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Abstract: Zinc-dependent alcohol dehydrogenases
(ADHs) are valuable biocatalysts for the synthesis of
chiral hydroxy compounds such as a-hydroxy ke-
tones and diols, both valuable precursors for the syn-
thesis of various pharmaceuticals. However, while
highly active on aliphatic or phenyl-substituted dike-
tones, most well characterized ADHs show no signif-
icant activity on cyclic a- and b-diketones. Therefore,
this study aimed at the detection of a novel ADH ca-
pable to reduce these special targets. It involved a ra-
tional screening of biochemical pathways for en-
zymes with structurally related natural substrates.
The so detected 6-hydroxycyclohex-1-ene-1-carbon-
yl-CoA dehydrogenase (ThaADH) from Thauera ar-
omatica was cloned, expressed in Escherichia coli
and purified by affinity chromatography. The charac-
terization revealed a substrate specificity with high-
est activities on cyclic a- and b-diketones including
1,2-cyclohexanedione and 1,3-cyclopentanedione.
Structural reasons for this extraordinary substrate

spectrum were investigated with a homology model
created via Swiss Model server. Although the quality
of the model may be improved, it suggests that
a bulky aromatic residue, that plays a crucial role in
the definition of the substrate binding pockets of
most ADHs, is replaced by a glycine residue in
ThaADH. We propose that this structural difference
leads to the formation of one large binding pocket
instead of two smaller ones and consequently to
a preference for cyclic diketones over linear bulky
substrates. Thus, we have achieved both provision of
a novel biocatalyst with high potential in chiral syn-
thesis, and a possible explanation for the measured
differences to known ADHs. The described structur-
al motif might be used for identification of further
enzymes with a related substrate scope.

Keywords: biocatalysis; carbonyl reduction; enzyme
catalysis; oxidoreductases

Introduction

Alcohol dehydrogenases (ADHs) are a diverse group
of enzymes that catalyze the reversible reduction of
carbonyl functions to the corresponding alcohols.
Their often high chemo-, regio- and stereoselectively
make them potential tools for biocatalytic application.
For asymmetric synthesis, zinc-dependent medium
chain ADHs have been described as particularly
useful. Enzymes in this category are constituted of
about 340 amino acids and share the Rossman fold
motif containing two zinc atoms per subunit.[1] The
first zinc atom is directly involved in catalysis while
the second is important for the overall structure of
the enzyme.[2,3]

Zinc-dependent ADHs have been applied in the
synthesis of various chiral hydroxy compounds such

as aliphatic diols, hydroxy acids, hydroxylated iso-
prene derivatives and benzyl alcohol derivatives.[4,5,6,7]

A very interesting class of products are a-hydroxy ke-
tones that can be obtained either by selective oxida-
tion of a chiral diol or reduction of a prochiral dike-
tone.[8] A number of ADHs were already demonstrat-
ed to efficiently catalyze the reduction of linear ali-
phatic diketones such as 2,3-pentanedione, to the cor-
responding hydroxy ketone.[9,10,11,12] Substrate
specificity and stereoselectivity in these reactions are
described by a widely accepted molecular model in
which the two substituents of the carbonyl function
are fitted into a small and a large alkyl site within the
enzyme, respectively, defining the orientation of the
substrate in the active site.[13,14,15] In contrast, little in-
formation exists on ADH-catalyzed conversion of
cyclic diketones. Most common ADHs were either
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not tested or determined to be not active towards
these substrates.[10,11,12,16] A few reports describe reduc-
tion of 1,2-cyclohexanedione, 1,3-cyclohexanedione
and 1,3-cyclopentanedione (Figure 1B), which were
used as model compounds in this study. A non-identi-
fied NADPH-dependent enzyme from yeast was
shown to reduce 1,2-cyclohexanedione with decent ac-
tivities.[17] As well, ADHT from Thermoanaerobacter
ethanolicus 39E converted 1,2-cyclohexanedione, but
only with 5% of the reaction rate, revealed on its best
substrate.[18] A not further specified carbonyl reduc-
tase KRED101 from Merck was shown to be able to
catalyze the reduction of 4,4-dimethoxytetrahydro-
2H-pyran-3-one, which is structurally related to the
described model substrates.[19,20] The NADPH-depen-
dent 3-hydroxycyclohexanone dehydrogenase from
a denitrifying Pseudomonas species exhibits good ac-
tivities for the oxidation of cyclic diols but only very
low relative activities for the reduction of 1,2-cyclo-
hexanedione and 1,3-cyclohexanedione (3% each).[21]

In conclusion, no well characterized ADH is avail-
able to date that is able to reduce cyclic diketones
such as 1,2-cyclohexanedione and 1,3-cyclohexane-
dione with acceptable reaction rates. Consequently,
this study aimed for the detection, provision and char-
acterization of a novel ADH to fill this gap. Homolo-
gy modeling was used to identify structural differen-
ces between the novel enzyme and well-established
reference ADHs such as carbonyl reductase from
Candida parapsilosis (CPCR2) and thus provide an
explanation for the differences in substrate specifici-
ties.

Results and Discussion

Screening of Metabolic Pathways

In order to identify ADHs with a probable capability
for reduction of cyclic diketone compounds, metabolic
pathways were scanned on the KEGG metabolic
pathway database. Metabolic steps with carbonyl re-
duction or alcohol oxidation reactions on natural sub-
strates with a structural similarity to 1,2-cyclohexane-
dione and 1,3-cyclohexanedione were screened. Six
promising reactions involved in different metabolic
pathways were detected. Where available, enzymes
proposed or described to catalyze these reactions
were assigned to their protein families by applying
the Pfam database. This assignment yielded one
promising alcohol oxidation being catalyzed by
mainly-zinc-dependent ADHs. It is part of the bacte-
rial degradation of benzoate and involved oxidation
of 6-hydroxycyclohex-1-ene-1-carboxyl-CoA to 6-oxo-
cyclohex-1-ene-1-carboxyl-CoA (Figure 1A) by a 6-
hydroxycyclohex-1-ene-1-carbonyl-CoA dehydrogen-
ase (6HCoADH, EC 1.1.1.368).[22] In the product 6-
oxocyclohex-1-ene-1-carbonyl-CoA, the carbon atom
in the a-position to the reactive hydroxy function is
sp2-hybridized as is the case in 1,2-cyclohexanedione
(Figure 1B). Instead of a second carbonyl group an
extremely bulky CoA-thio ester group is present
which suggests that, from a sterical point of view, 1,2-
cyclohexanedione should also fit in the active site.
6HCoADH was therefore a promising candidate for
the reduction of the model cyclic diketones.

The benzoate degradation pathway is mainly found
in proteobacteria such as Thauera, Geobacter and
Rhodopseudomonas species with 6HCoADH being
described as a characteristic enzyme.[23] Its physiologi-
cal role has been demonstrated for the enzyme from
Thauera aromatica which was cloned and recombi-
nantly expressed in E. coli for this purpose. The
enzyme was described as a homo dimer with a molecu-
lar weight of 38 kDa per subunit[24] and shown to
accept NAD++, but not NADP++ as cofactor. It formed
the basis of all the following experiments and for sim-
plicity was renamed ThaADH.

Provision of ThaADH

The ThaADH gene obtained from Thauera aromatica
genomic DNA was fused to a DNA-sequence coding
for a C-terminally attached StrepTagII to facilitate
protein purification and identification, and was ex-
pressed in E. coli BL21(DE3). Expression resulted in
a protein with a molecular weight of about 40 kDa
(Figure 2A), which was predominantly in the soluble
protein fraction of the cell lysate (Figure 2B). The
identity of the ThaADH-StrepTagII fusion protein

Figure 1. A) Physiological reaction of 6-hydroxycyclohex-1-
ene-1-carbonyl-CoA dehydrogenase (6HCoADH) in the
benzoate degradation pathway.[22] B) Target substrates for
enzymatic reduction.
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was confirmed via Anti-StrepTagII Western blot (Fig-
ure 2B). After purification, no major impurities (Fig-
ure 2A) were observed. The total protein yield was
22 mg from 400 mL culture volume.

Reactivity of ThaADH

The substrate spectrum of ThaADH with regard to
carbonyl reduction was measured for various alde-
hydes, ketones and especially diketones (Figure 3). In-
terestingly, ThaADH converts neither acetophenone
nor benzaldehyde which are both preferred substrates
of many known zinc-dependent ADHs, such as
CPCR2 from Candida parapsilosis, SsADH from Sul-
folobus solfataricus, TADH from Thermus sp., ADH-
A from Rhodococcus ruber and HlADH from horse
liver.[10,12,16,25,26] Moreover, the enzyme actually prefers
substrates with the reactive carbonyl function being
located inside a cyclohexyl or cyclopentyl structure.
With 0.14 U·mg¢1 the highest specific activity was
measured for 1,2-cyclohexanedione, which is in ac-
cordance with the highest structural similarity of this
compound to the natural substrate, 6-hydroxycyclo-
hex-1-ene-1-carbonyl-CoA. 1,3-Cyclohexanedione is
converted four-fold slower and 1,4-cyclohexanedione
is not accepted at all. The specific activity for unsub-
stituted cyclohexanone is 0.10 U·mg¢1 and therefore
lower than for the ortho-substituted 1,2-cyclohexane-
dione. Hence, ortho-substitution of the reactive car-
bonyl group is obviously beneficial, meta-substitution
is accepted and para-substitution is detrimental for
the reductive activity of ThaADH. Summarizing these
observations we could show that ThaADH exhibits its

highest catalytic activities on compounds similar to its
natural substrate. Hence the prediction that an
enzyme with structurally related natural substrates
should be able to reduce the model compounds was
confirmed.

Since 1,2-cyclohexanedione yielded the highest re-
action velocities it was applied for the measurements
of pH and temperature dependences of ThaADH.
The pH profile shows a sharp pH optimum for the re-
duction reaction at 6.0 with a residual activity of 40%
at pH 7.0 (Figure 4A). For acidic pH the activity de-
crease is even stronger. Concerning temperature the
highest activity was measured at 50 88C (Figure 4B).
Higher temperatures lead to a very fast precipitation
of the enzyme disturbing the photometrical measure-
ment.

Dependency of enzyme activity on substrate con-
centration was determined for different substrates.
For 2,3-pentanedione, a nearly linear increase in
enzyme activity was measured up to 200 mmol·L¢1 in-
dicating a KM value >100 mmol·L¢1. In the case of cy-
clohexanone and 1,2-cyclohexanedione KM could be
more exactly determined yielding 12.1 and
9.3 mmol·L¢1, respectively (Figure 4C). Thus, despite
the lack of exact information for 2,3-pentanedione, it
is obvious that ThaADH shows a significantly higher
affinity to both cyclic carbonyl substrates. With
5.1 U·mg¢1 the maximal specific activity for reduction
of 1,2-cyclohexanedione is only 50% lower than for
the natural substrate (11.8 U·mg¢1).[24] In contrast, KM

for oxidation of 1,2-cyclohexanedione is 150-fold
higher than for reaction on the natural substrate
(60 mmol·L¢1). However, although the affinity to the
cyclic diketone is lower compared to the natural sub-

Figure 2. A) Coomassie stained SDS-PAGE of the ThaADH after recombinant expression in E. coli and after purification,
respectively. Cl: cleared lysate, Fl: column flowthrough, W: washing fraction, E1: elution fraction 1, E2: elution fraction 2.
B) Coomassie stained SDS-PAGE and immunodetection of StrepTagII in the insoluble (ins) and soluble (sol) fraction of E.
coli lysate after ThaADH-expression. Strep-tagged CPCR2 was used as a positive control.
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strate, it is higher than for the best linear diketone.
This again confirms the preference of ThaADH for
cyclic diketones.

The reaction products of 1,2-cyclohexanedione re-
duction were identified via GC-MS. Thereby 2-hy-
droxy-cyclohexanone was identified as sole reaction

Figure 3. Substrate specificity of ThaADH. Assay conditions: buffer: triethanolamine (pH 6.4, 100 mmol·L¢1), T=50 88C, sub-
strate (3 mmol·L¢1), NADH (250 mmol·L¢1), ThaADH (100 mg·mL¢1). All measurements were conducted in triplicate.

Figure 4. A) pH-dependent activity profile of ThaADH. Assay conditions: buffers: pH 4.0, 5.0: acetate (100 mmol·L¢1), pH 6.0:
phosphate (100 mmol·L¢1), pH 7.0, 8.0, 9.0 triethanolamine (TEA) (100 mmol·L¢1), T=5088C, 1,2-cyclohexanedione
(3 mmol·L¢1), NADH (250 mmol·L¢1), ThaADH (100 mg·mL¢1). B) Temperature-dependent activity profile of ThaADH. Assay
conditions: buffer: TEA (pH 6.4, 100 mmol·L¢1), T=5088C, 1,2-cyclohexanedione (3 mmol·L¢1), NADH (250 mmol·L¢1),
ThaADH (100 mg·mL¢1). C) Kinetic parameters of ThaADH and CPCR2 for the reduction of carbonyl compounds.
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product (Supporting Information, Figures S2–S6),
whereas the corresponding diol was not detected.
This indicates a specific mono-reduction of the dike-
tone substrate by ThaADH.

Structural Determinants of ThaADH Activity

The amino acid sequence of ThaADH shows a signifi-
cant similarity to the well described ADHs such as
CPCR2 (47%) and ADH ÐAÏ (44%). Despite these
sequence similarities the substrate spectrum of
ThaADH clearly shows that the active site of the

enzyme should possess a significantly different struc-
ture in comparison to the ADHs described before.
Since a crystal structure of ThaADH is not available,
homology models of the enzyme were created to elu-
cidate this matter. The best models obtained via the
Swiss model homology modeling server were based
on cod liver class I alcohol dehydrogenase (1cdo.1.B)
and an ADH from Bacillus stearothermophilus
(1rjw.1.A), respectively, as templates.[27,28] Unfortu-
nately, the overall quality of the models is quite poor
due to the only low sequence identities between
ThaADH and the template enzymes (33% and 34%,
respectively). This is indicated by the low GMQE
value (Table 1), which describes the expected accura-
cy of the model with a maximum value of 1. On the
other hand, the two models derived from completely
different templates are in good agreement (Fig-
ure 5A). To check whether the homology model is ap-
propriate to describe the active site, the local quality
(IDDT) of the model was reviewed for each residue.
The regions with lowest local quality were identified
as loops, located on the protein surface, and as parts
of the subunit interface. In contrast, the active site
residues, which are located in a cleft, exhibit a signifi-
cantly better quality than the overall model (Table 1).

The derived models were compared to the available
crystal structure of CPCR2 from Candida parapsilo-
sis, ADH-A from Rhodococcus ruber, SsADH from

Table 1. Parameters and scores of the ThaADH homology
models based on the templates cod liver class I alcohol de-
hydrogenase (1cdo.1.B) and ADH from Bacillus stearother-
mophilus (1rjw.1.A).

Model Template Model quality
PDB file Sequence similarity GMQE[a] IDDT

Average[b]

1 1cdo.1.B 0.33 0.6 0.74
2 1rjw.1.A 0.34 0.6 0.69

[a] GMQE: expected accuracy of the homology model;[33,34]

IDDT: expected local similarity to the target;[33,34]

[b] IDDT average: average IDDT values from six active site
residues (MM).

Figure 5. A) Superposition of the two homology models of ThaADH based on the known crystal structures of cod liver class
I alcohol dehydrogenase (1cdo.1.B, dark blue) and an ADH from Bacillus stearothermophilus (1rjw.1.A, bright blue), respec-
tively, as template. B) Superposition of the homology model of ThaADH based on cod liver class I alcohol dehydrogenase
and known crystal structure of CPCR2. Highlighted are the catalytic zinc atom (magenta), the cofactor NADH (grey) as
well as G316 in ThaADH (blue) and W286 in CPCR2 (red). The surface of ThaADH residues in the relevant part of the
active site is shown in blue. C) Superposition of the crystal structures of the zinc-dependent ADHs CPCR2 (red), SsADH
from Sulfolobus solfataricus (bright orange), ADH-A from Rhodococcus ruber (dark orange) and HlADH from horse liver
(yellow). Highlighted are the catalytic zinc atom (magenta), the cofactor NADH (grey) and the aromatic amino acid corre-
sponding to W286 in CPCR2 (red).
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Sulfolobus solfataricus and HlADH from horse
liver.[29,30,31,32] In Figure 5B, the superposition of the
monomeric structures of CPCR2 and ThaADH is
shown. The superposition yielded a RMSD of 1.407 è
over 301 residues, confirming the expected structural
similarity. ThaADH residues C55, H78 and D169
align with the CPCR2 residues C44, H65 and D154
coordinating the catalytic zinc residue. ThaADH resi-
due T57 aligns with S46 in CPCR2, which acts as
proton donor during the reduction reaction (Fig-
ure 5B).

Comparison of the neighboring residues constitut-
ing the active site of the different enzymes reveals
one major structural difference. W286 which is re-
stricting the active site of CPCR2 in a distance of
5.3 è to the catalytic zinc atom is exchanged for a gly-
cine (G316) in ThaADH. A bulky aromatic residue at
this position is structurally conserved amongst all ref-
erence ADHs and was described to be a constituent
of the small substrate binding pocket on the boundary
to the large one (Figure 5C).[29] Thus, it could act as
a wedge separating the two substrate binding pockets,
but could also limit the available space for cyclic sub-
strates. Assuming the homology model is accurate the
removal of this wedge results in the formation of one
large hydrophobic binding pocket improving access of
cyclic substrates to the active site.

Based on this observation and the measured kinetic
parameters we propose the following model for the
impact of the structural difference between ThaADH
and CPCR2 in positions G316 and W286: When the
high affinity substrate acetophenone binds to CPCR2,
the small methyl and the large phenyl substituent of
the substrate are located in the small and the large
alkyl sites, respectively (Figure 6A).

The alkyl sites are separated by W286. In a compa-
rable binding position, the ring structure of cyclic sub-
strates may clash with the residue separating the alkyl
sites (Figure 6B). In case of comparably flexible ring
structures such as cyclohexanone, binding is still possi-

ble due to a conformational adaption of the sub-
strate,[35] illustrated by the high, but detectable KM

value (Figure 4C). For inflexible cyclic substrates such
as 1,2-cyclohexanedione no catalytically active bind-
ing is possible due to potential clashes with W286 or
other active site residues such as S46. In ThaADH
the presence of a glycine residue in the corresponding
position leads to the formation of one large binding
pocket. Thus, even the sterically inflexible 1,2-cyclo-
hexanedione can be bound in a catalytically active po-
sition (Figure 6C) with a KM value of 9.3 mmol·L¢1. In
turn, the absence of two distinct binding pockets for
the substituents of linear substrates leads to a reduced
affinity for this type of compounds, as measured for
2,3-pentanedione. Unfortunately, replacement of
W286 in CPCR2 by another amino acid does not
yield active variants.

This was observed during site saturation of this resi-
due in a previous study (detailed data will be pub-
lished elsewhere). The physical replacement of trypto-
phan in the active site most likely resulted in a severe
destabilization, preventing an observable phenotype.
Thus, a direct proof for the hypothesized effect of
a W286 analogue missing in ThaADH has still to be
delivered.

Conclusions

It was demonstrated in this study that data mining in
metabolic pathways based on structural similarities of
substrates and defined reaction types is an appropri-
ate tool for identification of biocatalysts with novel
specificities. Accordingly, a novel zinc-dependent
ADH, with a preference for mono-reduction of steri-
cally demanding cyclic diketones was identified. Sup-
ported by homology modeling and kinetic parameters,
an exchange of a bulky aromatic residue to glycine in
the active site of this enzyme can be proposed to play
a crucial role for its extraordinary substrate specifici-

Figure 6. Schematic model of the proposed function of residue G316 in ThaADH and the corresponding residue W286 in
CPCR2. A) Catalytically active binding of acetophenone in CPCR2. B) Possible clashes in a potential non-productive bind-
ing of 1,2-cyclohexanedione in CPCR2. C) Catalytically active binding of 1,2-cyclohexanedione in ThaADH.
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ty. However, due to the potential inaccuracy of the
homology model, a crystal structure will be necessary
to proof this postulation.

Due to its exceptional substrate specificity
ThaADH has a high potential for a biocatalytic appli-
cation in the reduction of diketones. In addition, this
enzyme may be used as a starting point in the search
for further biocatalysts accepting sterically demanding
diketone substrates. A further structural investigation
of ThaADH will also be of great value for the eluci-
dation of structural determinants in the substrate spe-
cificity of ADHs in general.

Experimental Section

General Information

If not stated differently, all chemicals and oligonucleotides
were purchased from Sigma–Aldrich (Sigma–Aldrich, St.
Louis, MO, USA), media components were purchased from
Carl Roth (Carl Roth GmbH & Ko. KG, Karlsruhe, Germa-
ny) and enzymes for molecular cloning were purchased
from Thermo Scientific (Thermo Fisher Scientific inc, Wal-
tham, MA, USA).

Cloning of the thaADH Gene

The thaADH gene (Genbank GI: 19571180) was obtained
via PCR from genomic DNA from Thauera aromatica pro-
vided by Leibniz-Institut DSMZ (Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH, Braunschweig,
Germany). The PCR was conducted with PhusionÔ High-Fi-
delity DNA Polymerase (Thermo Fisher Scientific, Wal-
tham, MA, USA) according to the manufacturerÏs instruc-
tions. The primers Thauera NdeI for: cattcatATGGCGGC
GAAGAGTTC and Thauera_HindIII_rev: gtataagcttGG-
GCGTGAGGATGG were applied introducing a NdeI and
a HindIII restriction site in the PCR product. With these re-
striction sites the thaADH gene was ligated into the multi-
ple cloning site of a modified pET22b(++) expression vector
under the control of a T7 promoter. Thereby a linker coding
for ten alanine residues followed by a StrepTagII was fused
to the C-terminus of the gene. E.coli DH5a was transformed
with this vector and screened for positive clones via colony
PCR. For selected positive clones a plasmid preparation was
performed followed by sequencing by GATC biotech
(GATC Biotech AG, Konstanz, Germany).

Expression of ThaADH-Streptag Fusion Protein

In order to utilize the T7 expression system, the sequenced
vector was transformed into E.coli BL21(DE3).[36] Induction
time, inductor concentration, expression temperature and
expression time were optimized. The highest expression was
achieved with the following protocol: 400 mL LB medium
containing 100 mg·mL¢1 ampicillin were inoculated from an
overnight preculture to a final OD600 of 0.05 and incubated
at 37 88C and 150 rpm in an Infors Minitron shaker (Infors
GmbH, Einsbach, Germany) to an OD600 of 0.8. Then, ex-
pression was induced by addition of 1 mmol·L¢1 IPTG and

the temperature was reduced to 15 88C. The cell were har-
vested after 22 h by centrifugation (4 88C, 8000 rpm, 10 min)
and stored at ¢20 88C.

Purification of ThaADH-Streptag Fusion Protein

Cell lysis was conducted by a combination of lysozyme di-
gestion and ultrasonification. The cells were first resuspend-
ed in cell lysis buffer containing 100 mmol·L¢1 triethanola-
mine (TEA), 150 mmol·L¢1 NaCl, 1 mmol·L¢1 PMSF,
50 mg·mL¢1 lysozyme and 5 mg·mL¢1 DNAseI (AppliChem
GmbH, Darmstadt, Germany). After incubation for 90 min
at 6 88C and 2 min of sonification (Sartorius Labsonic M, Set-
tings: Cycle = 0.6, Amplitude=100%), cell debris were re-
moved by centrifugation (4 88C, 16000 rpm, 30 min).

For protein purification Strep-TactinÔ SepharoseÔ 5 mL
gravity flow columns (IBA GmbH, Goettingen, Germany)
were utilized. The columns were equilibrated with 25 mL
washing buffer (100 mmol·L¢1 TEA, 150 mmol·L¢1 NaCl,
1 mmol·L¢1 EDTA at pH 7.0). The cleared lysate containing
ThaADH-streptag fusion protein was applied on the
column. After washing with 10 mL of washing buffer, bound
protein was released with 15 mL elution buffer
(100 mmol·L¢1 TEA, 150 mmol·L¢1 NaCl, 2.5 mmol·L¢1 Des-
thiobiotin at pH 7.0) in 2 mL fractions. The fractions with
the highest activity were pooled. After addition of glycerol
to a final concentration of 40% the protein was stored at
¢20 88C.

CPCR2 was expressed and purified according to the pro-
tocol described by Jakoblinnert.[7]

Polyacrylamide Gel Electrophoresis and Western Blot

SDS-PAGE was performed according to the procedure of
L�mmli[37] applying the Invitrogen XCell SurelockTM
system (Life Technologies, Carlsbad, CA, USA). For the ex-
pected 40 kDa target protein a tris-glycine gel containing
12% acrylamide was utilized. Samples were incubated for
10 min at 95 88C in loading buffer and 15 mL were loaded on
the gel. In addition 5 mL of PageRuler Prestained Protein
Ladder were loaded on the gel. The gel was run for 80 min
at 180 V. In case of colorimetric visualization, staining was
performed with Coomassie brilliant blue R-250.

For immunodetection of the ThaADH-streptag fusion
protein, the SuperSignalÔ West Femto kit (IBA GmbH,
Goettingen, Germany) was applied, which is based on
a streptactin-horse radish peroxidase conjugate. Protein
transfer from the SDS-gel to a methanol activated PVDF
membrane (Biotrace, Auckland, New Zealand) was per-
formed in the XCell SurelockTM system (Life Technologies,
Carlsbad, CA, USA) for 2 h at 30 V. The PVDF membrane
was then washed three times with TBS-T buffer
[20 mmol·L¢1 Tris, 500 mmol·L¢1 NaCl, 0.05% (v/v) Tween
20, pH 7.5] followed by the colorimetric assay, applying Su-
perSignalÔ Femto Maximum Sensitivity Substrate (Thermo
Fisher Scientific, Waltham, MA, USA).

Enzyme Activity Assays

Assays for ADH activity were performed photometrically
by measuring the consumption of the cofactor NADH. The
standard assay was performed in 100 mmol·L¢1 TEA buffer
at a pH value of 6.4 with 3 mmol·L¢1 substrate (1,2-cyclo-
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hexanedione) and 250 mmol·L¢1 NADH in 1 mL scale at
50 88C. The reaction was started by addition of ThaADH
stock solution to a final concentration of 100 mg·mL¢1. Initial
reaction rates were measured at a wavelength of 340 nm in
10 s intervals for 2 min. For determination of the pH opti-
mum, acetate (pH 4.0, 5.0), phosphate (KPi) (pH 6.0) and
TEA buffer (pH 7.0, 8.0, 9.0) were utilized. For determina-
tion of the temperature optimum pH values were adjusted
to 6.4 for each tested temperature.

For determination of the kinetic parameters of ThaADH,
reaction conditions were modified. The enzyme concentra-
tion was reduced to 17 mg·mL¢1 and the reaction time was
increased to 10 min. Reactions were performed in
100 mmol·L¢1 KPi buffer (pH 6.0). For determination of the
kinetic parameters of CPCR2 all reactions were performed
under the same conditions in 100 mmol·L¢1 TEA buffer
(pH 7.33) and 25 88C. From activity assays performed at dif-
fering substrate concentrations, kinetic parameters were de-
rived by non-linear regression. Activity data are shown in
the Supporting Information (Tables S2–S8)

Product Identification

Identification of the reaction product of 1,2-cyclohexane-
dione reduction was performed on an Agilent 6890N Net-
work Gas Chromatograph system with an Agilent HP
5973N Mass Selective Detector equipped with an Optima
35 MS column. A temperature program from 50–320 88C with
a gradient of 10 88C min¢1 was applied. The substrate was de-
tected at 9.85 min (Supporting Information, Figures S2, S3,
S5). The product 2-hydroxycyclohexanone was detected at
9.97 min (Sipporeting Informatipon, Figures S2 and S3).

Homology Modeling

Homology modeling of ThaADH structure was performed
via the Swiss Model protein structure homology-modeling
server (ProMod Version 3.70.).[38,39,40,41] The template search
yielded several hits with sequence identities ranging be-
tween 25 and 30%. 25 models were generated applying the
25 best hits as template. The quality of the models was
judged by the provided GMQE value. This value reflects
the expected accuracy of the model taking into account the
template structure as well as the model geometry and solva-
tation (QMean4).[33,34] To judge the local quality of the
model, six residues (H78, P102, A103, D169, G316, Y322) in
the active site were chosen and their local IDDT values
were utilized. The IDDT value is a measure for the local ex-
pected similarity to the target.[33,34] Structural alignments
and structure comparisons were performed with Yasara (ver-
sion 12.10.3). The structural alignment and the superposition
were conducted with build-in MUSTANG module.[42]
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