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Abstract: Toluene dioxygenase (TDO) from Pseudomonas putida F1 was engineered towards the oxy-
functionalization of bicyclic substrates. Single and double mutant libraries addressing 27 different positions,
located at the active site and entrance channel were generated. In total, 176 different variants were tested
employing the substrates naphthalene, 1,2,3,4-tetrahydroquinoline, and 2-phenylpyridine. Introduced mutations
in positions M220, A223 and F366, exhibited major influences in terms of product formation, chemo-, regio-
and enantioselectivity. By semi-rational evolution, we lighted up the TDO capability to convert bulkier
substrates than its natural substrate, at unprecedented reported conversions. Thus, the most active TDO
variants were applied to biocatalytic oxyfunctionalizations of 1,2,3,4-tetrahydroquinoline, and 2-phenyl-
pyridine, enabling the production of substantial amounts of (+)-(R)-1,2,3,4-tetrahydroquinoline-4-ol (71%
isolated yield, 94% ee) and (+)-(1S,2R)-3-(pyridin-2-yl)cyclohexa-3,5-diene-1,2-diol (60% isolated yield, 98%
ee), respectively. Here, we provide a set of novel TDO-based biocatalysts useful for the preparation of
oxyfunctionalized bicyclic scaffolds, which are valuable to perform downstream synthetic processes.

Keywords: Biocatalysis; Biotransformations; Hydroxylation; Mutagenesis; Rieske non-heme iron dioxygenases

Introduction

The selective oxyfunctionalization of aromatic and
heteroaromatic compounds is of great interest for the
generation of chiral synthons for pharmaceuticals and
fine chemicals.[1–4] Mono- and dihydroxylated aro-
matics can be obtained by the use of multicomponent
Rieske-non heme iron dioxygenases (ROs), which
consist of an oxygenase, a reductase and optionally a
ferredoxin. ROs are capable to incorporate molecular
oxygen into aromatics, creating valuable and chiral cis-
dihydrodiendiols. Furthermore, this remarkable class
of enzymes is capable to perform a variety of different
reactions, for instance monohydroxylations, sulfoxida-

tions, desaturations and C-H amination.[5–8] Toluene
dioxygenase (TDO) from Pseudomonas putida F1, is
one of the best studied ROs in the last decades. Its
striking promiscuity embraces over 100 non-natural
substrates.[9] In terms of catalytic efficiency, TDO is
capable of affording astonishingly high titers of
monocyclic aromatics, such as bromobenzene, at up to
35 gL� 1.[10] Nevertheless, in comparison to naphthalene
dioxygenase (NDO), cumene dioxygenase (CDO), and
biphenyl dioxygenase (BPDO), from of Pseudomonas
putida 9816-4, Pseudomonas fluorescens IP01, and S.
yanoikuyae B8/36, respectively, TDO yields lower
product formation for bicyclic aromatic substrates.
Such reduced performance of TDO in front of bicyclic
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aromatics might correlate with the smaller active
pocket size, when compared with the ones found in
NDO and BPDO.[11] For instance, for the flat bicyclic
substrate naphthalene, TDO generates 10 gL� 1 of the
dihydroxylation product, while for the more sterically
demanding biphenyl it yields only 3.0 gL� 1.[1] Besides,
the presence of one nitrogen atom in one of the
aromatic rings, results in a drastic decrease in TDO
product formation, such as in the case of 2-phenyl-
pyridine (only 1%).[11] This pattern suggests that TDO
displays a substrate-size dependent performance
(Scheme 1). In order to overcome limitations regarding
product formation and selectivity of TDO, previous
studies employed directed evolution techniques for
generating TDO variants.[12,13] For instance, Zhang and
colleagues evolved TDO using random mutagenesis
towards the conversion of indene to cis-indandiol, a
potential key intermediate in the chemical synthesis of
the anti-viral Crixivan®.[14] A drawback of directed
evolution is the massive screening effort that has to be
performed, usually comprising thousands of variants.
An attractive and feasible alternative is the rational-
design of a reduced set of TDO variants via site-
directed mutagenesis. In this case, by employing either
bioinformatics tools, such as, in silico studies or
previous knowledge of experimental data, candidate
key positions can be identified and utilized for
mutagenesis.[15–17] For instance, Vila and co-workers
employed a smartly designed set of TDO active site
variants at positions I324, T365 and F366, all three
exhibiting major influences in regio- and
enantioselectivity.[18] To investigate hot-spot positions

influencing the conversion of bicyclic aromatics, we
designed a set of semi-rational TDO variants, which
were generated via site-directed mutagenesis by c-
LEcta (Leipzig, DE). Our approach resulted in the
identification of engineered TDO variants displaying
remarkable conversion activities towards all tested
bicyclic aromatics. Findings reported herein foster the
biocatalytic synthesis of valuable oxyfunctionalized
aromatic bicyclic scaffolds.

Results and Discussion
To our best knowledge, a detailed study on the
influence of the TDO active site residues, driving
product formation, chemo-, regio- and stereoselectivity
was so far, not performed. In order to foster the TDO
catalyzed conversion of bicyclic aromatic substrates,
we employed site-directed mutagenesis aiming to
engineering; 1) the active site, 2) the putative substrate
entrance channel, and 3) literature known key positions
of the TDO system (supplementary section 3).

1) For the generation of active site variants, we
used the 3DM database of Bio-Prodict (Nijmegen,
NL), to align the sequences of 671 ROs of the toluene/
benzene, naphthalene, and cumene dioxygenase sub-
families. All active site positions[15,19] with a conserva-
tion below 90% were chosen for mutagenesis (Q215,
F216, M220, A223, G264, Y266, L272, I276, V309,
H311, L321, I324, F366 and F372). The highly
conserved position H222, H228 and D376, coordinat-
ing the catalytic iron, as well as D219 were therefore
not considered. The 14 active site positions were
mutated into amino acids, which exhibited according
to the sequence alignment, an occurrence of over 2%
(Table S2).

2) The substrate channel was modelled using the
crystal structure of the TDO α-subunit (PDB ID;
3EN1) and the CAVER plugin (version 3.0.1) for
PyMOL (supplementary section 6). To investigate the
influence of the substrate channel size, all amino acids
around 5 Å of the putative substrate channel (G224,
T225, L229, L245, P247 and P248) were replaced by
an alanine (Table S3).

3) At last, seven positions, either previously
described in literature or suggested by the 3DM
database as hot-spot position (F114, T115, A212,
A234, G323, V340, T365), were chosen for
mutagenesis.[14,18,20,21]

Thus, a total of 121 single variants at 27 different
amino acid positions were generated (Table S1) and
investigated towards the bicyclic substrates;
naphthalene 1, 1,2,3,4-tetrahydroquinoline 2, and 2-
phenylpyridine 3 (Scheme 1). Lastly, since the screen-
ing of the mutant library with substrates 1–3 high-
lighted variants at positions M220 and A223 as
beneficial for an increased product formation, we
selected such positions to generate a second mutant

Scheme 1. Substrates employed in this study for the character-
ization of TDO catalyzed hydroxylation patterns. Naphthalene
1, 1,2,3,4-tetrahydroquinoline 2, and 2-phenylpyridine 3. Sub-
strate bulkiness (yellow gradient), increases from left 1 to right
3. Substrate conversion displayed by TDO wild type (green
gradient), shows an inverse correlation with respect to the
substrate bulkiness from left 1 (high conversion) to right 3 (low
conversion).
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library consisting out of 55 double variants focused on
positions M220 and A223 (Table S4). Consequently,
we describe in the current study 176 semi-rational
designed single and double variants (Table S1 and S4).
In addition to the characterization of these variants, we
aimed for the semi-preparative production of the
identified products, employing the outperforming en-
gineered TDO variants (Scheme 2).

Screening of the mutant library was performed
according to experimental section 1.3. Variants ful-
filling one or more of the following criteria were
validated according to experimental section 1.4 as
follows; 1) Variants displaying over 200% total
product formation in comparison with the TDO wild
type, 2) Variants showing a switch in product distribu-
tion in favor to the side product, and in addition, at
least 50% total product formation, when compared to
TDO wild type, 3) Variants generating selectively one
product, 4) Double variants have to be at least as active
or as selective as the parent single variant. In addition,
the enantiomeric excess for 1a, 2a, and 3a was
determined via chiral HPLC-DAD for the validated
variants (experimental section 1.9).

The screening of the single mutant library with
substrate 1, highlighted the active site positions M220
and A223 boosting the formation of 1a (Figure S25).
Validation of the single point variants M220A, A223I
and A223V showed a 2.6-, 2.3-, and 5.0-fold increase
in product formation, in comparison with TDO wild

type, respectively (Table 1). The enantiomeric excess
for 1a (>98%), remained the same for all three
variants. Double variants at the positions M220 and
A223 were not able to surpass the product formation
of their corresponding single point parent variants.
Thus, for 1a the highest product formation of 6.27�
0.08 mM (62.7%) was achieved with the variant
A223V, employing 10 mM substrate, within only 0.5 h,
clearly illustrating the feasibility of engineering TDO
towards bicyclic aromatics. As previously reported,
active site variant F366V exhibited a switch from
>98% ee 1a to � 90, while decreasing, in comparison
to the TDO wild type, 20.8-fold the product
formation.[17] Such dramatic reduction in naphthalene
conversion with TDOF366V compared to the fast
occurring TDO wild type driven reaction, can be
explained by the short established reaction time (only
0.5 h) and the restrictive working conditions, in terms
of air to liquid ratio, to perform the biotransformations.
Double variants TDOF216A_F366V and TDOM220A_F366V
showed nor a further improvement in enantioselectivity
(� 70% ee and 13% ee, respectively), neither an
increased product formation, compared to the single
point variant TDOF366V (data not shown).

TDO wild type showed an initial acceptance for
substrate 2, yielding products 2a and 2b after 20 h of
biotransformation employing 10 mM of 2. The mono-
hydroxylated compound 2a was the main product
(2.74�0.18 mM, 77% ee), while the dehydrogenated
compound 2b was secondary (0.22�0.02 mM). As
expected, the observed conversion for 2 (only 30%)
was lower in comparison to 1 (100%), due to the larger
size of substrate 2. It is worth to mention that product
2a is of great interest, considering its relevance as
pharmaceutical synthon.[22–24] Thus, fostering 2a pro-
duction became an enticing task for this work. By
testing the single point TDO library with substrate 2
we identify the active site positions A223 and L321,
and position F114, located at the putative ferredoxin
binding site,[20] as positive hits favoring the total
product formation (Figure S26). Validation of the
variants F114H and A223V indicated a 1.9- and 1.7-
fold increase in total product formation, respectively,

Scheme 2. TDO wild type catalyzed conversion of the sub-
strates naphthalene 1, 1,2,3,4-tetrahydroquinoline 2, and 2-
phenylpyridine 3. Generated products; (+)-(1R,2S)-1,2-dihydro-
1,2-naphthalenediol 1a, (+)-(R)-1,2,3,4-tetrahydroquinoline-4-
ol 2a, quinoline 2b, (+)-(1S,2R)-3-(pyridin-2-yl)cyclohexa-3,5-
diene-1,2-diol 3a, and 2-phenylpyridin-3-ol 3b. Novel products
identified in this work, 2a, 2b, and 3b, are depicted in blue.

Table 1. Validation of variants with increased product forma-
tion and/or switched product distribution for naphthalene 1
(10 mM).

Variant PF of 1a [mM][a] ee of 1a [%][b]

WT 1.25�0.04 >98
M220A 3.28�0.24 >98
A223I 2.85�0.69 >98
A223V 6.27�0.08 >98
F366V 0.06�0.03 � 90
[a] PF stands for product formation.
[b] ee stands for enantiomeric excess.
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and maintained the same product distribution (2a:2b;
92:8), as for the TDO wild type driven reaction
(Table 2). Active site variant A223T was not only
capable of converting the total amount of substrate 2
(10 mM), but also favored the synthesis of the
interesting product 2a (2b concentration remained
<0.04 mM). Variant L321A also increased the total
product formation 1.9-fold, however, the exhibited
product distribution was altered (2a:2b; 72:28). In
contrast, active site variants M220A, L321S and
F366V showed a switch in chemoselectivity, favoring
now the generation of the secondary product 2b. The
observed distributions 2a:2b were as follows; 28:72,
17:83 and, 26:74, for variants M220A, L321S, and
F366V, respectively. Along with the chemoselectivity
switch, a decreased total product formation was
observed in comparison with TDO wild type, resulting
in a reduction of 3.3-, 2.4-, and 3.1-fold, for mutants
M220A, L321S, and F366V, respectively. Double
variant TDOF114H_A223T surpassed the beneficial chemo-
selectivity of the single variant TDOA223T, since full
conversion was achieved, and product formation was
exclusively directed toward 2a formation. In addition,
the combinatorial double variant F114H_A223T ex-
hibited higher enantiomeric excess (83% ee), compared
to the wild type and the corresponding single parent
variants F114H and A223T (for both cases, 77% ee).
Thus, the double variant not only outperformed TDO
wild type, but also all tested variants, enabling the
selective production of 9.93�0.24 mM (99.3%) of 2a
with 83% ee. Interestingly, all single and double
variants containing amino acid exchanges at position
M220, exhibited, compared to TDO wild type, a
decreased product formation along with an altered
chemoselectivity. We managed to foster the enantio-
meric excess in favor to 2a by altering the pH value of
the reaction buffer (supplementary section 5). Thus, at

higher pH-value the enantiomeric excess for 2a was
increased. Such effect might be explained by the
racemization of 2a at acidic conditions.[25] As a result,
biotransformations performed in 0.1 M TRIS-buffer
pH 8.5 exhibited an ee of 97 and 95%, for TDO wild
type and for TDOF114H_A223T, respectively. Moreover,
the 2a:2b product ratio remained the same as observed
for the biotransformations performed in 0.1 M potas-
sium phosphate buffer pH 7.4 (Table S8). An increased
total product formation (4.13�0.46 mM) was obtained
in the case of TDO wild type driven reactions employ-
ing TRIS-buffer pH 8.5. However, the opposite effect
was observed for TDOF114H_A223T, resulting in a product
reduction down to 8.58�0.18 mM, instead of the
9.93�0.24 mM generated product observed in potas-
sium phosphate buffer pH 7.4. Among all tested
variants, TDOF366V showed the highest total product
formation favoring 2b (2.79�0.11 mM, 2a:2b;
27:73), in biotransformations performed in TRIS-
buffer pH 8.5. Besides, altering TRIS-buffer pH to 9.0,
led to even higher ee values for 2a, but at the expense
of total product formation (data not shown). For a
conclusive product identification and structural charac-
terization, semi-preparative biotransformations in
0.1 M TRIS-buffer pH 8.5 were performed, employing
the selected variants TDOF114H_A223T and TDOF366V, for
the generation of 2a and for 2b, respectively. Semi-
preparative biotransformation of 2 with TDOF114H_A223T
yielded 106 mg (71%, 94% ee) of 2a as sole product,
while TDOF366V yielded 20 mg (16%) of 2b and minor
amounts of 2a (<5 mg; not isolated).

In agreement with literature, conversion of 2-
phenylpyridine 3 with TDO wild type yielded 3a as
main product, in slight amounts (0.50 mM, 5%).[11]
Such TDO conversion behavior confirmed the trend
illustrated in Scheme 1, showing an inverse correlation
in terms of substrate size and achieved conversion.
Naturally, not only the bulkiness, but also the
electronic properties of the substrates can play a role,
especially for electron-poor heteroaromatics. Strik-
ingly, TDO conversion of 3 generated, in addition to
compound 3a, the secondary product 3b (0.11 mM,
1%), a chemical entity not previously reported in the
literature. The discovery of 3b turned out to be of
great interest, since the enzymatic hydroxylation of a
heteroaromatic moiety in a molecule, connected to an
aromatic system, was so far not observed.[11] Electron-
poor heteroaromatics, for instance pyridine, are much
more resistant to RO catalyzed hydroxylation, than
aromatics.[26] Usually, RO catalyzed monohydroxyla-
tion of alkyl groups attached to heteroaromatics and
cis-dihydroxylation of fused aromatics, occur both
more readily than the hydroxylation of heteroaro-
matics. The formation of the monohydroxylated prod-
uct 3b involves most likely an unstable cis-dihydro-
diendiol which undergoes spontaneous dehydration as
described for the TDO catalyzed hydroxylation of 4-

Table 2. Validation of variants with increased product forma-
tion and/or switched product distribution for 1,2,3,4-tetrahydro-
quinoline 2 (10 mM) at pH 7.4 (0.1 M potassium phosphate
buffer).

Variant PF of 2a
[mM][a]

PF of 2b
[mM][a]

ee of 2a
[%][b]

WT 2.74�0.18 0.22�0.02 77
F114H 5.07�0.40 0.44�0.04 77
M220A 0.25�0.01 0.64�0.02 60
A223T 9.91�0.21 0.04�0.01 77
A223V 4.61�0.17 0.49�0.02 78
L321A 3.96�0.20 1.55�0.07 70
L321S 0.21�0.04 1.03�0.09 69
F366V 0.25�0.01 0.73�0.04 83
F114H_A223T 9.93�0.24 0.01�0.01 83
[a] PF stands for product formation.
[b] ee stands for enantiomeric excess.
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picoline to 3-hydroxy-4-picoline.[12] Such novel finding
of 3b, encouraged us to boost its production. There-
fore, we investigate whether one of our generated
variants was capable to favor 3b product formation to
achieve its substantial synthesis.

The screening of the single point mutant library
with substrate 3 highlighted the active site positions
M220, A223 and V309 as beneficial for increasing the
total product formation (Figure S27). In comparison to
TDO wild type, validation of variants M220A,
M220C, A223I, A223V and V309G showed a 12.4-,
8.5-, 6.5-, 6.4-, and 9.4-fold increase in the total
product formation, respectively (Table 3). However,
among all the positive hits, only variant M220A
maintained the product ratio (3a:3b; 82:18), observed
in TDO wild type, whereas variants A223I and A223V
favored the production of 3a (3a:3b; 91:9 and 86:14,
respectively). In contrast, variant M220C exhibited an
increase in product formation for 3b, by altering the
product distribution (3a:3b; 64:36). Thought variants
F216 A and F366V, compared to the wild type,
exhibited a decreased total product formation (4.4- and
8.7-fold, respectively), both were capable to astound-
ingly switch the product ratio in favor to 3b (3a:3b;
12:88 and 0:100, respectively). Despite we focused our
attention on the 3b entity, we were also interested in
following the library performance toward 3a synthesis.
In this way, we found a strong improvement in 3a

product formation by employing the combinatorial
double variants TDOM220A_A223V and TDOM220A_V309G.
Both combinations led to an impressive 14.0- and
15.1-fold increase in total product formation, compared
to the wild type, both favoring the production of the
cis-dihydrodiendiol 3a (3a:3b; 92:8 and 93:7, respec-
tively). Product formation increase might be correlated
with the enlargement of the active pocket, for variant
TDOM220A_V309G (Figure S31). Regarding the enantio-
meric excess for product 3a, no alterations were
detected since all tested variants showed an ee >98%.
For practical purposes and a viable production of
substantial amounts of both 3a and 3b, we selected
TDOM220A_V309G to perform a semi-preparative biotrans-
formation. This approach enabled the formation of
8.51�0.31 mM (85.1%) 3a and 0.64�0.03 mM
(6.4%) 3b, resulting in a conversion of 91.5%, which
is impressive considering that the starting performance
of TDO wild type was as low as 6.1%. In terms of
isolated product yield, this translates in 114 mg (60%;
ee >98%) and 6 mg (4%) for 3a and 3b, respectively.

We identified semi-rational engineered TDO var-
iants, showing enhanced product formation and selec-
tivity towards bulkier bicyclic aromatic compounds in
comparison to the already well accepted substrate
naphthalene (Scheme 3).[17] TDOF114H_A223T and
TDOM220A_V309G enabled 2 and 3 conversion up to 100
and 91.5% respectively, employing 10 mM of sub-
strate, in comparison with the starting point 29.6 and
6.1%, for TDO wild type. These two variants enabled
the production and isolation of the highly valuable
compounds 2a and 3a with remarkable isolated yields
(71% and 60%, respectively), advantageous product
selectivity (2a:2b; 100:0, 3a:3b; 93:7), and outstand-
ing enantiomeric excess (94% and >98% ee, respec-
tively). The seven TDO positions, influencing either
chemo-, regio- or enantioselectivity, as well as the
product formation are summarized in Table 4. All of
these positions, except F114, are located in the active
site of the TDO (Figure S29).[15,19] Position F114
(corresponding to F99 in NDO from Pseudomonas sp.
NCIB 9816-4) is located at the ferredoxin binding site,
near the Rieske center.[20] Alteration of positions
M220, A223 and F366 had a positive impact in terms
of chemo-, regio-, enantioselectivity or product for-
mation, for all three tested substrates.

Table 3. Validation of variants with increased product forma-
tion and/or switched product distribution for 2-phenylpyridine 3
(10 mM).

Variant PF of 3a
[mM][a]

PF of 3b
[mM][a]

ee of 3a
[%][b]

WT 0.50�0.08 0.11�0.02 >98
F216A 0.02�0.01 0.13�0.02 n.d.
M220A 6.26�0.13 1.32�0.06 >98
M220C 3.32�0.21 1.89�0.16 >98
A223I 3.62�0.28 0.37�0.03 >98
A223V 3.36�0.46 0.54�0.08 >98
V309G 5.50�0.40 0.24�0.01 >98
F366V 0.00�0.00 0.07�0.01 n.d.
M220A_A223V 7.87�0.12 0.64�0.15 >98
M220A_V309G 8.51�0.31 0.64�0.03 >98
[a] PF stands for product formation.
[b] ee stands for enantiomeric excess.

Table 4. TDO positions with major influence on chemo-, regio- and enantioselectivity and positions exhibiting, in comparison to
the wild type, an increased product formation for substrates; naphthalene 1, 1,2,3,4-tetrahydroquinoline 2, and 2-phenylpyridine 3.

TDO positions with major influence on:
Substrate Chemoselectivity Regioselectivity Enantioselectivity Product formation

1 – – F366 M220, A223
2 M220, A223, L321, F366 – – F114, A223, L321
3 – F216, M220, V309, F366 – M220, A223, V309
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Variants at active site position TDO M220, ex-
hibited quite diverse properties regarding the converted
substrate. For instance, for substrates 1 and 3, M220
variants increased the total product formation. More-
over, in the case of 3, introduced changes also exerted
an influence in terms of regioselectivity. All tested
M220 variants exhibited an alteration in chemoselec-
tivity for substrate 2, which mostly favored 2b
production, highlighting the impact of this position.
Influence of TDO M220 position on product formation
and selectivity has been described in literature,
reporting that variant TDOM220A enabled activity
towards 1,2,4,5-tetrachlorobenzene, which was not
observed with TDO wild type.[27] Relevance of position
M220 was also reported for homolog dioxygenase
systems such as NDO and CDO, from Pseudomonas
sp. NCIB 9816-4 and Pseudomonas fluorescens IP01,
respectively. For NDO, the exchange of alanine to
valine at the equivalent position A206 showed sub-
stantial influence on product formation, chemo-, regio-
and stereoselectivity for substrates ethylbenzene, α-
methylstyrene, and allylbenzene.[28] Whereas for CDO,
an exchange of methionine to alanine at the corre-

sponding position M232 enabled, for the first time, the
conversion of (+)-α-pinene and also exhibited for a
variety of substrates, a positive influence in product
formation, regio- and enantioselectivity.[29] In this
work, for TDO position M220, the exchange to the
small amino acids alanine and cysteine led to an
increase in product formation for substrates 1 and 3.
The favorable effect of the introduced changes suggest
that it could be correlated with the enlargement of the
active pocket.

TDO variants addressing position A223 led to an
increase in product formation for all three tested
substrates. In the particular case of 2, variants at
position A223 exhibited an influence in chemoselectiv-
ity. For 3, the exchange into the small amino acids
valine and threonine, as well as to the aliphatic amino
acid isoleucine fostered product formation, resulting in
a conversion rise up to 6.5-fold. This is the first time
that the mentioned catalytic advantages of TDO
variants at position A223 are reported. Besides, despite
the beneficial role of this position, it has been not
described for any of the related TDO homologs and
their equivalent positions, such as NDO from Pseudo-

Scheme 3. TDO wild type (TDOWT) and identified TDO variants showing enhanced product formation and selectivity, towards the
bicyclic substrates 1, 2 and 3. Product selectivity (in %) and enantiomeric excess (where suitable, in %), for the wild type and the
best variants, is depicted below the generated products for each tested substrate. Higher increase in product formation (PF) for
outperforming variants is given in � fold terms, in comparison to the wild type.
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monas sp. NCIB 9816-4 (position V209), BPDO from
Pseudomonas pseudoalcaligenes KF707 (position
A234), or CDO from Pseudomonas fluorescens IP01
(position A235). The only data available addressing
equivalent TDO position A223 was reported for aniline
dioxygenase (ADO) from Acinetobacter sp. strain
YAA. In this case, the exchange into an alanine of the
corresponding position V205 in ADO, induced two
different effects; on one hand a novel activity, enabling
the conversion of 2-isopropylaniline, and on the other
hand, a severe conversion decrease for substrates
aniline and 2,4-dimethylaniline.[30] Thus, our approach
allowed the identification of TDO position A223 as a
novel hot spot location strongly influencing product
formation.

TDO position F366 showed perhaps, the most
versatile influence. Particularly, variant F366V is of
great interest, since in reference to the wild type this
exchange prompted three different effects; 1) a
complete switch in enantioselectivity for 1a (from
>98% to � 90% ee), 2) a switch in chemoselectivity
towards 2b (from 92:8 2a:2b to 27:73), and 3) a
complete switch in regioselectivity towards 3b (from
82:18 3a:3b to 0:100). However, compared to the wild
type, all variants at position F366 exhibited a reduced
product formation. The influence on enantioselectivity
of position TDO F366 was described for
naphthalene,[17] bromobenzene, styrene and indene.[18]
In the case of the later, in addition to the enantiose-
lectivity influence an alteration in regioselectivity was
also observed. Variants at the corresponding position in
NDO from Pseudomonas sp. NCIB 9816-4 (position
F352), exhibited alterations in terms of enantioselectiv-
ity for naphthalene, biphenyl, and phenanthrene and
also in regioselectivity for the former and the later.[31,32]
BPDO variants from Pseudomonas pseudoalcaligenes
KF707 at the corresponding position (F377) showed
altered chemo- and regioselectivity for various chlori-
nated biphenyls.[33] Taking into account all the reports,
it seems that the conserved phenylalanine at position
366 in TDO is not only critical to direct product
enantioselectivity in this dioxygenase system, but also
in the homologue enzymes NDO and BPDO.

Favorably, for 3, the bulkier substrate, product
formation and product distribution were both enhanced
by generating engineered variants which were designed
based on a combinatorial approach of the best perform-
ing single variants. This approach fostered beyond the
observed activity for the single point variants which
were already improved in comparison with TDO wild
type, for instance, in the case of TDOM220A_V309G driven
conversion of 3. Interestingly, despite of the enlarge-
ment generated by exchanging the amino acids located
at the putative substrate entrance channel into alanine
(Table S3, Figure S30), no beneficial effects were
observed.

Conclusion

In the present study we identified a total of seven
positions in TDO, critically influencing the oxyfunc-
tionalization of substrates 1, 2, and 3. Furthermore, the
hot spot positions M220, A223, and F366 exhibited for
all of three tested substrates substantial changes in
product formation and in chemo-, regio- and enantiose-
lectivity. Single and double TDO variants at these
positions enabled a conversion over 91% out of
10 mM of 2 and 3. Conversion achievements for 2 and
3 are outstanding, considering that both substrates
were initially poorly converted by the wild type
enzyme. In addition, semi-preparative biotransforma-
tions employing outperforming variants enabled the
TDO catalyzed synthesis of products 2a, 2b, 3a, and
3b, for the first time, in substantial amounts. In
conclusion, the semi-rational engineering of TDO
indeed endowed a viable oxyfunctionalization towards
bulky bicyclic aromatics, in terms of product forma-
tion, chemo-, regio- and stereoselectivity.

Experimental Section
Materials. Chemicals and solvents used in this work were
obtained at the highest purity degree available from Sigma-
Aldrich (St. Louis, US) and Carl Roth (Karlsruhe, DE). 2-
Phenylpyridin-3-ol 3b was purchased at Fluorochem (Hadfield,
UK). Substances 2a, 2b, 3a, and 3b were biosynthesized
according to the details given in 1.5.

Bacterial strain, plasmid harboring toluene dioxygenase and
mutant library. All biotransformations were performed in a
recombinant E. coli strain BW25113 harboring the multi-
component toluene dioxygenase (BW25113 pBAD18-TDO), as
previously reported.[34] A number of 176 single- and double
variants of the TDO α-subunit were generated by c-LEcta
(Leipzig, DE). The pBAD18-TDO plasmid, harboring the TDO
wild type, was used as template and variants were generated
following an oligo-based mutagenesis protocol and verified by
Sanger sequencing.

TDO mutant library screening. TDO mutant libraries consist
of pBAD18-TDO variants harbored in recombinant E. coli
BW25113 cells, which were received in the form of glycerol
stocks from c-LEcta (Leipzig, DE). Libraries were constantly
stored at � 80 °C. Cells were reactivated in 96 deep well plates
by inoculating 2 μL of the glycerol stocks in 0.5 mL of LB
medium supplemented with ampicillin (100 mgL� 1). Plates
were covered with Breathe-EASIER sealing membranes (Sig-
ma, St. Louis, US) and incubated overnight at 37 °C and
800 rpm in a microplate shaker (VWR International, Radnor,
US). Each overnight culture (25 μL) was transferred into a new
96 deep well plate containing, per well, 1.0 mL of TB medium
supplemented with ampicillin (100 mgL� 1) and were incubated
for 2 h at 37 °C and 800 rpm. Subsequently, protein production
was induced by addition of L-arabinose to a final concentration
of 10 mM, and plates were incubated at 25 °C at 800 rpm for
20 h. Afterwards, cells were harvested by centrifugation at
4000×g at 4 °C for 20 min and the supernatant was discarded.
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Cell pellets were resuspended in 0.1 M potassium phosphate
buffer (0.49 mL, pH 7.4) supplemented with 20 mM glucose
monohydrate and transferred into 96 deep well plates furnished
with glass Hirschmann vials (Hirschmann Laborgeräte GmbH
& Co. KG, Eberstadt, DE), enabling reusability of 96 deep well
plates without cross contamination. Reactions were started by
addition of 10 μL of a 0.5 M substrate solution prepared in
ethanol, to a final concentration of 10 mM. Biotransformations
were incubated at 30 °C and 800 rpm, in the case of substrate
naphthalene 1, only for 0.5 h and in the case of substrates
1,2,3,4-tetrahydroquinoline 2 and 2-phenylpyridine 3 for 20h.
Reactions were stopped by addition of 0.5 mL of the extraction
solvent MTBE. After vigorous mixing and centrifugation
(4000×g at room temperature for 5 min) the organic layer was
removed and analyzed via HPLC-DAD, to quantify the
achieved product formation and selectivity. In addition, HPLC-
ESI-MS analysis was performed to confirm the masses of the
generated products. The whole set of screening results is shown
in supplementary section 4, Figures S25–S27.

Validation of mutant library hits. Variants fulfilling one or
more of the following criteria were reevaluated with the
corresponding substrate: 1) Variants displaying over 200% total
product formation in comparison with TDO wild type, 2)
Variants showing a switch in product distribution in favor to the
side product, and in addition, at least 50% total product
formation, when compared to TDO wild type, 3) Variants
generating selectively one product, 4) Double variants have to
be at least as active or as selective as the parent single variant
and fulfill at least one of the criteria previously mentioned.

Biotransformations were performed according to 1.3, with the
only difference, that no glass Hirschmann inlets were used. This
increased the total working volume from 1.0 mL to 2.0 mL,
resulting in an increased product formation for all tested
substrates. In addition, the enantiomeric excess of the generated
products was determined via chiral HPLC-DAD. Validation
results of variants fulfilling the established criteria are shown in
Table 1, 2 and 3.

Semi-preparative biotransformations. Semi-preparative bio-
transformations were performed according to 1.4 with the only
exception that for substrate 1,2,3,4-tetrahydroquinoline 2, the
TDOF114H_A223T and TDOF366V catalyzed biotransformations were
performed in TRIS-buffer (0.1 M, pH 8.5) supplemented with
20 mM glucose monohydrate instead of potassium phosphate
buffer (see supplementary section 5). For semi-preparative
biotransformation of 3, TDOM220A_V309G was employed. A
number of 200 simultaneous driven biotransformations were
performed in 96 deep well plates, and combined after reaction
completion, thus representing a total of 100 mL reaction
volume. The combined reaction mixtures were extracted with
MTBE either five times (1:1) for 2, or nine times (1:2) for 3.
The combined organic layers were evaporated in vacuo and
redissolved in 6 mL of an acetonitrile-water mixture. The
purification step was performed by preparative HPLC in an
Agilent 1260 Infinity HPLC-DAD system (Santa Clara, US),
equipped with a preparative C18-column (Supelco, Discovery
C18, 5 μm, 21.2×100 mm, Bellefonte, US) and a fraction
collector (Agilent 1260 Infinity II, Santa Clara, US). Product
purification was performed with a flow rate of 4.0 mLmin-1 and
repeated injections of 70 μL of the crude reaction mixture. The

mobile phase for the purification of generated products from
substrates 2 and 3 was water/acetonitrile (55/45), which was
hold isocratically for 22 min. Peaks were detected at 210 nm for
the reaction analysis of 2 and at 310 nm for 3 (Supplementary
section 1, Figs. S6 and S13). The collected fractions of each
product were evaporated in vacuo and analyzed via 1H- and 13C-
NMR (supplementary section 2, Figs. S14–S24).

Chemical synthesis of (-)-(S)-1,2,3,4-Tetrahydroquinoline-4-
ol. The chemical synthesis of (� )-(S)-1,2,3,4-tetrahydroquino-
line-4-ol was done according to Kolcsar and collegues.[35] The
raw product was extracted five times with MTBE, evaporated in
vacuo and dissolved in 4 mL ACN. Preparative HPLC
purification was performed as described in 1.5. A total of
28.1 mg (10% yield) (� )-(S)-1,2,3,4-tetrahydroquinoline-4-ol
was obtained. The enantiomeric excess for raw and purified
product was determined via chiral HPLC-DAD to 81% ee and
35% ee, respectively.

HPLC-DAD for quantification. For substrate 1 biotransforma-
tions HPLC-DAD and ESI-MS methods were performed
according to Wissner and colleagues.[17] For the analysis of the
biotransformation products of substrates 2 and 3, an Agilent
1260 Infinity II system (Santa Clara, US), equipped with a C18-
column (Supelco C18 Discovery, 5 μm, 4.0×150 mm, Belle-
fonte, US) and a diode array detector (Agilent 1260 Infinity II
DAD HS, Santa Clara, US) was operated isothermally at 30 °C
and 50 °C for 2 and 3, respectively. Measurements were run at a
flow rate of 1.0 mLmin� 1. For 2, the mobile phase was water/
methanol 55/45 (v/v) hold isocratically for 10 min and 1 μL
sample was injected. For 3, the mobile phase was water/
methanol with a linear gradient of; t=0 min, 55/45 (v/v); t=
4.0 min, 50/50 (v/v); t=8.0 min, 42/58 (v/v); t=11.50 min,
42/58 (v/v); t=11.51 min, 55/45 (v/v); t=13.00 min, 55/45 (v/
v) and 4 μL sample was injected. Peak areas were measured by
the integrator and transformed into concentration using the
corresponding standard curves. For substrates 2 and 3, the
employed wavelength was 210 and 310 nm respectively, to
detect the generated products.

HPLC-ESI-MS for confirmation. To confirm generation of
the hydroxylated products 2a, 3a and 3b, HPLC-ESI-MS was
employed. An Agilent 6130 Quadrupole LC System (Santa
Clara, US), was operated using an identical HPLC method and
column as described in section 1.7, above. The ESI-MS was run
using the following parameters: API-ES spray chamber with a
drying gas flow of 12 Lmin� 1, nebulizer pressure of 50 psi,
drying gas temperature 350 °C and a capillary voltage of
3500 V positive and negative. The mass detection for 2a, 3a
and 3b was performed in positive SIM-modus with m/z=150
[M+H], 172 [M+H] and 190 [M+H], respectively.

Chiral HPLC-DAD. Chiral HPLC-DAD measurements for 1a
were performed according to Wissner and colleagues.[17] Chiral
assessments of the products 2a and 3a were performed on an
Agilent 1260 Infinity HPLC-DAD system (Santa Clara, US),
equipped with a normal phase Chiralpak IC column (5 μm,
4.6×250 mm, Daicel, Osaka, JP), heated to 30 °C. Analysis was
performed with a flow rate of 1.4 mLmin� 1 and 15 μL sample
injection. For the separation of the 2a enantiomers, n-hexane/
isopropanol (95/5) was used as mobile phase and hold isocrati-
cally for 22 min. For the separation of 3a enantiomers, n-
hexane/isopropanol (90/10) was used and hold for 90 min.

FULL PAPER asc.wiley-vch.de

Adv. Synth. Catal. 2021, 363, 4905–4914 © 2021 The Authors. Advanced Synthesis & Catalysis
published by Wiley-VCH GmbH

4912

Wiley VCH Dienstag, 02.11.2021

2121 / 202393 [S. 4912/4914] 1

http://asc.wiley-vch.de


Peaks were detected at 210 nm and 310 nm, respectively
(Supplementary section 1, Figs. S5 and S12).

NMR for structural characterization and measurement of
the optical rotation. The purity of the biosynthesized products
was assessed by 1H- and 13C-NMR. Spectra were recorded on a
Bruker Avance 500 spectrometer operating at 500.15 and
125.76 MHz, for 1H- and 13C-NMR, respectively. Spectra were
recorded using DMSO-d6 for 2a and 3b, and CDCl3 for 2b and
3a as solvent. The chemical shifts (δ) are reported in parts per
million (ppm) relative to the standard tetramethylsilane (TMS,
δ=0). For identification of 3a, COSY-, HSQC- and HMBC-
NMRs were performed. Optical rotations were determined using
a Perkin Elmer 241 polarimeter at 589 nm and 22 °C.

(+)-(R)-1,2,3,4-Tetrahydroquinoline-4-ol 2a (106 mg, yellow
oil), biosynthesized with TDO variant F114H_A223T: [α]D22=

+128 (c 0.1, CHCl3), chiral HPLC-DAD of raw product: 94%
ee; chiral HPLC-DAD of pure product: 80% ee due to
racemization during purification. 1H-NMR NMR (DMSO-d6,
500.15 MHz) δ=7.08 (d, 1 H), 6.91 (t, 1H), 6.46 (m, 2H), 5.76
(s, 1H), 4.96 (d, 1H), 4.53 (m, 1H), 3.23 (m, 1H), 3.12 (m, 1H),
1.69-1.82 (m, 2H) ppm. 13C-NMR (DMSO-d6, 125.76 MHz)
δ=145.12, 129.34, 127.70, 123.28, 114.69, 113.40, 63.80,
36.18, 30.39 ppm. Results were in agreement with
literature.[25,36]

Quinoline 2b (20 mg, colorless oil), biosynthesized with TDO
variant F366V: 1H-NMR (CDCl3, 500.15 MHz) δ=8.92 (dd, 1
H), 8.13 (dd, 2 H), 7.81 (d, 1 H), 7.72 (ddd, 1 H), 7.54 (ddd, 1
H), 7.39 (dd, 1 H) ppm. 13C-NMR (CDCl3, 125.76 MHz) δ=

150.41, 148.30, 136.07, 129.47, 128.30, 127.80, 126.55,
121.08 ppm. Results were in agreement with literature.[37]

(+)-(1S,2R)-3-(Pyridin-2-yl)cyclohexa-3,5-diene-1,2-diol 3a
(114 mg, yellow oil) biosynthesized with TDO variant M220A_
V309G: [α]D22= +169 (c 0.1, MeOH), chiral HPLC-DAD:
>98% ee. 1H-NMR (CDCl3, 500.15 MHz) δ=8.53 (d, 1H),
7.71 (dd, 1H), 7.63 (d, 1H), 7.19 (dd, 1H), 6.66 (d, 1H), 6.14-
6.22 (m, 2H), 4.92 (d, 1H), 4.50 (m, 1H) ppm. 13C-NMR
(CDCl3, 125.76 MHz) δ=157.15, 148.01, 137.14, 136.12,
131.75, 124.69, 124.88, 122.16, 120.08, 69.04, 67.41 ppm.
Results were in agreement with literature.[11]

2-Phenylpyridin-3-ol 3b (6 mg, white solid) biosynthesized
with TDO variant M220A_V309G: 1H-NMR NMR (DMSO-d6,
500.15 MHz) δ=10.14 (s, 1H), 8.17 (d, 1H), 8.01 (d, 2H), 7.44
(t, 2H), 7.35 (t, 2H), 7.21 (dd, 1H) ppm. 13C-NMR (DMSO-d6,
125.76 MHz) δ=151.48, 144.38, 140.19, 137.99, 128.79,
127.68, 123.49, 123.31 ppm. Results were in agreement with
literature.[38]
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