the standard
deviation.
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Figure S2. Kinetic measurements of CcDHAD containing 2.2 mM glycerate (red squares) compared to
standard conditions (blue diamonds). Reactions were performed at 50 °C in 100 mM HEPES buffer pH 7.35
and stopped after 10 min by enzyme removal. Activities were calculated from the residual amount of D-
gluconate detected by HPLC.

Expressed DNA Sequences

Bold nucleotides represent additional tags from the expression plasmid.
BsGDH (NCBI-Prot. ID: NP_388275.1)

ATGTATCCGGATTTAAAAGGAAAAGTCGTCGCTATTACAGGAGCTGCTTCAGGGCTCGGAA
AGGCGATGGCCATTCGCTTCGGCAAGGAGCAGGCAAAAGTGGTTATCAACTATTATAGTAA
TAAACAAGATCCGAACGAGGTAAAAGAAGAGGTCATCAAGGCGGGCGGTGAAGCTGTTGT

CGTCCAAGGAGATGTCACGAAAGAGGAAGATGTAAAAAATATCGTGCAAACGGCAATTAAG
GAGTTCGGCACACTCGATATTATGATTAATAATGCCGGTCTTGAAAATCCTGTGCCATCTCA
CGAAATGCCGCTCAAGGATTGGGATAAAGTCATCGGCACGAACTTAACGGGTGCCTTTTTA
GGAAGCCGTGAAGCGATTAAATATTTCGTAGAAAACGATATCAAGGGAAATGTCATTAACAT
GTCCAGTGTGCACGAAGTGATTCCTTGGCCGTTATTTGTCCACTATGCGGCAAGTAAAGGC
GGGATAAAGCTGATGACAAAGACATTAGCGTTGGAATACGCGCCGAAGGGCATTCGCGTC

AATAATATTGGGCCAGGTGCGATCAACACGCCAATCAATGCTGAAAAATTCGCTGACCCTA

AACAGAAAGCTGATGTAGAAAGCATGATTCCAATGGGATATATCGGCGAACCGGAGGAGAT
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CGCCGCAGTAGCAGCCTGGCTTGCTTCGAAGGAAGCCAGCTACGTCACAGGCATCACGTT
ATTCGCGGACGGCGGTATGACACTCTATCCTTCATTCCAGGCAGGCCGCGGTTAA

CcDHAD (NCBI-Prot. ID: WP_012640069.1)

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCA
TATGAGCAATCGTACACCGCGTCGTTTTCGTAGCCGTGATTGGTTTGATAATCCGGATCATA
TTGATATGACCGCACTGTATCTGGAACGCTTTATGAATTATGGTATCACACCGGAAGAACTG
CGTAGCGGTAAACCGATTATTGGTATTGCACAGACCGGTAGCGATATTAGCCCGTGTAATC
GTATTCATCTGGATCTGGTTCAGCGTGTTCGTGATGGTATTCGTGATGCCGGTGGTATTCC
GATGGAATTTCCGGTTCATCCGATTTTTGAAAATTGTCGTCGTCCGACCGCAGCACTGGAT
CGTAATCTGAGCTATCTGGGTTTAGTTGAAACCCTGCATGGTTATCCGATTGATGCAGTTGT
TCTGACCACCGGTTGTGATAAAACCACACCGGCAGGTATTATGGCAGCAACCACCGTTAAT
ATTCCGGCAATTGTTCTGAGCGGTGGTCCGATGCTGGATGGTTGGCATGAAAATGAACTGG
TTGGTAGCGGCACCGTTATTTGGCGTAGCCGTCGTAAACTGGCAGCCGGTGAAATTACCGA
AGAGGAATTTATTGATCGTGCAGCAAGCAGCGCACCGAGCGCAGGTCATTGCAATACAATG
GGCACCGCAAGCACCATGAATGCAGTTGCAGAAGCACTGGGTCTGAGCCTGACCGGTTGC
GCAGCAATTCCGGCACCGTATCGTGAACGTGGTCAGATGGCATATAAAACAGGTCAGCGTA
TTGTTGATCTGGCCTATGATGATGTTAAACCGCTGGATATTCTGACCAAACAGGCATTTGAA
AATGCAATTGCCCTGGTTGCAGCAGCAGGCGGTAGCACCAATGCACAGCCGCATATTGTTG
CAATGGCACGTCATGCCGGTGTTGAAATTACAGCAGATGATTGGCGTGCAGCCTATGATAT
TCCGCTGATTGTTAATATGCAGCCTGCAGGTAAATATCTGGGTGAACGTTTTCATCGTGCCG
GTGGCGCTCCGGCAGTTCTGTGGGAACTGTTACAGCAGGGTCGTCTGCATGGTGATGTGC
TGACCGTTACCGGCAAAACCATGAGCGAAAATCTGCAGGGTCGCGAAACCAGCGATCGTG
AAGTTATTTTTCCGTATCATGAACCGCTGGCAGAAAAAGCAGGTTTTCTGGTTCTGAAAGGT
AACCTGTTTGATTTTGCCATCATGAAAAGCAGCGTTATCGGTGAAGAATTTCGTAAACGTTA
TCTGAGCCAGCCTGGTCAAGAAGGTGTTTTTGAAGCACGTGCAATTGTGTTTGATGGTAGC
GACGATTATCATAAGCGTATTAATGATCCGGCACTGGAAATTGATGAACGTTGCATTCTGGT
TATTCGTGGTGCAGGTCCGATTGGTTGGCCTGGTAGTGCCGAAGTTGTGAACATGCAGCCA
CCGGACCATCTGCTGAAAAAAGGCATTATGAGCCTGCCGACCTTAGGTGATGGTCGTCAGA
GTGGCACCGCAGATAGCCCGAGCATTCTGAATGCAAGTCCGGAAAGCGCAATTGGTGGTG
GTCTGAGCTGGCTGCGTACCGGTGATACAATTCGTATTGATCTGAATACCGGTCGTTGTGA
TGCACTGGTTGATGAAGCAACCATTGCAGCACGTAAACAGGATGGCATTCCTGCAGTTCCG
GCAACCATGACACCGTGGCAAGAAATTTATCGTGCACATGCAAGCCAGCTGGATACCGGTG
GTGTTCTGGAATTTGCCGTTAAATATCAGGATCTGGCAGCAAAACTGCCTCGCCATAATCAT
TAA

PtKDGA (NCBI-Prot. ID: 4UXD_A)

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCA
TATGTACAAGGGAATCGTTTGTCCGATGATTACCCCGCTGGACGCACACGGCAACATCGAC
TATAACGCAACGAACATTCTGATCAAATACCTGGAAGGCATCAACGTGGACTACCTGTTCCC
GATGGGCTCTACCGGTGTGTTTCCGTATTTCACGCTGAAAGAACGTAAAGACTTTCTGAAAT
TCGTTCGCGAAAACAGTAAAAAACCGATCATGGCTGGCGTCGGTAGCTCTAGTATCAACGA
AGTGAACGAACTGATGAAATTCAGCATGGATATCGGTATCGAAGCGGCCGTGCTGATGCCG
CCATATTACATTAAACTGAACCAGGAAGCAATCTACCATTACTACAAAGAAATCCTGTCCTC
AAATGACATGGATCTGCTGATTTACAACATCCCGCAATTTACCAATAAAATCGATCCGGAAA

75



CGGTCAAAAACCTGAAATCTGAATTTAGCAGCGTGAAAGGTGTTAAAGACTCTAGTGCAGAT
ATTCGTGGCTTTATGGAAATGCTGTCCCTGTCAGATGACGATTTTGCTGTTTTCCAGGGTCA
AGACGATCTGCTGTTTACCTCGCTGGAACTGGGTGCCAGCGGCGGTGTTTGTGGTACCAC
GAATTTTAGCGACGGCATCGTCCGTCTGTATCACGAATACAAAAACAATCGCGAAATGGCC
CTGAAAATTGAGAAAAACGATGTTATCCCGCTGATGAAAAAACTGGGCAAATATCAGTTTCC
GAATGCATATTACGAATATTTCTACAAGAAAAACAATATCAATGGCGGCTACCGTCCGCCGA
TGTATCGCGTTGGCATCGAAATCTAA

MjALDH (NCBI-Prot. ID: WP_010870928)

ATGTTTATTGATGGCAAATGGATTAACCGCGAGGATATGGATGTTATTAATCCGTATAGCCT
GGAAGTGATCAAAAAAATCCCTGCACTGAGCCGTGAAGAAGCAAAAGAAGCCATTGATACC
GCAGAGAAATACAAAGAAGTCATGAAAAATCTGCCGATCACCAAACGCTATAACATCCTGAT
GAATATTGCCAAGCAGATCAAAGAAAAAAAAGAAGAACTGGCCAAAATCCTGGCAATTGAT
GCAGGTAAACCGATTAAACAGGCACGTGTTGAAGTTGAACGTAGCATTGGCACCTTTAAAC
TGGCAGCCTTTTATGTGAAAGAACACCGTGATGAAGTTATTCCGAGTGATGATCGTCTGATT
TTTACCCGTCGTGAACCGGTTGGTATTGTTGGTGCAATTACCCCGTTTAACTTTCCGCTGAA
TCTGAGCGCACATAAAATTGCACCGGCAATTGCAACCGGTAATGTTATTGTTCATCATCCGA
GCAGCAAAGCACCGCTGGTTTGTATTGAACTGGCAAAGATTATTGAGAACGCCCTGAAAAA
ATACAATGTTCCGCTGGGTGTTTATAATCTGCTGACCGGTGCCGGTGAAGTTGTTGGTGAT
GAAATTGTTGTGAACGAGAAGGTGAACATGATTAGCTTTACCGGTAGCAGTAAAGTGGGCG
AACTGATTACCAAAAAAGCCGGTTTTAAGAAAATCGCCCTGGAATTAGGTGGTGTGAATCC
GAATATTGTTCTGAAAGATGCCGATCTGAATAAAGCAGTTAACGCGCTGATTAAAGGCAGCT
TTATCTATGCAGGTCAGGTTTGCATTAGCGTTGGTATGATTCTGGTTGATGAAAGCATTGCC
GATAAGTTCATCGAAATGTTTGTGAACAAAGCCAAAGTGCTGAATGTTGGTAATCCGCTGGA
TGAAAAAACCGATGTTGGTCCGCTGATTAGCGTGGAACATGCAGAATGGGTTGAAAAAGTT
GTGGAAAAAGCGATTGATGAAGGTGGCAAACTGCTGTTAGGTGGTAAACGTGATAAAGCAC
TGTTTTATCCGACCATTCTGGAAGTGGATCGTGATAATATTCTGTGCAAAACCGAAACCTTT
GCACCGGTGATTCCGATTATTCGTACCAATGAAGAAGAAATGATCGATATTGCGAACAGCA
CCGAATATGGTCTGCATAGCGCAATTTTTACCAACGACATTAACAAGAGCCTGAAATTTGCC
GAAAATCTGGAATTTGGCGGTGTTGTGATTAATGATAGCAGCCTGTTTCGTCAGGATAACAT
GCCGTTTGGTGGCGTGAAAAAAAGCGGTCTGGGTCGTGAAGGTGTTAAATATGCAATGGAA
GAGATGAGCAACATCAAAACCATCATCATCAGCAAATAA

AfAlaDH (NCBI-Prot. ID: WP_010879161.1)

ATGGAAACCCTGATCCTGACGCAAGAAGAAGTTGAAAGCCTGATTAGCATGGATGAAGCAA
TGAATGCAGTTGAAGAGGCATTTCGTCTGTATGCACTGGGTAAAGCACAGATGCCTCCGAA
AGTTTATCTGGAATTTGAAAAAGGTGATCTGCGTGCAATGCCTGCACATCTGATGGGTTATG
CAGGTCTGAAATGGGTTAATAGCCATCCGGGTAATCCGGATAAAGGTCTGCCGACCGTTAT
GGCACTGATGATTCTGAATAGTCCGGAAACAGGTTTTCCGCTGGCAGTTATGGATGCAACC
TATACCACCAGTCTGCGTACCGGTGCAGCCGGTGGTATTGCAGCAAAATATCTGGCACGTA
AAAATAGCAGCGTGTTTGGTTTTATTGGTTGTGGCACCCAGGCATATTTTCAGCTGGAAGCA
CTGCGTCGTGTTTTTGATATTGGTGAAGTTAAAGCGTATGACGTGCGTGAAAAAGCAGCCA
AAAAATTCGTTAGCTATTGCGAAGATCGTGGTATTAGCGCAAGCGTTCAGCCTGCCGAAGA
GGCAAGCCGTTGTGATGTTCTGGTTACCACCACACCGAGCCGTAAACCGGTTGTTAAAGCA
GAATGGGTAGAAGAGGGCACCCATATTAATGCAATTGGTGCAGATGGTCCGGGTAAACAAG
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AACTGGATGTTGAAATTCTGAAGAAAGCCAAAATCGTGGTGGATGATCTGGAACAGGCAAA
ACATGGTGGTGAAATTAATGTTGCAGTTAGCAAAGGTGTGATTGGCGTTGAAGATGTTCATG
CAACCATTGGCGAAGTTATTGCTGGCCTGAAAGATGGTCGTGAAAGTGATGAAGAAATCAC
CATTTTTGATAGCACCGGTCTGGCAATTCAGGATGTTGCCGTTGCAAAAGTTGTTTATGAAA
ATGCCCTGAGCAAAAACGTGGGTAGCAAAATCAAATTTTTCCGCATC

SsDHAD (NCBI-Prot. ID: WP_012953192.1)

ATGCCTGCAAAACTGAATAGCCCGAGCCGTTATCATGGTATTTATAATGCACCGCATCGTG
CATTTCTGCGTAGCGTTGGTCTGACCGATGAAGAAATTGGTAAACCGCTGGTTGCAATTGC
CACCGCATGGTCTGAAGCCGGTCCGTGTAATTTTCATACCCTGGCACTGGCACGTGTTGCA
AAAGAAGGCACCAAAGAAGCCGGTCTGTCTCCGCTGGCATTTCCGACCATGGTTGTGAATG
ATAATATTGGCATGGGTAGCGAAGGTATGCGTTATAGCCTGGTTAGCCGTGATCTGATTGC
AGATATGGTTGAAGCACAGTTTAATGCCCATGCATTTGATGGTCTGGTTGGTATTGGTGGTT
GTGATAAAACCACACCGGGTATTCTGATGGCAATGGCACGTCTGAATGTTCCGAGCATTTA
TATTTATGGTGGTAGCGCAGAACCGGGTTATTTTATGGGTAAACGCCTGACCATTGAAGAT
GTTCATGAAGCCATTGGTGCATATCTGGCAAAACGCATTACCGAAAATGAACTGTATGAAAT
TGAAAAACGTGCACATCCGACCCTGGGCACCTGTAGCGGTCTGTTTACCGCAAATACCATG
GGTAGCATGAGCGAAGCACTGGGTATGGCACTGCCTGGTAGCGCATCTCCGACCGCAACC
AGCAGCCGTCGTGTTATGTATGTTAAAGAAACCGGTAAAGCCCTGGGTAGCCTGATTGAAA
ATGGCATTAAAAGCCGTGAAATTCTGACCTTTGAAGCCTTTGAAAATGCAATTACAACCCTG
ATGGCGATGGGTGGTAGCACCAATGCAGTTCTGCATCTGCTGGCAATTGCTTATGAAGCCG
GTGTTAAACTGACCCTGGATGATTTTAATCGCATTAGCAAACGCACCCCGTATATTGCAAGC
ATGAAACCGGGTGGTGATTATGTTATGGCCGATCTGGATGAAGTTGGTGGTGTTCCGGTTG
TTCTGAAAAAACTGCTGGATGCCGGTCTGCTGCATGGTGATGTTCTGACCGTTACCGGTAA
AACCATGAAACAGAATCTGGAACAGTATAAATATCCGAATGTGCCGCATAGCCATATTGTTC
GTGATGTGAAAAATCCGATTAAACCGCGTGGTGGTATTGTTATTCTGAAAGGTAGCCTGGC
ACCGGAAGGTGCAGTTATTAAAGTTGCAGCCACCAATGTGGTTAAATTTGAAGGCAAAGCC
AAAGTGTATAATAGCGAAGATGATGCCTTTAAAGGTGTTCAGAGCGGTGAAGTTAGCGAAG
GTGAAGTGGTGATTATTCGCTATGAAGGTCCGAAAGGTGCACCGGGTATGCCGGAAATGCT
GCGCGTTACCGCAGCGATTATGGGTGCCGGTCTGAATAATGTTGCACTGGTTACCGATGGT
CGTTTTAGCGGTGCAACCCGTGGTCCGATGGTTGGTCATGTTGCACCGGAAGCAATGGTT
GGTGGTCCGATTGCAATTGTTGAAGATGGCGATACCATTGTGATTGATGTGGAAAGCGAAC
GTCTGGATCTGAAACTGAGCGAAGAAGAAATTAAAAATCGCCTGAAACGTTGGAGCCCGCC
GTCACCGCGTTATAAAAGCGGTCTGCTGGCAAAATATGCAAGCCTGGTTTCTCAGGCAAGC
ATGGGTGCAGTTACCCGTCCGGCATAA

6.2 Supplemental information: Molecular Dynamics Analysis
of a Rationally Desighed Aldehyde Dehydrogenase Gives
Insights into Improved Activity for the Non-Native Cofactor
NAD *
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Supporting Information

Calculation of screening coverage

Without further investigation, we assumed a yield of 50% for our mutagenesis approach. The
codon-based coverage was then calculated applying the formula given below, with “x"
representing the colonies analyzed and "a" the amount of possible codons (1xNNK = 32).7

05x

Codoncoverage[%] =1—(1— E} - 100%

Another approach to describe the coverage is to calculate the probability of the occurrence of the
most active variants within the library.Z The probabilities P, and Pz, which correspond to the

detection probability of the best or one of the two best variants of the library, were calculated by
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Supplemental Table 2: Comparison of CSR-SALAD results depending on the type of cofactor docked within the
input structure. Residues in italics are suggested for mutagenesis for both input structures.

Docked Selectivity Medium Low
cofactor determining priority priority
NAD Lys172 Gly205 Asp176
Codon: AVK Gly209 Asp210
Ser174 Thr229
Codon: RSC Arg232
Gly205 lle233
Codon: RSA
NADP Leu145 Asp210 Asp176
Codon: VWA Val213 Glu207
Lys172 Thr229 Asp210
Codon: AVK Arg232
1e233
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Supplemental Table 3: Result of Ramachandran analysis via RAMPAGE. Underlined residues are found in both
structures.

5M4X Model structure of M0

Total residues

461 493
in structure

K92, W114, L118, T126, K136, V143, A237,
G140, K251, N315,
Allowed A239, K251, D261, Q279, A283, G311, E336,
E339, S340, Y361,
region Y361, N370, 1377, S393, D404, L409, R429,
D404, L409, E466,
R451, M452, A456, S460
Outlier

. G408 P93, P178, P313, G408
region

\
Supplemental Figure 2: Overlay of M0 model (blue) with 2IMP crystal structure (orange). Position numbering
based on TaALDH
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Supplemental Table 4: Typical site-directed mutagenesis protocol

Vol [uL] Stock compound final conc.
10 5x HF-Phusion buffer 1x

1 10 mM dNTPs 0.2 mM
2.5 10 uM Each oligonuclectide 0.5 uM

0.5 < 300 ng/uL DNA template <3 ng/uL
0.5 2 U/uL Phusion polymerase  0.02 U/uL
25 100% DMSO 5%

Supplemental Table 5: List of oligonucleotides. Bold letters indicate the modified position

# Pos Name 5'-3" sequence

1 172 172 NNK-f GTAATACCGTTGTTCTGNNKCCGAGCAGCGATACAC

2 172 172 NNK-r GTGTATCGCTGCTCGGMNNCAGAACAACGGTATTAC

3 174 174 NNK-f GTTGTTCTGAAACCGNNKAGCGATACACCGGGTAG

4 174 174 NNK-r CTACCCGGTGTATCGCTMNNCGGTTTCAGAACAAC

5 175 175 NNK-f GTTGTTCTGAAACCGAGCNNKGATACACCGGGTAGC

6 175 175-NNK-r GCTACCCGGTGTATCMNNGCTCGGTTTCAGAACAAC

7 176 176 NNK-f CTGAAACCGAGCAGCNNKACACCGGGTAGCGC

8 176 176 NNK-r GCGCTACCCGGTGTMNNGCTGCTCGGTTTCAG

9 177 177 NNK-f GAAACCGAGCAGCGATNNKCCGGGTAGCGCAGAATG
10 | 177 177 NNK-r CATTCTGCGCTACCCGGMNNATCGCTGCTCGGTTTC

11 | 205 205 NNK-f GAATTTTATTACCGGTCGTNNKAGCGAAATTGGCG

12 | 205 205 NNK-r CGCCAATTTCGCTMNNACGACCGGTAATAAAATTC

13 | 206 206 NNK-f GAATTTTATTACCGGTCGTGGTNNKGAAATTGGCGATTAC
14 | 206 206 NNK-r GTAATCGCCAATTTCMNNACCACGACCGGTAATAAAATTC
15 | 207 207 NNK-f CCGGTCGTGGTAGCNNKATTGGCGATTACATTG

16 | 207 207 NNK-r CAATGTAATCGCCAATMNNGCTACCACGACCGG

17 | 209 209 NNK-f CGTGGTAGCGAAATTNNKGATTACATTGTGGAAC

18 | 209 209 NNK-r GTTCCACAATGTAATCMNNAATTTCGCTACCACG

19 | 210 210 NNK-f CGTGGTAGCGAAATTGGCNNKTACATTGTGGAAC

20 | 210 210 NNK-r GTTCCACAATGTAMNNGCCAATTTCGCTACCACG

21 | 229 229 NNK-f GACCGGTAGCACCGCANNKGGTCAGCGCATTATGC

22 | 229 229 NNK-r GCATAATGCGCTGACCMNNTGCGGTGCTACCGGTC

23 | 232 232 NNK-f GCACCGCAACAGGTCAGNNKATTATGCAGAAAGC

24 | 232 232 NNK-r GCTTTCTGCATAATMNNCTGACCTGTTGCGGTGC

25 | 262 262-NNK-f GGAAAGATGCCGATNNKGATAATGCACTGAAAACCC

26 | 262 262-NNK-r GGGTTTTCAGTGCATTATCMNNATCGGCATCTTTCC

27 | 275 275 NNK-f CCCTGCTGTGGGCAAAATATNNKAATGCCGGTCAGAGC
28 | 275 275-NNK-r GCTCTGACCGGCATTMNNATATTTTGCCCACAGCAGGG
29 | 306 306 NNK-f GTTTTGTTGAACTGAGCNNKAAACTGGCACTGGGTG
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30 | 306 306 NNK-r CACCCAGTGCCAGTTTMNNGCTCAGTTCAACAAAAC

31 | 349 349 NNK-f CTGTTTGGTGGTNNKCAGCCGAGCCTGAGCGGTC

32 | 349 349 NNK-r GACCGCTCAGGCTCGGCTGMNNACCACCAAACAG

33 | 271 271-NNK-f GCACTGAAAACCCTGCTGNNKGCAAAATATTGGAATGCC

34 | 271 271-NNK-r GGCATTCCAATATTTTGCMNNCAGCAGGGTTTTCAGTGC

35 | 271 + | 271+275 CCCTGCTGNNKGCAAAATATNNKAATGCCGGTCAG

275 | NNK-f
36 | 271 +|271+275 CTGACCGGCATTMNNATATTTTGCMNNCAGCAGGG
275 | NNK-r
37 [175 | S175E-f GTTGTTCTGAAACCGAGCGAGGATACACCGGGTAGC
38 [175 | S175E-r GCTACCCGGTGTATCCTCGCTCGGTTTCAGAACAAC
39 [176 | D176S CTGAAACCGAGCAGCTCTACACCGGGTAGCGC
40 [176 | D176S—r GCGCTACCCGGTGTAGAGCTGCTCGGTTTCAG
41 [ 206 | S206K-f GAATTTTATTACCGGTCGTGGTAAGGAAATTGGCGATTAC
42 [ 206 | S206K-r GTAATCGCCAATTTCCTTACCACGACCGGTAATAAAATTC
43 [ 262 | M262If GGAAAGATGCCGATATTGATAATGCACTGAAAACCC
44 | 262 | M262lr GGGTTTTCAGTGCATTATCAATATCGGCATCTTTCC
45 | 175+ | S175E + CTGAAACCGAGCGAGTCTACACCGGGTAGCGC

176 D176S-f

46 | 175+ | S175E + GCGCTACCCGGTGTAGACTCGCTCGGTTTCAG
176 D176S-r

Supplemental Table 6: Amino acid at position 271 or 275 of the most active variant depending on the genetic
background. All positions were mutated separately at either 271 or 275 and the two most active variants were
sequenced, *M33 was mutated simultaneously at both positions

Template W271 W275
MO Y/L T/L
S175E W N/T
D176S Y S/l
S206K T/N L
M262| L/ M/L
M33* Y \Y
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Supplemental Figure 3: Mutant landscape for single mutant in combination with 271 NNK compared to template
activity (MO0). The reactions were carried out at room temperature with 100 mM HEPES pH 7.35, 100 mM
ammonium sulfate pH 7, 1.3 mM DGA and 1 mM NAD" in a final volume of 200 uL.
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Supplemental Figure 4: Mutant landscape for single mutant in combination with 275 NNK compared to template
activity (MO0). The reactions were carried out at room temperature with 100 mM HEPES pH 7.35, 100 mM
ammonium sulfate pH 7, 1.3 mM DGA and 1 mM NAD* in a final volume of 200 uL.
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Supplemental Figure 5: 3D structure model of TaALDH (M0) with docked NAD*. Positions selected for mutations
are colored in yellow.
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Supplemental Figure 6: lllustrative view of amino acid exchanges with the template M0 on the right side and

the mutant M42 on the left. The exchanged amino acids are colored in light blue and NAD* and DGA are in
green.
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Supplemental Figure 7: Kinetic curves for template (M0) and engineered variants of TaALDH. The
measurements were carried out in triplicate at 50 °C containing 100 mM HEPES pH 7.35 and 100 mM ammonium
sulfate pH 7. NAD* saturation kinetics were determined with 1.3 mM DGA and DGA saturation measurements
contained 1 mM NAD" in a final volume of 200 pL.
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Supplemental Figure 8: Cross RMSD of M0 plotted via MDplot.5 For the calculations all hon-hydrogen atoms
were considered.
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Supplemental Figure 9: Cross RMSD of M42 plotted via MDplot.? For the calculations all non-hydrogen atoms
were considered.
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Supplemental Figure 10: Graphical visualization of the delta RMSF plot. Regions where the RMSF of M0 exceeds
the RMSF of M42 are indicated in yellow.
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Supplemental Figure 11: RMSD of DGA in comparison to the protein backbone.
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Supplemental Figure 12: RMSD of NAD* in comparison to the protein backbone.
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6.3 Sequences of gluconate dehydratase
Sequences were cloned into pET28a-vectors in order to obtain: NHis-TAG-TEVsite-GAD

SsGAD
ATGAGAATCAGAGAAATAGAACCAATAGTACTCACCTCGAAAGAGAAAGGAAGTGCAACTTGGGCATCTA
TAATGATTGTCACAAGGGTCATTACGGAAAATGGGGAAGTAGGCTATGGTGAGGCAGTACCCACACTAAG
AGTTATATCTGTATATAACGCAATTAAACAAGTTAGTAAGGCTTATATAGGGAAAGAGGTAGAGGAAGTTGA
GAAGAACTATCATGAATGGTATAAACAAGATTTCTATTTAGCTAGGTCTTTTGAATCAGCAACTGCAGTAAG
TGCAATCGATATAGCCTCATGGGATATAATAGGGAAAGAGCTTGGAGCACCAATTCATAAATTATTAGGAGG
AAAAACCAGGGATAGGGTACCAGTCTACGCAAACGGATGGTATCAGGACTGCGTAACTCCAGAGGAATTT
GCGGAAAAGGCAAAAGACGTTGTAAAGATGGGATATAAGGCTTTAAAATTTGATCCGTTTGGTCCATATTA
CGATTGGATAGATGAGAGAGGTCTAAGAGAAGCTGAGGAGAGAGTAAAGGCTGTTAGAGAGGCAGTTGG
AGACAACGTGGATATTTTAATAGAGCATCACGGTAGGTTTAATGCGAATTCGGCTATTATGATAGCGAAAAG
ATTGGAAAAATACAATCCGGGATTTATGGAGGAACCGGTACATCATGAGGACGTAATTGGTTTAAGAAAGT
ATAAAGCCAGTACTCATTTAAGGGTTGCATTGGGAGAAAGACTGATAAGTGAAAAGGAAACTGCGTTTTAC
GTTGAGGAAGGTCTTGTAAACATATTGCAACCAGATTTAACTAATATAGGTGGTGTAACAGTAGGTAGGAG
TGTTATAAAAATAGCTGAAGCTAATGATGTAGAGGTGGCTTTTCACAACGCCTTTGGTTCAATACAGAATG
CAGTTGAAATACAACTAAGTGCAGTTACACAGAATTTGTATTTACTTGAGAACTTCTATGATTGGTTCCCTC
AGTGGAAAAGGGATTTAGTATATAATGAAACGCCAGTTGAAGGAGGTCACGTTAAGGTTCCATACAAGCC
TGGACTAGGTGTTTCAATTAATGAAAAAATAATAGAACAGCTAAGAGCTGAACCAATACCATTAGATGTAAT
TGAAGAACCGGTTTGGGTCGTCAAGGGAACCTGGAAGAATTATGGTGTTTGA

PtGAD
ATGGAGACAATAAAAAGCGTAGATATATACGAGCTTGGATCTCCCGGGGAAAAATCATCTCCATGGAGCTC
AACAATCCTGATAGTTAAGCTGACATCGTCCAATGGCAACATTGGTTATGGAGAGGCACCAACAACGTTC
ATGACGCTTCCTGTTAAGGAAAGCATGCGCGAGGTTGAGCGTGTCTTTAAGGACCAGAATTATTTTAATAT
AGAAAAGAACATGCGCGAGTTTTATAAGCATTCATTTTACCTATCAAGATCCATGGAGGCAACATCAGCCC
TAAGTGCATTTGAAATAGCCTCATGGGATTTAATAGGCAAGGATCTTGGTACGCCCGTGTATAACCTGCTT
GGTGGTGAATACAATTCTGAGCTCAGGGCCTATGCCAATGGCTGGTACTCTGACTGTTTGGAACCTGATG
ACTTTGTTTCAAGGGCAAAGGAATACATAAAAAAGGGATATACCGCATTTAAGTTCGATCCATTTAGAAACA
ACTTTGACAGGATAGGCAACGATGGTATAAAAAAGGCCGTTGACATAGTCTCGGCAATGAGGTCAGAGCT
TGGTGAAAATATAGATCTTTTAATAGAATGCCATGGAAGGTTCTCAACAAAGTATGCAATAAAGGTTGGCCA
GGCACTTGATGAGTTCAATCCGTTATTTATAGAGGAGCCAATACATCCTGAGATGGAGCTGGGCCTCTTT
GATTTTAAAAGGTATGTAAATACGCCGGTTGCACTTGGTGAGAGGCTTTTAAACAAGGAGGATTTTGCAAG
GTATATATCACAGGGCATGGTCGACATAGTACAGGCAGATCTAACAAATTCAAAGGGAATACTTGAGGCAA
AGAAGATCTCTGCAATAGTTGAATCCTTTGGAGGCCTCATGGCATTTCATAATGCCTTTGGACCGGTTCAG
ACTGCCGCAACGTTAAACGTTGATTACACACTGACCAATTTTTTAATACAGGAAAGCTTTGAGGACTCATG
GCCTGACTGGAAGAGAAATCTTTTCTCAGGATATAGGATAGAAAACGGTCATTTCAAACTTTCAGGGAAAC
CGGGGCTTGGCATAACAGCAGATGAAAAATTAATGGAAAAATTAATTTATGATGGCATGGAGGAATTCAAT
AAAAACGAGCCATCATGGGTTGTCTCTGGAACATACAAA
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His-GST-Tag
ATGAAACATCACCATCACCATCACCCCATGAGCCCTATACTAGGTTATTGGAAAATTAAGGGCCTTGTGCA
ACCCACTCGACTTCTTTTGGAATATCTTGAAGAAAAATATGAAGAGCATTTGTATGAGCGCGATGAAGGTG
ATAAATGGCGAAACAAAAAGTTTGAATTGGGTTTGGAGTTTCCCAATCTTCCTTATTATATTGATGGTGATG
TTAAATTAACACAGTCTATGGCCATCATACGTTATATAGCTGACAAGCACAACATGTTGGGTGGTTGTCCAA
AAGAGCGTGCAGAGATTTCAATGCTTGAAGGAGCGGTTTTGGATATTAGATACGGTGTTTCGAGAATTGC
ATATAGTAAAGACTTTGAAACTCTCAAAGTTGATTTTCTTAGCAAGCTACCTGAAATGCTGAAAATGTTCGA
AGATCGTTTATGTCATAAAACATATTTAAATGGTGATCATGTAACCCATCCTGACTTCATGTTGTATGACGCT
CTTGATGTTGTTTTATACATGGACCCAATGTGCCTGGATGCGTTCCCAAAATTAGTTTGTTTTAAAAAACGT
ATTGAAGCTATCCCACAAATTGATAAGTACTTGAAATCCAGCAAGTATATAGCATGGCCTTTGCAGGGCTG
GCAAGCCACGTTTGGTGGTGGCGACCATCCTCCAAAA

His-MBP-Tag
ATGGCTCATCACCATCACCATCACCCCATGAAAATCGAAGAAGGTAAACTGGTAATCTGGATTAACGGCG
ATAAAGGCTATAACGGCCTGGCTGAAGTCGGTAAGAAATTCGAGAAAGATACCGGAATTAAAGTCACCGT
TGAGCATCCGGATAAACTGGAAGAGAAATTCCCACAGGTTGCGGCAACTGGCGATGGCCCTGACATTAT
CTTCTGGGCACACGACCGCTTTGGTGGCTACGCTCAATCTGGCCTGTTGGCTGAAATCACCCCGGACAA
AGCGTTCCAGGACAAGCTGTATCCGTTTACCTGGGATGCCGTACGTTACAACGGCAAGCTGATTGCTTAC
CCGATCGCTGTTGAAGCGTTATCGCTGATTTACAACAAAGATCTGCTGCCGAACCCGCCAAAAACCTGG
GAAGAGATCCCGGCGCTGGATAAAGAACTGAAAGCGAAAGGTAAGAGCGCGCTGATGTTCAACCTGCAA
GAACCGTACTTCACCTGGCCGCTGATTGCTGCTGACGGGGGTTATGCGTTCAAGTATGAAAACGGCAAG
TACGACATTAAAGACGTGGGCGTGGATAACGCTGGCGCGAAAGCGGGTCTGACCTTCCTGGTTGACCT
GATTAAAAACAAACACATGAATGCAGACACCGATTACTCCATCGCAGAAGCTGCCTTTAATAAAGGCGAAA
CAGCGATGACCATCAACGGCCCGTGGGCATGGTCCAACATCGACACCAGCAAAGTGAATTATGGTGTAA
CGGTACTGCCGACCTTCAAGGGTCAACCATCCAAACCGTTCGTTGGCGTGCTGAGCGCAGGTATTAACG
CCGCCAGTCCGAACAAAGAGCTGGCAAAAGAGTTCCTCGAAAACTATCTGCTGACTGATGAAGGTCTGG
AAGCGGTTAATAAAGACAAACCGCTGGGTGCCGTAGCGCTGAAGTCTTACGAGGAAGAGTTGGCGAAAG
ATCCACGTATTGCCGCCACTATGGAAAACGCCCAGAAAGGTGAAATCATGCCGAACATCCCGCAGATGTC
CGCTTTCTGGTATGCCGTGCGTACTGCGGTGATCAACGCCGCCAGCGGTCGTCAGACTGTCGATGAAG
CCCTGAAAGACGCGCAGACT

His-SUMO-Tag
ATGGGAATGAATTGGAGCCACCCGCAGTTCGAAAAAAGCAGCGGCAGCAGCGGCGGTCATCACCATCA
TCATCACGGCGGCAGCGGCGGCAGCGGGTCGGACTCAGAAGTCAATCAAGAAGCTAAGCCAGAGGTC
AAGCCAGAAGTCAAGCCTGAGACTCACATCAATTTAAAGGTGTCCGATGGATCTTCAGAGATCTTCTTCA
AGATCAAAAAGACCACTCCTTTAAGAAGGCTGATGGAAGCGTTCGCTAAAAGACAGGGTAAGGAAATGG
ACTCCTTAAGATTCTTGTACGACGGTATTAGAATTCAAGCTGATCAGGCCCCTGAAGATTTGGACATGGAG
GATAACGATATTATTGAGGCTCACCGCGAACAGATTGGAGGT

TEV-cleavage site
GAGAATCTTTATTTTCAGGGC
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7 Abbreviations

%

°C

ADH
AfAlaDH
Ala/ A
ALDH
Arg/ R
Asn/ N
Asp/ D
AspD
ATP
BsGDH
CcDHAD
CO;
CoA
CSR-SALAD

Csy/ C
ddH20
DGA
DHAD
E. coli
e.g.
EC
ENADH
€q
FAD
FRET

9/g
g/L
g/Lh
GIn/ Q

Per cent

Degree celsius

Alcohol dehydrogenase

Alanine dehydrogenase from Archaeoglobus fulgidus
Alanine

Aldehyde dehydrogenase

Arginine

Asparagine

Aspartic acid

Aspartate decarboxylase

Adenosine triphosphate

Glucose dehydrogenase from Bacillus subtilis
Dihydroxyacid dehydratase from Caulobacter crescentus
Carbon dioxide

Coenzyme A

Cofactor Specificity Reversal-Structural Analysis and Library
Design

Cysteine

Double destilled water
D-glyceraldehyde
Dihydroxyacide dehydratase
Escherichia coli

For example

Enzyme class

Absorption coefficient of NADH
equivalent

Flavin Adenine Dinucleotide
Forster resonance energy transfer
gram

Gram per gram

Gram per liter

Gram per liter and hour
glutamine
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Glu/ E
Gly/ G
GSR

h—l
H20
HCN
HEPES
His/ H
HPLC
HT
HY
lle/ |
KARI
Keat
KCN
KDG
KDGA
Km
LB
hem
Leu/ L
Nex
Lys/ K

MBP
MD
Met/ M
MjALDH
mm
mM
MTP
NaCN
NAD
NADH
NADP

Glutamic acid

glycine

Gluthathione reductase

hour

Per hour

water

Hydrogen cyanide
4-(2-Hydroxyethyl)-1-Piperazineethanesulfonic acid
Histidine

High-performance liquid chromatography
Hydride transfer

Hydrolysis

Isoleucine

Ketol-acid reductoisomerase

Catalytic constant

Potassium cyanide

keto-deoxygluconate

Keto-deoxygluconate aldolase
Michaelis—Menten Constant

Lysogeny broth

Wavelength of emission

Leucine

Wavelength of absorption

Lysine

Molar or mol per liter

Maltose binding protein

Molecular dynamics

Methionine

Aldehyde dehydrogenase of Methanocaldoccocus janaschii
Milli meter

Milimolar or millimole per liter

Microtiter plate

Sodium cyanide

Nicotinamide Adenine Dinucleotide

Dihydro Nicotinamide Adenine Dinucleotide
Nicotinamide Adenine Dinucleotide Phosphate
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NADPH
NaOH
NEB
NH3

nm

ns

NTP

o-

OPA
PCR
PDC
PHB
Phe/ F
Pro/ P
pS
PtKDGA
RMSD
RMSF
rpm
Ser/ S
SsDHAD
SUMO
TaALDH
Thr/ T
Trp/ W
Tyrl Y

U

Val/ vV
Vinax
Vol-%
VWR
wiv
wt-%
YASARA

ML

Dihydro Nicotinamide Adenine Dinucleotide Phosphate
Sodium hydroxide

New England Biolabs

ammonia

Nano meter

Nano second

Nucleoside triphosphate

ortho-

ortho-phthaldialdehyde

Polymerase chain reaction

Pyruvate decarboxylase

polyhydroxybutyrate

Phenylalanine

Proline

Pico second

Keto-deoxygluconate aldolase from Picrophilus torridus
Root-mean-square deviation

Root-mean-square fluctuation

Rounds per minute

Serine

Dihydroxyacid dehydratase from Sulfolobus solfataricus
Small ubiquitin-related modifier

Aldehyde dehydrogenase from Thermoplasma acidophilum
Threonine

Tryptophane

Tyrosine

Unit / Enzyme Activity pmol/min

Valine

Maximum Reaction Rate

Volume per cent

VWR International GmbH

Weight per volume

Weight per cent

Yet Another Scientific Artificial Reality Application
Micro liter
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