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Annotations of protein or gene sequences from large scale sequencing projects are based on protein size,
characteristic binding motifs, and conserved catalytic amino acids, but biochemical functions are often
uncertain. In the large family of short-chain dehydrogenases/reductases (SDRs), functional predictions
often fail. Putative tropinone reductases, named tropinone reductase-like (TRL), are SDRs annotated in
many genomes of organisms that do not contain tropane alkaloids. SDRs in vitro often accept several sub-
strates complicating functional assignments. Cochlearia officinalis, a Brassicaceae, contains tropane alka-
loids, in contrast to the closely related Arabidopsis thaliana. TRLs from Arabidopsis and the tropinone
reductase isolated from Cochlearia (CoTR) were investigated for their catalytic capacity. In contrast to
CoTR, none of the Arabidopsis TRLs reduced tropinone in vitro. NAD(H) and NADP(H) preferences were
relaxed in two TRLs, and protein homology models revealed flexibility of amino acid residues in the active
site allowing binding of both cofactors. TRLs reduced various carbonyl compounds, among them terpene
ketones. The reduction was stereospecific for most of TRLs investigated, and the corresponding terpene
alcohol oxidation was stereoselective. Carbonyl compounds that were identified to serve as substrates
were applied for modeling pharmacophores of each TRL. A database of commercially available com-
pounds was screened using the pharmacophores. Compounds identified as potential substrates were con-
firmed by turnover in vitro. Thus pharmacophores may contribute to better predictability of biochemical
functions of SDR enzymes.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

wherein classical SDRs with a length of about 250 amino acids
form the largest group in eukaryota and bacteria. SDR enzymes

Tropinone reductases are short-chain dehydrogenases/reduc-
tases (SDRs) specific for tropane alkaloid biosynthesis. In many
genomes of organisms that do not contain tropane alkaloids, trop-
inone reductase-like genes are annotated due to sequence similar-
ities. The SDR superfamily comprises over 47,000 sequences in
gene and protein databases [1], among them over 300 SDR crystal
structures in the PDB [2]. The SDR nomenclature initiative [3]
divides the members of the SDR superfamily into seven types,

Abbreviations: CoTR, tropinone reductase of Cochlearia officinalis; Cotr, tropinone
reductase of Cochlearia officinalis (cDNA); DsTRI, tropine forming tropinone reduc-
tase of Datura stramonium; DsTRII, pseudotropine forming tropinone reductase of
Datura stramonium; HMBC, heteronuclear multiple-bond correlation; HSQC,
heteronuclear single-quantum correlation; Rt, retention time; SDR, short-chain
dehydrogenase/reductase; TMS, tetramethyl silane; TR, tropinone reductase; TRL,
tropinone reductase-like short-chain dehydrogenase/reductase.
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typically show a low pairwise sequence identity between 20%
and 30%, but they share the three-dimensional structure [4,5]. A
single-domain Rossmann-fold consisting of a central B-sheet with
seven segments, flanked by three to four o-helices on each side
is a folding pattern typical for nucleotide binding enzymes. Classi-
cal SDR enzymes are mostly NAD(P)(H) dependent carbonyl-alco-
hol oxidoreductases (EC 1.1.1.-) [4]. Binding of the cofactors
NAD(H) or the phosphorylated NADP(H) is determined by few ami-
no acids in the N-terminal glycine-rich motif (TGXXXGXG) and by
few amino acids at the C-terminal end of the second B-sheet [6].
Classical SDRs share a catalytic triad comprising serine, tyrosine
and lysine. The triad was extended into a tetrad for many SDRs
by a conserved asparagine, which takes part in a proton relay
system through a backbone bound water molecule [5,7]. Serine
stabilizes the substrate by a hydrogen bond, and tyrosine acts as
catalytic acid, from which a proton is transferred to the
substrate carbonyl. Lysine forms a hydrogen bond with the
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nicotinamide-ribosyl moiety (2'0OH) of the cofactor and thereby
lowers the pK, of the tyrosine hydroxyl, promoting the proton
transfer [7,8]. The substrate binding sites at the C-terminus of SDRs
accept a wide array of substrates from simple aliphatic alcohols
and sugars to complex alkaloid precursors, steroids and xenobiot-
ics [9]. Individual SDRs often accept several substrates, which ren-
ders functional predictions complicated.

Tropinone reductase-like SDRs (TRLs) belong to the classical
SDRs and were combined in group SDR65C by the SDR nomencla-
ture initiative [3]. SDR65C currently contains over 350 members
(http://www.sdr-enzymes.org, table of the SDR65C family, ac-
cessed July 2013). Genes of plants and microorganisms are anno-
tated as (putative) tropinone reductases based on a sequence
similarity of >50% to proven tropinone reductases from Solanaceae
and sequence motif comparisons using Hidden Markov models.
Typically, tropinone reductases (TRs) catalyze the stereospecific
reduction of the alkaloid metabolite tropinone in the tropane alka-
loid biosynthesis of Solanaceae, such as Atropa belladonna or Datura
stramonium (Fig. 1). The product of TRI (EC 1.1.1.206) is tropine
(o-tropanol) necessary for tropane alkaloid formation. TRII (EC
1.1.1.236) forms the B-alcohol pseudotropine, a precursor for nor-
tropane alkaloids like calystegines [10]. In the Brassicaceae Coch-
learia officinalis, the tropane alkaloid cochlearine and several
calystegines were identified [11,12]. A SDR encoded by cotr (EMBL
ID: AM748271) reduced tropinone with catalytic specificities dif-
ferent from Solanaceae TRs. The tropinone reductase isolated from
C. officinalis (CoTR) forms both alcohols, tropine and pseudotropine,
and catalyzes their oxidation back to tropinone (Fig. 1). The CoTR is
so far the only functional TR identified from Brassicaceae. In the
UniProt database [13] 16 genes of Arabidopsis thaliana (Brassica-
ceae) were annotated as “putative tropinone reductase”, “tropine
dehydrogenase” or “tropinone reductase I”. These genes were later
named “tropinone reductase-like SDR”, because A. thaliana does
not contain any tropane or nortropane alkaloids, and tropinone
reducing activity appeared implausible in the plant [11]. Most of
those genes are arranged in tandem on chromosome 2, spanning
over positions At2g29150 to At2g29370.

The uncertainty of denomination and of functional assignment
of A. thaliana SDRs prompted us to investigate the catalytic capac-
ities of TRLs. For functional examination, two TRLs with an amino
acid identity of 79% to the proven tropinone reductase from C. offi-
cinalis were chosen. They are encoded at loci at2g29350 (EMBL ID:
AY081642) and at2g29150 (EMBL ID: DQ056552). In addition, one
TRL encoded at at2g29330 (EMBL ID: BT005864) was investigated,
which is more distant with 61% overall identity to CoTR. The
enzymes are subsequently named by their loci in the Arabidopsis
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Fig. 1. Tropinone reduction: branch point in tropane and nortropane alkaloid
biosynthesis. TRI, tropine forming tropinone reductase; TRII, pseudotropine forming
tropinone reductase; CoTR, tropinone reductase from Cochlearia officinalis.

genome. They were examined for their catalytic activities towards
several small carbonyl and hydroxyl groups containing com-
pounds. Sequence similarity to known TRs enabled construction
of homology models of the enzymes At2g29150, At2g29330,
At2g29350 and CoTR and substrate docking. Experimentally pro-
ven substrate structures then afforded the frame for pharmaco-
phore descriptions that allowed screening a large database of
commercially available compounds for identification of further
substrates for the TRLs.

2. Results and discussion
2.1. Substrate binding site and tropinone reduction

First, tropinone-reducing capacity of the TRLs was examined by
docking tropinone into the active site of protein models of the en-
zymes. Equally, tropinone was applied as substrate in vitro. In con-
trast to successful docking into homology models of the enzymes
and a position of the carbonyl group adapted for reduction, none
of A. thaliana TRLs reduced tropinone or oxidized tropine or pseu-
dotropine in vitro. So far reduction of tropinone appears to be
limited to tropinone reductases from Solanaceae and to CoTR from
C. officinalis. In addition, a TRL protein called DnTR1 from
Dendrobium nobile (Orchidaceae) reduced tropinone to tropine
[14]. Crystallization and site-directed mutagenesis of TRI and TRII
of Datura stramonium identified E156 in DsTRII and V168 at the
equivalent position in DsTRI as the important amino acids for the
stereospecific reduction of tropinone to either tropine or pseudot-
ropine [15,16]. Compared to DSTRI and DsTRII the active sites of
CoTR and the Arabidopsis TRL enzymes are more constricted. All
Brassicaceae enzymes show a gap in the C-terminal region which
forms the active site (position 221 in CoTR, Fig. 2), yet CoTR is a
tropinone-reducing enzyme. The homology model of CoTR showed
tropinone docked different from Datura TRs and in contact with
Y209 [17]. In At2g29350, At2g29330 and At2g29150 hydrophobic
phenylalanine or isoleucine residues are located at this position
(Fig. 2, white on grey). As further space restriction, At2g29350
and At2g29150 contain a bulky tryptophane at the active site,
where functional tropinone reductases contain a small glycine
(black on yellow; Fig. 2). We conclude that bicyclic tropinone does
not serve as substrate to TRL due to spatial hindrance of binding in
spite of successful docking.

Tropinone reductases including CoTR are able to reduce ketones
with structural similarity to tropinone (Fig. 3) like nortropinone,
quinuclidin-3-one, and N-methyl- and N-propylpiperidin-4-one
[17,19,20]. Except for At2g29330, the TRLs of this study did not re-
duce any of those compounds. The reducing activity of At2g29330
for tropinone-analogous substrates was too low for Kkinetic
characterization.

In summary, these TRLs are no functional tropinone reductases.
They neither reduce tropinone nor nitrogen-containing tropinone
analogues, probably due to limited space in the binding pocket,
although in silico docking of tropinone was possible.

2.2. Specificity of cofactor binding

The contrast between prediction of tropinone as substrate and
the in vitro activity provoked to test how efficient substrates and
cofactors for the TRLs overall may be predicted in silico. Kallberg
et al. [6,21] developed an algorithm for prediction of cofactor spec-
ificity of classical SDRs, distinguishing NAD(H) and the phosphory-
lated forms. Basic amino acids like lysine (K31 in DsTRI) or arginine
(R19 in DsTRII) in the glycine-rich motif (Table 1, Fig. 2) stabilize
the 2’-phosphate-group of NADP(H) by ionic interactions. Arginine
(R53 in DsTRI) at the first loop position after the second B-sheet
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Fig. 2. Multiple sequence alignment of DsTRI, DsTRII, CoTR, At2g29350, At2g29150 and At2g29330 performed with protein weight matrix Gonnet in ClustalW2 [18].
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Fig. 3. Tropinone-like ketones are substrates for TRs and CoTR, but not or scarcely accepted by A. thaliana TRLs of this study.

Table 1
Amino acid positions determining NAD(P)(H) preference according to [6,21] are black
and bold in Fig. 2.

Enzymes Predicted Amino acid positions

DsTRI NADP(H) K31 S52 R53
DsTRII NADP(H) R19 S40 R41
CoTR NADP(H) K28 A49 R50
At2g29350 NADP(H) K27 A48 R49
At2g29150 NADP(H) K28 A49 R50
At2g29330 NAD(H) S19 D40 141

equally interacts with that 2’-phosphate. Enzymes containing two
basic amino acid residues at those positions were assigned to the
NADP(H) preferring subfamily cP3 within the classical SDRs [6].
These criteria classify the tropinone reductases DsTRI (EMBL ID:
L20473), DsTRII (EMBL ID L20474) and CoTR, At2g29350 and
At2g29150 as NADP(H)-specific (Table 1).

Cofactor turnover was tested with 3-methylcyclohexanone and
its corresponding alcohol. These substrates were accepted by all

enzymes and enabled comparative testing. Cofactor turnover
kinetics were measured at the pH optima for the reduction of
3-methylcyclohexanone (pH 5.0) and for the oxidation of
3-methylcyclohexanol (pH 8.0 for At2g29350; pH 9.5 for the other
three enzymes). The in vitro preference for NADP(H) concurred
with the cofactor prediction for DsTRI, DsTRII [22] and for
At2g29350 and At2g29150. The enzymes did not catalyze reduc-
tion or oxidation with NAD(H) (Table 2). The detection limit for
the photometric assay was an absorption difference of 0.001 units
per minute, corresponding to a specific activity of 30 pkat mg™~!
(keat 9 - 107 s~ 1) with 100 pg protein per assay. Values below this
detection limit were termed “no activity”. CoTR catalyzed reactions
with both cofactors. The predicted cofactor NADPH had a better
affinity (K,,), but turnover was faster with NADH resulting in a
higher overall catalytic efficiency (kcat/Km). NAD(H) may be bound
despite of the two basic amino acids (K28; R50) in CoTR without
ionic interactions at the ribose ring adjacent to adenine and thus
with decreased affinity. For most SDR enzymes an ordered bi-bi
mechanism with the cofactor binding first and leaving last is
postulated [23-26]. The turnover number k., for the reaction
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Table 2

Kinetic properties for cofactor acceptance of CoTR and TRL enzymes. Reduction measured with 3-methylcyclohexanone and NAD(P)H at pH 5.0; oxidation measured with
3-methylcyclohexanol and NAD(P) at pH 9.5 (pH 8.0 for At2g29350). Data are the mean of at least 4 replicates + standard deviation.

Cofactor Kinetic parameters CoTR At2g29350 At2g29150 At2g29330

NADPH K (M) 78379 30.1+2.6 7114 297.2+450
keat (s71) 1.01 £0.03 1.06 £0.02 035+4-103 0.70 +0.01
keat/Km (s ' mM™1) 129 35.22 49.3 2.36

NADH K (M) 666.5 + 2.0 593+7.4
keat (s71) 11.80 £ 0.22 No activity No activity 0.34+0.04
keat/Km (s ' mM—1) 17.7 5.73

NADP K (LM) 279+1.8 37.8+23 48+04
keat (s71) 0.16+2-1073 0.28+3-103 0.02+2-10% No activity
keat/Km (7' mM™1) 5.73 7.41 4.19

NAD Kin (M) 963.5+41.7 15.0+1.1
keat (s71) 045+9-.10°3 No activity No activity 0.03+3.10°*
Keae/Kem (s~ mM™") 0.47 2

comprises all phases in the examined reaction direction and is lim-
ited by the slowest reaction step. If binding or release of the cofac-
tors is the rate-limiting step, a higher k,; for CoTR catalyzing the
reactions with less tightly bound NAD(H) is explicable. Indeed,
velocity limitation by cofactor release was excellently shown for
two aldose reductases (aldo-keto reductase family, EC 1.1.1.21)
by fluorescence stopped-flow techniques [27,28] and for dihydro-
folate reductase, a member of the SDRs [29]. The enzyme
At2g29330 is predicted to prefer NAD(H). Enzymes without basic
residues in the cofactor binding region belong to the NAD(H) pre-
ferring subfamily cD1d if, in addition, a negatively charged aspar-
tate is located at the C-terminal end of the second B-sheet.
Instead of basic residues for NADP(H) binding At2g29330 contains
isoleucine (I41) and a serine (S19) (Table 1, Fig. 2) that forms
hydrogen bonds to the 2’- and 3’-hydroxyl groups of the adenine
ribose moiety of NAD(H). The aspartate (D40 in At2g29330,
Fig. 2) is thought to repulse a negatively charged 2’-phosphate
group on that ribose in NADP(H) [21,30]. In vitro, At2g29330 ac-
cepted both cofactors. A protein model of At2g29330 allowed bind-
ing of both, NADH and NADPH as cofactors, because a clash of the
negatively charged aspartate with the 2’-phosphate of NADPH was
avoided by a rotation of D40 away from NADPH (Fig. 4). The
NADPH phosphate group appeared exposed to solvent and did pre-
vent binding to the At2g29330. Similar to CoTR, NADPH was less
tightly bound than NADH in At2g29330, and the turnover was
doubled compared to NADH (Table 2). Substrate oxidation reaction
was measureable with NAD only. Turnover for substrate reduction
was elevenfold faster than oxidation with NAD when both

Fig. 4. Cofactor binding site in At2g29330 with NADPH. The GGXXGXG-motif and
the three amino acids, S19, D40 (highlighted in orange) and 141 at the second B-
sheet (B2) mentioned in Table 1 are shown. Orange, carbon of NADPH; grey, carbon
of amino acids; blue, nitrogen; red, oxygen; purple, phosphor; grey, hydrogen, non-
polar hydrogen not shown.

reactions were measured at optimal pH, indicating that substrate
reduction was the preferred direction of the enzyme catalysis at
substrate and cofactor saturation.

In summary, flexible cofactor acceptance by CoTR and
At2g29330 and faster turnover with the non-predicted cofactor
in vitro were in contrast to predictions in silico, but the respective
enzymes exhibited higher affinity (lower K,,) for the predicted
cofactor.

2.3. Reduction of small flexible lipophilic carbonyls

Considering that substrate binding sites in the enzyme models
appear small and are lined by hydrophobic amino acids and that
substrates with a charged nitrogen atom were mostly not accepted,
lipophilic carbonyl compounds were tested as substrates. Small ali-
phatic structures like acetone and acetaldehyde were reduced by
CoTR and At2g29350 but not by At2g29150 (data not shown). As
the substances are volatile their reduction could not be reliably
quantified under the assay conditions. Aliphatic carbonyl struc-
tures with five carbon atoms like pentanal (valeraldehyde) and
2,4-dimethylpentan-3-one were tested as substrates. Aliphatic
monoterpenes like citronellal and citral (mixture of neral and ger-
anial) and the monocyclic terpene analogues 3- and 4-methylcy-
clohexanone (Fig. 5) were included. Docking of these compounds
to the four enzyme models predicted them as substrates. CoTR
and the TRLs catalyzed the reduction and oxidation of all small
lipophilic substrates with distinct pH optima for the respective
reaction direction (Table 3).

The reductions of pentanal and citronellal by CoTR and of pen-
tanal by At2g29330 were analyzed with the equation for uncom-
petitive substrate inhibition (Fig. 6). Here, simultaneous reverse
reactions were excluded, because CoTR did not oxidize pentanol
alone at pH 5.0 and pH 9.5 (data not shown). It is assumed that
the aldehyde substrates or the alcohol products act as inhibitors
of the reductase reaction by forming non-productive complexes
with the enzymes, as was postulated for a dihydroflavonol 4-
reductase from grape vine [31]. Substrate inhibition of CoTR by
pentanal and citronellal was measured in the same order of mag-
nitude. In contrast, the reduction of citronellal was catalyzed by
all TRLs with moderate turnover and affinities (K, 75-264 puM)
and no substrate inhibition effects appeared.

The reduction of aldehydes and ketones at acidic pH values was
always faster (kca¢) than the oxidation of the corresponding alco-
hols at basic pH values (Table 3). Reverse reactions in the assays
were minimized by pH differences of 3-4.5 pH units (reduction:
pH 5.0; oxidation: pH 9.5 or pH 8.0 for At2g29350). Still, oxidation
of 4-methylcyclohexanol at pH9.5 by CoTR was paralleled by
reduction of the product 4-methylcyclohexanone, as observed
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Fig. 5. Small flexible lipophilic structures used as substrates for reduction or oxidation.

Table 3
Kinetic properties of CoTR and TRL enzymes for small flexible lipophilic carbonyls. Data are the mean of at least 4 replicates + standard deviation.

Substrate Kinetic parameters CoTR At2g29350 At2g29150 At2g29330

Citronellal Km (LM) app. 71‘45' 264.1+18.1 74.5+8.7 108.7+11.5
keat (s71) app. 0.16°! 0.47 +0.01 0.56 +0.02 0.13+4.103
keat/Km (s7' mM™1) 2.24 1.78 7.52 1.2

Pentanal Km (UM) app. 74.1%' 612.0+58.8 64.6 £2.1
keat (s71) app. 0.16” 0.02+1-103 + 0.09°' +0.02
keat/Km (s7' mM™1) 2.16 0.03 1.39

Dimethylpentan-3-one K (LM) 76.9+9.1 389.7+67.8
keat (s71) 0.57 +0.02 + + 0.02+6-10~*
keat/Km (7' mM™1) 7.41 0.05

Nerol Km (LM) 26.0+1.3 98.1+4.7 67.4+3.38 464.1£29.2
keat (s71) 0.06+6-10* 0.08+1-103 0.01+2-10% 0.02+6-107*
keat/Km (s7' mM™1) 2.31 0.82 0.15 0.04

3-Methylcyclohexanone Kin (WM) 241" +£32 504.9 +33.7 559.5 + 46.5 56.7+6.3
keat (s71) 234" +0.09 1.61+0.03 034+7-1073 020+4-1073
keat/Km (s7' mM™1) 97.1 3.19 0.61 3.53

3-Methylcyclohexanol K (LM) 57.2+2.6 373.4+18.8 315.2+14.2 619+7.6
keat (s71) 0.17+2.1073 0.17+2.1073 0.02+3-107* 0.03+6-107*
keat/Km (s7' mM™1) 2.97 0.46 0.06 0.48

4-Methylcyclohexanone K (LM) 51%+0.9 463.0+41.8 106.0+11.0 715174
keat (s71) 3.54"+0.10 0.78 +0.02 0.09+2-103 0.20+3-103
keat/Km (s7' mM™1) 694.12 1.68 0.85 2.8

4-Methylcyclohexanol Kin (M) 29.2fR+23 328.8+214 378.5+39.6 633+7.8
keat (s71) 017" +4.1073 0.03+6-107* 0.01+3-10% 0.03+6-107*
keat/Km (s7' mM™1) 5.82 0.09 0.03 0.47

RR Reverse reaction measurable under assay conditions.

S Substrate or product inhibition; + product confirmed by GC-MS, but no kinetic characterization possible; app. apparent values (Fig. 6).

m CoTR [pentanal]
x A At2929330 [pentanal]

¢ CoTR [citronellal]

v(nkatmg'1)
O =~ N W »h 00 O

00 0.2 04 06 038 1.0 1.2
[aldehyde] (mM)

Fig. 6. Substrate inhibition of CoTR by pentanal (black square) and citronellal (grey
diamond) and of At2g29330 by pentanal (black triangle).

before for tropine oxidation [17]. Similarly, reverse reaction
was measured with reduction of methylcyclohexanones by CoTR
at pH5.0. The kinetic data fitted best to the equation for

‘“uncompetitive substrate inhibition” and were marked (RR,
Table 3). In summary, CoTR and TRLs reduced a variety of small
lipophilic carbonyl compounds as predicted from docking, yet with
highly different kinetic characteristics.

2.4. Stereospecificity in reducing cyclic monoterpenes

The reduction of cyclohexanones encouraged to use natural ter-
pene ketones as substrates. Mono- and sesquiterpenes for in vitro
tests were selected by their commercial availability (Fig. 7). Except
for verbenone [32,33] the selected terpenes do not occur naturally
in Brassicaceae, yet some of them proved to be good substrates.
(—)-Menthone was reduced by all enzymes (Table 4, and
Fig. S1A). Affinities were low for (—)-menthone compared to other
menthone reducing SDRs (Table S1), but turnover rates were in the
same range as those of a menthone reductase from peppermint
(MpMMR [34]) and of a broad-substrate oxidoreductase AaRed1
from annual wormwood [35]. At2g29330 catalyzed (—)-menthone



42 N. Reinhardt et al. / Bioorganic Chemistry 53 (2014) 37-49

9! QL o4 el
—_— ,

v 0 -— ’/ v E— e y

PN /\ P

) O—

(-)-menthone (+)-neomenthol  (-)-menthol (-)-carvone (-)-trans-carveol (-)-cis-carveol
O OH WOH
—_— —_— .,
o ‘OH OH
(-)-a-thujone (-)-thujol (-)-neothujol (-)-fenchone (+)-a-fenchol  (+)-B-fenchol

accepted only by CoTR

o e, dE( o o Ho

(+)-camphor (+)-borneol (-)-camphor -)-borneol
not accepted
0} OH 0
[ ° s | I
(+)-pulegone piperitone (1S)-(-)-verbenone carvacrol (+)-nootkatone

racemic

Fig. 7. Terpene structures tested as substrates with resulting products.

Table 4
Kinetic properties of CoTR and TRL enzymes for cyclic monoterpenes. Reduction at pH 5.0; oxidation at pH9.5 (At2g29350 pH 8.0). Data are the mean of at least 4
replicates + standard deviation. + product confirmed by GC-MS, but no kinetic characterization possible.

Substrate Kinetic parameters CoTR At2g29350 At2g29150 At2g29330
(—)-Menthone K (M) 282.2+30.8 118.1+£8.1 4524 +413
keae (s71) 031+9.1073 0.83+0.01 0.19+5.103 +
keat/Km (s~ mM~1) 1.1 7.03 0.42
(+)-Neomenthol Km (pM) 203+2.9 113.0+7.4
Keat (5~ ) 0.02+3-104 + 0.02+3-10* +
keat/Km (7' mM™1) 0.99 0.18
(—)-Menthol Kin (HM) 50.1+2.6
Keat (s71) + 0.04+6-104 No activity No activity
keat/Km (s~ mM™1) 0.8
(—)-Carvone Km (1M ) 62.3+7.7 75.7+7.6 1830.0+170.0
keat (s71) 0.12+3.1073 0.17+4-1073 0.47 £ 0.02 No activity
keat/Km (s~ mM~1) 1.93 2.25 0.26
(—)-o-Thujone Krn (UM) 65.0+6.3 1340.0£210.0 891.5 +86.0
keat (s71) 046+9-1073 0.11+7-1073 025+9-1073 No activity
Keat/Kin (s ' mM~1) 7.08 0.08 0.28
(—)-Fenchone Kin (LM) 36.2+5.1
keat (S 1) 0.07%2-103 + + No activity
keat/Km (s~ mM™1) 1.93
(+)-Camphor Kin (LM) 1038.1 +267.8
keat (s71) 0.06+7-103 No activity No activity No activity
keat/Km (s7' mM™1) 0.06
(—)-Camphor Km (HM)
keae (s71) No activity Not determined Not determined Not determined
cat/K m (S mM~ 1)
(—)-Borneol Km (uM) 126.2+7.7
keac (s71) 0.09+1-103 No activity No activity No activity

keat/Km (s mM™1) 0.71
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reduction slowly and reduced none of the other cyclic terpenes. A
basic arginine at position 213 (Fig. 2 black on green, Fig. 8a1) in the
substrate binding site may hinder lipophilic monoterpene sub-
strates from binding. The high K, value for monoterpenes in
At2g29150 may be caused by a lysine residue at position 221
equivalent to R213 in At2g29330 (Fig. 2 black on green, Fig. 8b1).
Lysine is more flexible than arginine and may rotate away from
the active site more easily, allowing binding of monoterpenes
although with decreased affinity.

For confirmation of R213 influence on substrate binding, 1,3-
and 1,4-cyclohexanedione as ligands with a second acceptor group
were docked (Fig. 8al). Energy minimizations for both structures
showed positions adapted to serve as substrates. Enzymatic reduc-
tion with At2g29330 in vitro confirmed 1,4-cyclohexanedione as
substrate with affinity and turnover (K =105.6+4.1pM;
kear=0.28 2 -1073s71) similar to citronellal and monocyclic ke-
tones. As expected, the other three enzymes showed low affinity
and turnover for 1,4-cyclohexanedione; none of them catalyzed
the reduction of 1,3-cyclohexanedione in quantifiable amounts.
Except for At2g29330, (—)-carvone, (—)-o-thujone and (—)-fench-
one were reduced by the enzymes (Table 4). CoTR was most active
with monoterpene substrates and reduced (—)-fenchone and (+)-

At2g29330
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ono /X j F153
g\t\ Y159
F191 \ L
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} 1109
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camphor, whereas (—)-borneol was oxidized by CoTR. Terpenes
with double bonds in the ring or directly associated to the ring like
(+)-pulegone, piperitone, (1S)-(—)-verbenone, (+)-nootkatone or
the aromatic carvacrol were no substrates for any of the enzymes.
When the diasteromeric reduction products of (—)-menthone were
applied as oxidation substrates, (+)-neomentol was preferred by
CoTR and At2g29150, while At2g29350 preferred (—)-menthol
(Table 4).

The diastereomeric reduction products were assigned via GC-MS
comparing them to reference standards and literature data (Table 5).
Also, reduction products of (—)-a-thujone were elucidated by '3C
and 'H NMR in comparison to published data [36,37]. The product
ratio (%) in Table 5 is independent from the catalytic efficiency
(Table 4). At2g29150 reduced the monoterpenes stereospecifically,
in contrast to At2g29350 that formed both diasteriomeric alcohols

f (-)-menthone, (—)-carvone, (—)-o-thujone and (—)-fenchone
(Table 5). CoTR is stereospecific for (—)-carvone and (—)-o-thujone
reduction and non-stereospecific for the reduction of (—)-menthone
and (—)-fenchone. The oxidation of the alcohols (—)-menthol and
(+)-neomenthol largely concurred with the preferred alcohol prod-
uct; the enzymes selectively oxidized those alcohols that were pro-
duced during (—)-menthone reduction (Table 4, Fig. S1B).

Fig. 8. Active site with ligands (first column, ligand: green carbon atoms, nicotinamide: orange carbon atoms), pharmacophore (second column), and screening route (third
column): At2g29330 with 1,4-cyclohexanedione (first row), At2g29150 with (—)-menthone (second row) and At2g29350 with (—)-carvone (third row). Pharmacophores —
orange: acceptor and no donor and no anion, blue: acceptor (and for At2g29330 alternatively a hydrophobic feature), grey: hydrophobic feature. Screening route: 1. step:
pharmacophore search and manual check, 2. step: docking and second search with absolute position, 3. step: manual check.
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Table 5
In vitro product formation analyzed by GC-MS (% product ratio), - no activity.
Monoterpene substrate and reduction products CoTR At2g29350 At2g29150 At2g29330
(—)-Menthone (+)-Neomenthol 40 10 100 100
(—)-Menthol 60 90 0 0
(—)-Carvone (—)-trans-Carveol 100 80 100 -
(—)-cis-Carveol 0 20 0 -
(=)-o-Thujone (—)-Thujol 100 80 100 -
(—)-Neothujol 0 20 0 -
(—)-Fenchone (+)-o-Fenchol 40 35 95 -
(+)-B-Fenchol 60 65 5 -

In summary, natural terpene ketones are substrates for CoTR,
At2g29350 and At2g29150. At2g29350 acts as an unspecific reduc-
tase providing both diastereomeric alcohols from the prochiral ke-
tones, and At2g29150 is an enantiospecific enzyme. Monoterpenes
containing carbon bridges are accepted predominantly by CoTR
with a substrate binding site large enough to accommodate also
tropinone.

2.5. Virtual screening

The enzyme 3d-models of the active sites together with exper-
imentally confirmed substrates enabled pharmacophore construc-
tions (Fig. 8, first column). Pharmacophores of the enzymes were
intended to identify substrates by screening small compound
libraries. The array of ligands selected by pharmacophores should
facilitate functional assignments in silico and enable targeted
biochemical testing. The pharmacophores of At2g29150 and
At2g29350 were constructed using monoterpenes with good turn-
over as ligands. Pharmacophore features of At2g29330 were based
on 1,4-cyclohexanedione as ligand, because it provided better
in vitro turnover (Section 2.4) than the monoterpenes. Additional
features (e.g. F5 in At2g29330) were chosen according to the type
of amino acids in the substrate binding site. The resulting pharma-
cophores (Fig. 8, second column) are composed of five features
(F1-F5, Table 10).

Feature 1 (F1, orange) provides the position for the carbonyl
function of the ligands located in an acceptable distance to the
C4-hydrid of NAD(P)H and to the catalytic tyrosine and serine en-
abling reduction. F1 has the same position and function in all phar-
macophores. It is defined as proton acceptor without donor and
anionic characteristics to exclude hydroxyl and carboxyl groups
in this position. All models contain several hydrophobic features
(grey). Experimental results for monoterpenes and 1,4-cyclohex-
anedione confirmed the hypothesis of a less hydrophobic active
site in At2g29330 represented in the pharmacophore by only two
hydrophobic features (F3, F4). Additional proton acceptor or hydro-
phobic features F2, F5 (blue spheres) defined the area of the flexi-
ble R213 (Fig. 2, black on green). Hydrophobic features of
At2g29150 and At2g29350 differed only slightly in position and
size. In At2g29150, F5 is defined as acceptor (blue) representing
K221. The corresponding position of At2g29350 is T220 building
a hydrogen bond to the backbone of A217 (not shown) and thereby
appearing more hydrophobic. In the outer active site of At2g29350,
a glutamate (E216, Fig. 2, white on black) is represented as hydro-
phobic feature (F5, grey), because a salt bridge to a nearby arginine
is formed (R219, Fig. 2, white on black), which reduces the proton
acceptor ability (not shown). The pharmacophores served for
screening the MOE collection of structures of commercially
available compounds (Fig. 8, third column). In vitro experiments
revealed reduction as the preferred reaction direction, therefore
only structures with carbonyl functions and a molecular weight
<400 Da were selected, which reduced structures from >650,000

to 365,284. In the first step, pharmacophore searches with all de-
fined features were carried out. Afterwards esters and amides
without additional keto or aldehyde function were deleted as they
cannot be substrates for SDR; although it is known they act as
inhibitors for some reductases [38,39].

In the second step the remaining structures were docked, and
the absolute position of the resulting conformations was checked
with the pharmacophores, where four out of five features with
essential F1 were set as compulsory. In the third step all resulting
docking arrangements were manually checked for a keto or alde-
hyde function in the reactive position F1. The screening procedure
with the three pharmacophores finally resulted in highly different
numbers of hits for each TRL. Also, the structures of the hits were
partially different for each pharmacophore, in spite of the features
for the pharmacophores being quite similar (Table 10). For exam-
ple, compounds with a 1,4-benzoquinone structural element as
exclusive carbonyl for reduction were selected by the pharmaco-
phore of At2g29330 to a larger extent than by At2g29350. Five
1,4-benzoquinone derivatives were selected among 169 hits for
At2g29330, while only one 1,4-benzoquinone was selected for
At2g29350 among 1532 hits. Instead, the pharmacophore of
At2g29350 found 18 1,4-naphtoquinones as substrates to be re-
duced, indicating a more spacious binding site. Some scaffolds
were recognized in all three pharmacophores, e.g. flavonoids. Fla-
vanone, 2’-hydroxyflavanone, 6-hydroxyflavanone, and trans-chal-
cone were selected for in vitro tests (Fig. 9). All three enzymes
catalyzed the reduction of those four substrates in vitro, but reduc-
tion activity appeared different. The enzyme At2g29350 reduced
all four flavonoids more effectively than At2g29330. Activity of
At2g29150 ranged between the two others (Table S2). Thus, the
pharmacophore screening identified new classes of substrates for
the Arabidopsis TRLs. Further new substrate scaffolds were sug-
gested by pharmacophore screening (Fig. 8, third column) and wait
for in vitro testing. It should be emphasized that the first array of
substrates screened here was limited to commercially available
compounds and represents only a small amount of all possible
ligands.

3. Conclusions

Numerous SDR genes resulting from genome sequencing pro-
jects are annotated by similarities to known enzymes, but predic-
tions of substrate acceptance and biochemical function remain
difficult up to now [9]. This is exemplified by SDR-encoding genes
of Arabidopsis named “tropinone reductases” or “tropinone reduc-
tase-like”. None of the investigated enzymes reduced tropinone or
oxidized corresponding alcohols when tested in vitro. However, all
Arabidopsis TRLs reduce small lipophilic ketones and several mono-
terpene ketones and oxidized the corresponding alcohols. Stereo-
specificity and stereoselectivity towards monoterpenes appear
useful for biotechnological applications. Monoterpenes are widely
used as additives for food, cosmetics, or pharmaceutical products.
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Fig. 9. Scaffolds predicted by pharmacophore screening and experimentally proven substrates for TRLs.

Pure enantiomers of (—)-thujol and (—)-neothujol cannot be pur-
chased, and (—)-trans-carveol is available only as mixture of cis
and trans diastereomers in unknown ratio. Given their high protein
yield by heterologous expression in microorganisms, TRLs provide
new options for enantiospecific synthesis of oxidized terpenes and
further natural compounds. After cloning into microorganisms, TRL
capacities can be utilized either in the whole cells or as isolated en-
zymes. One limitation for oxidoreductases in biocatalysis is the
costs of cofactors, NADH demanding ca. 10% of the price of the
phosphorylated NADPH. In SDRs, cofactor preference can be pre-
dicted by amino acids located in the conserved cofactor binding
site [6,21]. Experimental tests of the predicted cofactors basically
confirmed the predictions but in vitro, two of four SDRs accepted
both cofactors with different affinities. Knowledge of amino acids
important for cofactor preference enables site-directed mutagene-
sis to shift cofactor preference from NADP(H) to NAD(H), efficiently
[30,40-42].

The substrate acceptance of enzymes like TRLs is often not indi-
cated correctly in sequence data bases, and their potential as mul-
ti-substrate and enantiospecific biocatalysts is not yet largely
exploited. The team play of in silico and in vitro studies can help
to improve annotation of function. In silico screening with pharma-
cophores derived from protein models combined with ligand dock-
ing can help to predict potential ligands that can serve for
biochemical testing. The structure database search with pharmaco-
phores may lead to new, unexpected ligands, as demonstrated
above for the Arabidopsis TRLs. This approach opens the way for
better predictability of the biochemical capacities of SDRs.

4. Experimental procedures
4.1. Chemicals

(+)-a-Fenchol, (+)-camphor, (—)-borneol, isoborneol, (—)-carvone,
(-)-o-thujone, (1S)-(—)-verbenone, 2,4-dimethylpentan-3-one,
quinuclidin-3-one hydrochloride, N-methyl- and N-propylpiperidin-
4-one, pentanal, (—)-menthone, (+)-neomenthol, (+)-pulegone, (+)-
nootkatone, trans-chalcone, 2'-hydroxyflavanone and 6-hydroxyflav-
anone were purchased from Sigma-Aldrich (Taufkirchen, Germany).
(—)-Menthol, (—)-fenchone, piperitone, carvacrol, citronellal, citral,
nerol, tropine, tropinone, NAD, NADH disodium salt and NADP diso-
dium salt were ordered from Carl Roth (Karlsruhe, Gemany). NADPH
tetrasodium salt was purchased from Applichem (Darmstadt, Ger-
many). Methylcyclohexanones and methylcyclohexanols were ob-
tained from Merck Schuchardt (Hohenbrunn, Germany). Flavanone
was purchased from Acros Organics (Geel, Belgium). Nortropinone
hydrochloride was a gift from F. Bischoff (Boehringer-Ingelheim, Ger-
many). Pseudotropine was synthesized by B. Drager according to Nic-
kon and Fieser [43]. All chemicals were obtained with high purity. The
cofactors, tropinone and analogues and the methylcyclohexanones
and methylcyclohexanols were used as tenfold concentrated stock
solutions in purified water; all other chemicals were dissolved in
methanol, because of their hydrophobicity and were used as 20-fold
concentrated stock solutions.

4.2. Cloning, synthesis and purification of recombinant proteins

CoTR was cloned in vector pET21d (Novagen), providing a C-ter-
minal hexahistidine-tag, and the construct was transformed into
E. coli Rosetta-gami (DE3) (Novagen) as described previously [17].
The coding sequences of at2g29350 and at2g29330 were amplified
by RT-PCR (SuperScript II Reverse Transcriptase Kit, Invitrogen;
Pfu DNA Polymerase, Fermentas) from isolated RNA from a whole-
plant of A. thaliana ecotype Columbia [44] and for at2g29150 by
PCR using vector PENTR221-At2g29150 purchased from ABRC
DNA Stock Centre (Columbus, USA) as template. Primers used for
PCR of at2g29350 were forward 5-GCATGCGCAAAGGAAGGG
GGCTTG-3' (Sphl) and reverse 5-CTGCAGTTATGGCATAGTCTTG
AAGGAAAAACC-3' (Pstl), of at2g29150 forward 5'-GGATCCGCT-
AAAGCAGGAGAAAACTCGAGAG-3’' (BamHI) and reverse 5-CTG-
CAGCTAAGGCTTGAAAGAGAA-GCCATTC-3’ (Pstl) and of at2g29330
forward 5'-GGATCCGATAAAAGGTGGAGTCTCCAAG-3’ (BamHI) and
reverse 5'-GTCGACCTATGGCTGATATGAGAAGCC-3’ (Sall). Ampli-
fied fragments were cloned into vector pQE30 (Qiagen), providing
a N-terminal hexahistidine-tag. The recombinant plasmids were
transformed into E. coli M15[pREP4] (Qiagen) and protein synthesis
was induced at an OD600 of 0.7-0.9 with 1 mM IPTG (Fermentas)
for 5h at 37 °C. Rosetta-gami (DE3) cells containing CoTR were
incubated for 16 h at 25 °C after induction with 1 mM IPTG. Cells
were harvested by centrifugation at 5,000 rpm and 4 °C for 10 min
and resuspended in lysis buffer (300 mM NaCl, 50 mM NaH,PO,4
x 2H,0, 10 mM imidazole, pH 8.0) containing protease inhibitor
cocktail for use in purification of histidine tagged proteins (Sig-
ma-Aldrich). Cells were lysed on ice for 30 min with lysozyme
(32mgL~!; Applichem) and subsequent sonification for 1 min
(Branson sonifier duty 50%). After addition of DNase I (51 U mL™!
buffer; Applichem) and incubation for 10 min at room temperature,
the cell suspension was centrifuged at 13,000 rpm at 4 °C for
45 min. Protein was purified from the supernatant on 1 mL Ni-Hi-
sTrap HP columns (GE Healthcare) with AKTA explorer 100 protein
chromatography system (Pharmacia). The system was equilibrated
with binding buffer (300 mM NaCl, 50 mM NaH,PO,4 x 2H,0,
10 mM imidazole, pH 8.0). After application of the lysate, the col-
umn was washed with 20 column volumes of binding buffer. An
imidazole gradient from 10 to 500 mM over 20 column volumes in
elution buffer (300 mM NaCl, 50 mM NaH,PO,4 x 2H,0, 500 mM
imidazole, pH 8.0) eluted fractions containing the purified hexahis-
tidine fusion proteins. Buffer was exchanged on PD-10 columns (GE
Healthcare). CoTR, At2g29350 and At2g29330 were stored in buffer
A (20 mM potassium phosphate buffer, 100 mM NaCl, 1 mM DTT
and 20% glycerole, pH 7.0) and At2g29150 in buffer B (same as A
but pH 7.5). Purity of all proteins was checked with SDS-PAGE on
15% polyacrylamide gels [45], all enzymes appeared as single bands
with a size of ca. 30 kDa. Protein concentrations were determined
using Bradford assay [46]. Typically, 1.7-2.2 pg uL~! fusion protein
was achieved, corresponding to total amounts of 16-28 mg L™! cul-
ture medium. The enzyme solution was divided into 250-350 pL
portions, frozen with liquid nitrogene (Air Liquide) and stored at
—80 °C until usage.



46 N. Reinhardt et al. / Bioorganic Chemistry 53 (2014) 37-49

4.3. Enzyme characterization and activity assays

Oxidoreductase activity was measured spectrophotometrically
following NAD(P)H consumption (reduction) or accumulation (oxi-
dation) at 340 nm and 30 °C [17]. An initial substrate screening as-
say of 1 mL contained 10-100 pg mL~! enzyme, 200 pM NADP(H)
or NAD(H) for At2g29330 and 1-5 mM of the substrate, either as
tenfold concentrated stock solution in water or as 20-fold concen-
trated stock solution in methanol, in 100 mM buffer (Photometer:
Shimadzu UV-160A, reduction: potassium phosphate buffer pH 6.4
for basic ligands, citrate phosphate buffer pH 5.0 for lipohilic sub-
strates; oxidation: for At2g29350 tris—-HCl buffer pH 8.0, glycine-
NaOH buffer pH 9.5 for the other enzymes). A blank assay con-
tained the same mixture without substrate. The detection limit
was set to £0.001 absorption units per minute, corresponding to
a specific activity of 30 pkat mg~! (kea: 9 - 107*s71) for 100 ug en-
zyme. For kinetic characterization, the assay was limited to 200 pLL.
96-well plates and a microplate reader with automatic injection
system (Infinite F200PRO, Tecan) were used. The change of absorp-
tion per minute was measured after starting the reaction by injec-
tion of the cofactor (with variable substrate concentrations) or of
the substrate (with variable cofactor conditions). Calibration was
done with 0.001-0.8 mM NADPH. The resulting linear regression
equation was also used for analysis of NAD(H) dependent oxidore-
ductions; both dinucleotides share the same extinction coefficient
(6.22mM~'cm™"). The pH-dependency was measured for the
reduction of 5 mM 3-methylcyclohexanone and for the oxidation
of 5 mM 3-methylcyclohexanol in assays containing 5-10 pug mL™!
enzyme and 200 pM cofactor in 100 mM of different buffers with
increasing pH-values in 0.5 steps. Buffers for reduction were citrate
phosphate buffer pH 4.5-5.5, potassium phosphate buffer pH 5.5-
7.5 and tris—-HCl buffer pH 7.5-9.0. For oxidation potassium
phosphate buffer pH 6.4-7.5, tris—HCl buffer pH 7.5-9.0 and gly-
cine-NaOH buffer pH 9.0-10.0 were used. For each condition four
separate samples and two blank assays were provided.

Kinetics for cofactor acceptance were measured with 5 mM
3-methylcyclohexanone at pH 5.0 (reduction) and 5 mM 3-methyl-
cyclohexanol at pH 9.5 (pH 8.0 for At2g29350) for the oxidation.
Cofactor concentrations varied from 0.01 to 0.40 mM for NAD(P)H
and from 0.01 to 1.00 mM for NAD(P). Depending on enzyme activ-
ity and type of substrate, kinetic assays contained 1-20 pug mL™!
enzyme, 200 uM cofactor and typically 0.01-5.0 mM substrate in
100 mM buffer pH 5.0 for reduction or pH 9.5 or 8.0 (At2g29350)
for oxidation and 5% (v/v) methanol, if 20-fold concentrated meth-
anolic stock solution was used. For each substrate concentration
four independent samples and four blank assays were measured.

Table 6

Substrate affinities (K,), inhibition constants (K;) and velocities
(Vmax) were calculated using SigmaPlot 10 (Systat Software Inc.).

4.4, Product analysis by GC-MS

The reaction products for oxidoreduction were identified by
GC-MS. One assay with 0.5 mL contained 50-100 pg mL~! enzyme,
1 mM cofactor and 1 mM substrate in 5% (v/v) methanol and
100 mM of the appropriate buffer. Assays with the same composi-
tion, containing boiled protein (95 °C for 10 min) were used as
blanks. All assays were covered with a layer of 0.25 mL n-hexane
(aldehydes and monoterpenes) or ethyl acetate (pentanal, 2,4-dim-
ethylpentan-3-one) and were incubated at 30 °C for 1 h. After vig-
orously shaking, the organic phase was separated by centrifugation
(1 min at 13,000 rpm) and used for analysis with GC-MS (GC-2010
and GCMS-QP2010S; Shimadzu) on a DB-5 silica column (FS-Su-
preme-5 ms, 30 m x 0.25 mm, 0.25 pm, CS). Separation conditions:
initial temperature 60-150 °C at 4 °C min~!, 1 min at 150 °C, 150-
245°C at 15°Cmin~!, 3min at 245°C; carrier gas: Helium
1 mLmin~', injection: 1 pL splittless, transfer line temperature:
250 °C; ion source temperature: 200 °C, absolute detector voltage:
1.5 kV, scanning: 50-400 atomic mass units. For the sesquiterpene
(+)-nootkatone the temperature program was adapted: initial tem-
perature 60-150 °C at 15 °C min~!, 1 min at 150 °C, 150-245 °C at
10 °C min~!, 3 min at 245 °C. For the more volatile substances pen-
tanal and 2,4-dimethylpentan-3-one the temperature program
was adapted: 50-90°C at 2°Cmin~'; scanning 30-100 atomic
mass units. Products were identified by the NIST 2008 spectrum li-
brary and authentic standards, as far as available, comparing reten-
tion times and major fragments with % abundance (Table 6).

4.5. Reduction of flavanones and trans-chalcone

One assay with 0.5 mL contained 50 ug mL~! enzyme, 1 mM
NADPH (NADH for At2g29330) and 1 mM substrate (6-hydroxyf-
lavanone 0.75 mM) in 5% (v/v) methanol and 100 mM citrate phos-
phate buffer pH 5.0. Assays with the same composition, containing
boiled protein (95 °C for 10 min) were used as blanks. The assays
were incubated at 30 °C for 1 h whilst gently shaking (700 rpm)
and were finally extracted with 200 pL ethyl acetate. The organic
phase was directly injected to the HPLC system (Agilent series
1100) and analyzed on a C18 column (Merck LiChrospher 100
RP18 LiChroCart 125-4, 5 um, 4 x 125 mm) in a solvent system
consisting of A phosphoric acid/water 0.5/99.5 v/v and B acetoni-
trile with a gradient of 15% B to 100% B in 20 min. Column temper-

ature was 25 °C; flow was 1 mL min~’; injection volume was 10 pL.

Retention times (Rt) and major fragments of oxidoreduction products analyzed with GC-MS.

Reaction products Rt (min) Major fragments (% abundance) Standard or reference
Citronellol 13.14 69 (100) 95 (37) 109 (13) 123 (16) 156 (3) NIST 2008
Pentanol 3.40 31 (65) 41 (68) 42 (100) 55 (61) 70 (27) NIST 2008
Dimethylpentan-3-ol 4.58 41 (2) 43 (31) 55 (62) 72 (13) 73 (100) NIST 2008
Nerol 13.13 69 (100) 93 (21) 111 (5) 123 (9) 139 (2) Nerol

Geraniol 14.00 69 (100) 93 (11) 111 (5) 123 (8) 139 (2) Geraniol
(+)-Neomenthol 11.21 71 (100) 81 (59) 109 (11) 123 (23) 138 (23) (+)-Neomenthol
(—)-Menthol 11.48 71 (97) 81 (100) 109 (13) 123 (36) 138 (20) (—=)-Menthol
(—)-trans-Carveol 13.31 69 (23) 84 (60) 109 (100) 134 (4) 152 (7) [47]
(—)-cis-Carveol 13.77 69 (40) 84 (100) 109 (63) 134 (42) 152 (2) [47]
(—)-Neothujol 9.97 55 (94) 79 (58) 93 (100) 121 (53) 136 (18) NMR
(—)-Thujol 10.51 55 (100) 79 (47) 93 (83) 121 (72) 136 (20) NMR
(+)-o-Fenchol 9.99 81 (100) 93 (15) 111 (13) 121 (11) 139 (2) (+)-o-Fenchol
(+)-B-Fenchol 10.15 81 (100) 93 (16) 111 (14) 121 (12) 139 (4) (+)-a-Fenchol
(+)-Borneol 11.73 67 (10) 95 (100) 110 (20) 121 (6) 139 (6) (—)-Borneol
Neral 13.56 69 (100) 94 (20) 109 (15) 119 (6) 137 (2) Citral
(—)-Menthone 10.82 69 (91) 97 (33) 112 (100) 139 (36) 154 (22) (—)-Menthone
(—)-Camphor 11.04 81 (77) 95 (100) 108 (45) 137 (4) 152 (26) (+)-Camphor
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Table 7
13C (¢ in ppm) and 'H (¢ in ppm, multiplicity, (J in Hz)) NMR data of (—)-o-thujone and corresponding alcohols (in CDCl3).
Position (=)-o-Thujone (—)-Neothujol (=)-Thujol
13C ‘lH ‘13C IH ‘13C ‘lH
1 29.6 - 34.5 - 31.2 -
2 39.7 2.546 ddd (15.8;2.4;1.2) 35.9 2.058 ddd (14.1;6.8;1.9) 334 1.933 dd (12.1;7.2)
2.071d (18.8) 1.532 dd (14.1;1.0) 1.556 ddd (12.1;9.1;1.3)
3 2214 - 80.2 3.899 dddd (6.8;1.0;1.0;1.0) 72.6 3.943 ddd (9.1;7.2;7.0)
4 473 2.220 dq (7.5;1.2) 453 1.922 br q (7.3) 373 2.153 dq (7.1;7.0)
5 25.5 1.085 dd (8.1;4.0) 29.6 0.828 ddd (8.2;3.9;1.0) 28.2 0.858 dd (8.3;3.9)
6 18.7 0.762 ddd (8.1;5.6;2.4) 17.2 0.802 dd (4.2;3.9) 14.4 0.351 dd (5.1;3.9)
0.124 dd (5.6;4.0) 0.418 ddd (8.2;4.2;1.9) 0.231 ddd (8.3;5.1;1.3)
7 329 1.355 sept (6.9) 32.9 1.299 sept (6.9) 333 1.234 sept (6.9)
8 19.7 1.008 d (6.9) 19.9 0.934 d (6.8) 19.6 0.961 d (6.9)
9? 20.0 0.954 d (6.9) 20.2 0.906 d (6.8) 20.1 0.905 d (6.9)
10 18.2 1.158 d (7.5) 20.1 0.940d (7.3) 144 0.926 d (7.1)

2 May be interchanged.

Table 8

Ramachandran plot analysis with PROCHECK and combined z-score resulting from PROSA II. Results of the Ramachandran plot are given as rates (%) of residues in most favored,
additional allowed, generously allowed region. Glycines and prolines are not included in these rates.

Proteins Most favoured Additional allowed Generously allowed Combined z-score
At2g29350 90.6 8.1 13 -10.03
At2g29150 91.5 8.5 - -9.71
At2g29330 92.5 7.5 - -9.82
CoTR 92.5 7.5 - -10.39

Detection was performed in a diode array detector. Compounds
were identified comparing retention times and absorption spectra
with standard compounds. Reduction products of flavanones and
trans-chalcone were assigned using sodium borohydride reduced
substrates.

4.6. NMR analysis of (—)-a-thujone reduction products

The product of (—)-a-thujone reduction catalyzed by CoTR was
analyzed with "THNMR and '*CNMR. A 10 mL assay with 5 mM
NADPH, 3 mM (—)-a-thujone, 5% (v/v) methanol and 100 pug mL™!
CoTR in 100 mM citrate phosphate buffer pH 5.0 was incubated
for 22.5 h at 30 °C. The assay was extracted four times with 2 mL
n-hexane. Organic phases were combined and dried with Na,;SO4.
A 1:10 dilution of the assay extract was analyzed by GC-MS and
contained about 25% (—)-o-thujone (Rt 8.65 min) and 75% of the
alcohol product (Rt 10.51 min). After evaporation of n-hexane with
nitrogen the residue was resolved in CDCl; for NMR measure-
ments. An authentic standard of (—)-o-thujone and a mixture of
equal amounts of sodium borohydride reduced (—)-a-thujone alco-
hols (1st alcohol Rt 9.97 min, 2nd alcohol Rt 10.51 min) were also
analyzed. 'H and '>C NMR spectra were recorded on an Agilent V
NMR 600 spectrometer (Varian) at 599.82 and 150.84 MHz, respec-
tively. Chemical shifts were referenced to internal TMS (6 = 0 ppm,
'H) and CDCl; (6=77.0 ppm, '3C) (Table 7). Signal assignments
were supported by 2D NMR measurements (DQFCOSY, HSQC,
HMBC) and compared to available literature [36,37,48].

4.7. Homology modeling and virtual screening

Homology modeling of CoTR [17] used the template 1IPF [49]
and MOE [50]. For modeling of the three Arabidopsis TRLs, the YA-
SARA 11.4.18 2011 [51] Blastp search for template searching in the
Protein Data Bank [1] provided five templates. Five crude homol-
ogy models were generated and their quality was checked with
PROCHECK [52] and PROSA I [53,54]. For all TRLs, the X-ray struc-
ture of tropinone reductase II from Datura stramonium (PDB ID
1IPE) [49] appeared as the best template with an amino acid

sequence identity of about 50%. Molecular dynamic refinements
(option of YASARA) were performed using the Yasara2 force field
[55] with subsequent final energy minimizations with Amber03
[56]. Correct positioning of the active amino acids tyrosine and ser-
ine in the active site of the enzymes was achieved by manual dock-
ing of one reduced substrate in the active site and subsequent
minimization using MOE with the PFROSST force field [57] and
Born solvation [58]. The force field combines parameters for pro-
teins and small molecules. All final models showed excellent ste-
reo-chemical quality with no outlier in the Ramachandran plot
and more than 90% of all amino acid residues in most favored areas
(Table 8). The z-scores of combined energies resulting from the
PROSA II analysis indicate a native like fold (Table 8).

For pharmacophore-guided identification of possible substrates
the quality of the protein models especially in the active site was
checked by docking of all monoterpenes, which had been experi-
mentally proven to be substrates. For At2g29330, 1,4-cyclohexane-
dione was used, as this was the best substrate in vitro for the
enzyme. Fifty docking runs were performed for each of these li-
gands using GOLD [59,60] with the GoldScore fitness function
and for all other options with standard settings. For the definition
of the active site the reactive hydrogen of NAD(P)H was chosen as
origin. Since the distance of E216 in At2g29350 to the defined
centre of the active site is larger than 10 A standard setting, the

Table 9

Flexible side chains in the GOLD docking.
At2g29330 At2g29150 At2g29350 CoTR
R213 K221 - -
L196 L204 L204 -
F200 1208 F208 Y209
F153 - V161 V162
- - F108 -
- - E216" -
- - - F260

2 Amino acid not flexible in docking in the screening route because of fixation
with R219.
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Table 10
Pharmacophore features in MOE for all enzymes, characteristics and radius.
Features At2g29330 At2g29150 At2g29350
F1 Acceptor and not donor and not anion; 1.4 A
F2 Acceptor or hydrophobic; Hydrophobic; Hydrophobic;
1.6A 1.7A 1.8A
F3 Hydrophobic; 1.4 A Hydrophobic; Hydrophobic;
1.7A 1.8A
F4 Hydrophobic; 1.8 A Hydrophobic; Hydrophobic;
1.8A 1.8A
F5 Acceptor or hydrophobic; Acceptor; 1.0 A Hydrophobic;
1.4A 1.8A

binding regions were enhanced to 12 A. Some amino acid side
chains (Table 9) were set to be flexible applying the rotamer library
included in GOLD.

The docking results were analyzed manually looking for confor-
mations which were in a reactive position, e.g. the carbonyl group
to be reduced formed hydrogen bonds with the active sites tyro-
sine and serine. Based on these docking arrangements for the
best-converted monoterpene substrates and the stereo-chemical
and electronic properties of the active site of each enzyme, phar-
macophores (Fig. 8, and Table 10) with excluded volumes were cre-
ated using MOE. The 3D Leadlike Conformer Database of MOE
provided 650,000 commercially available structures. Those with
carbonyl functions and a molecular weight <400 Da were selected
(365,284 structures) and screened by the pharmacophores for
binding. All hits from the pharmacophore search (Fig. 8, step 1)
were docked with GOLD (Fig. 8, step 2), and 10 conformations were
created and early termination was allowed. After docking, a second
search with the same pharmacophore without excluded volumes
identified those ligand conformations, which obeyed to feature 1
(binding carboxyl oxygen) as essential feature (Fig. 8, third column,
step 2) and matched at least four out of five features. Figures of
homology models and pharmacophores were designed with MOE.
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