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INTRODUCTION 

Indigo is a blue pigment that has been used for cotton dyeing for more than 
6000 years [1]. It is composed of two indolinone aromatic ring systems, 
connected with a 2-2′ double bond. Such cross-conjugated system, 
intramolecular formation of hydrogen bonds and the nature of the heteroatom 
are all believed to contribute to the deep blue color of indigo[2]. Substituent 
chemical groups can be introduced into the structure of indigo and the 
resulting compounds are regarded as indigoids, which often exhibit exclusive 
characteristics[3,4]. Although chemical synthesis can be used to produce 
indigoids even in asymmetric form[5], it employs environment-damaging 
conditions, such as cyanide, formaldehyde, aniline, strong bases and heating 
to 300°C[6]. Fairly recently, enzyme-catalyzed synthesis of indigoids 
emerged as an environmental-friendly alternative method offering additional 
benefits. 

The first evidence for bacterial synthesis of indigo using the recombinant 
enzymes was described in 1983 by application of naphthalene dioxygenase[7]. 
Following this, different enzyme groups including cytochrome P450 
monooxygenases, flavin-dependent monooxygenases and dioxygenases were 
reported to be capable of oxidizing indole to indigo. Some of these enzymes 
exhibit a substrate promiscuity and can oxidize indole derivatives to 
corresponding indigoids, becoming potential biocatalysts for industrial 
application. The challenging part for the industrial application of enzymatic 
indigo synthesis is the requirement of cofactors and cofactor regeneration 
systems. This can be circumvented by employing a whole-cell bioconversion 
strategy, since certain well-characterized bacterial hosts provide sufficient 
amount of the required cofactors[8]. 

Indole and its derivatives possess important biochemical functions. Indole 
itself has been recently recognized as a signaling molecule that regulates the 
interactions between organisms of different species[9]. Of special interest is 
the connection between indole production in the gut and the emotional and 
nutritional behavior of rats, possibly mediated through gut-microbiome-brain 
axis[10,11]. In addition, 3-substituted carboxyl derivatives of indole also carry 
different biological roles. While indole-3-acetic acid, indole-3-propionic acid 
and indole-3-butyric acid all perform as auxins and regulate the plant growth, 
indole-3-propionic acid has been demonstrated to possess an exceptional 
capability to inhibit the proliferation of Mycobacterium tuberculosis[12] 
through suppression of tryptophan biosynthesis[13]. These characteristics of 



 

9 
 
 

indole and its derivatives emphasize the importance of indole-converting 
enzymes, which can be employed to create enzymatic conversion systems for 
studying the roles of indole derivatives in vivo. 

The demand for biocatalysts with novel properties still continues to rise. 
Although natural sources are believed to offer an unlimited genetic and 
biochemical variety of enzymes [14], the lack of efficient screening and 
selection systems limits the exploitation and application of biological 
catalysis. To demonstrate the versatility of indigo production-based enzyme 
screening systems, the aim of this work was to explore the potential of 
indigo-producing enzymes. In order to achieve this aim, the following tasks 
were formulated: 

1. To construct a system based on indigo production for the 
selection of enzymes with different activities; 

2. To construct a biosynthesis platform for the production of novel 
indigoid compounds; 

3. To provide novel experimental data about the biological 
functions of different groups of indigo-producing enzymes.  

Scientific novelty of the study 

A novel enzyme, indole-3-carboxylic acid monooxygenase (Icm), which 
was able to convert indole-3-carboxylic acid into indigo, was identified from 
metagenome and characterized. Due to this activity, Icm enzyme was used as 
an auxiliary enzyme for the construction of enzyme-based screening system, 
where an enzyme of interest converts a substrate to indole-3-carboxylic acid, 
which is then oxidized to indigo by Icm, visually indicating the presence of 
the desired enzyme. The potential of this system was showcased by using 
indole-3-carboxaldehyde as a prochromogenic substrate for screening of the 
metagenomic libraries for aldehyde dehydrogenases. In addition to 
Escherichia coli, this system was also found to be applicable in a gram-
positive host – Rhodococcus erythropolis. Also, Icm tolerated certain 
modifications in the indole ring of indole-3-carboxylic acid that could allow 
for the selection of enzymes with different specificity. Given these points, 
Icm-based selection system represents a feasible method for obtaining 
metagenome-encoded enzymes with desired activities. 

Hind8 oxygenase, active towards indole, was selected as a promising tool 
for the conversion of a wide range of indole derivatives. By using E. coli cells 
with the recombinant Hind8 oxygenase as a bioconversion platform, a series 
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of novel indigoid compounds were produced for the first time. Among those, 
indigo and indirubin dicarboxylic acids showed increased solubility in water 
(from micromolar to millimolar range). Hence, the oxygenase Hind8 
represents a novel tool with wide substrate specificity for the biosynthesis of 
indigoid compounds. On top of that, a novel approach can be suggested for 
increasing the water solubility of indigoids by the introduction of carboxyl 
groups. 

Novel biological functions of indigo-producing and related enzymes are 
shown in this work. Although indole detoxification function has been 
suggested for the enzyme IifC, no functions for other Iif proteins have been 
assigned. By identifying that Iif proteins catalyze the initial steps of indole 
biodegradation, this study elucidates the long-searched genes and proteins 
responsible for indole catabolism, suggesting that indole can be detoxified by 
certain bacteria through Iif-mediated assimilation. 

Following the elucidation of bacterial indole biodegradation, several 
important aspects of bacterial degradation of indole-3-acetic acid (IAA, a 
plant growth hormone) have been addressed. It has been known that Iac 
proteins are responsible for the initial steps of IAA biodegradation. This study 
clarifies that IacB protein does not participate in IAA biodegradation. Also, 
experimental evidence presented here suggest an H2O-dependent formation of 
DOAA, an intermediate compound of IAA biodegradation. In addition, IacA 
and IacE enzymes were found to be capable of converting indole-3-propionic 
acid and indole-3-butyric acid into corresponding DOAA derivatives. As no 
biodegradation data has been available so far regarding these biologically 
active derivatives of indole, IacA and IacE enzymes could be a potential 
constituent of such hypothetical pathway. 
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RESULTS AND DISCUSSION 

This thesis in based on four original publications listed as publications I–
IV. Each of these publications deals with isolation and characterization of 
indigo-forming enzymes, following a general selection principle as shown in 
Scheme I. While sharing the ability to form indigo, all described enzymes 
belong to different groups of flavin-dependent oxygenases, and possess 
different activities and biological roles. Publication I describes the isolation 
and application of indole-3-carboxylic acid monooxygenase, which oxidizes 
indole-3-carboxylic acid (I3CA) to indigo. Based on this activity, an enzyme 
screening system was created that can be tuned for the search of the desired 
enzymatic activity. In publication II, the enzyme Hind8 is described that is 
able to synthesize a wide range of indigoid compounds, including water-
soluble indigo dicarboxylic acids and indirubin dicarboxylic acid. 
Publications III and IV present novel pathways and mechanisms of microbial 
degradation of indole and IAA, respectively, where flavin-dependent 
oxygenases initiate the degradation cascades. 

 

 
 

Scheme I. A general scheme for the selection of indigo-forming proteins.  
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1. Application of indole-3-carboxylic acid monooxygenase 

Aldehydes are very important intermediates in different metabolic 
pathways and biotechnological processes including the conversion of lignin 
into basic chemicals[15]. However, aldehydes are highly reactive compounds 
and are generally toxic to the living organisms. Different strategies can be 
used for the detoxification of these compounds. In living organisms, aldehyde 
dehydrogenases (ALDHs) are the main weapon responsible for the 
detoxification of aldehydes by oxidation to corresponding carboxylic acids. 
Also, ALDHs are important catalysts in numerous synthetic processes. Here, 
a new selection system for ALDHs was created by using indigo formation as 
a screening platform. 

To create such system, an enzyme converting indole-3-carboxylic acid 
(I3CA) to indigo was isolated by applying a general metagenomic screening 
approach as depicted in Scheme I. This enzyme was annotated as a 
hypothetical flavin-dependent oxidoreductase, and monooxygenase-
characteristic sequence motifs allowed the characterization of this protein as 
group A flavin-dependent monooxygenase. Only several dioxygenases have 
been shown to convert I3CA to indigo[16], but these enzymes were unrelated 
to the isolated monooxygenase. Based on sequence comparison and unique 
substrate scope (Publication I), this isolated enzyme was named as indole-3-
carboxylate monooxygenase (Icm). The enzyme performs an oxidative 
decarboxylation of I3CA, resulting in indoxyl, which then dimerizes into 
indigo. 

Although significant efforts were made to obtain a purified recombinant 
Icm, the activity of this protein disappeared as soon as the heterologous cells 
carrying the recombinant protein were disrupted. This could be explained by 
possible sensitivity of this protein to oxygen, requirement for binding to 
stabilizing molecules or other factors. However, E. coli cells with recombinant 
Icm protein were fully active and capable of converting I3CA into indigo, 
providing the basis for the construction of a double screening platform. The 
hypothesis was to use a substrate, which could be converted to I3CA, which, 
in turn, could be oxidized to indigo and the presence of I3CA-producing 
enzyme would become visible. To achieve this, icm gene was cloned to 
pACYC184 plasmid for constitutive expression in E. coli. Cells carrying 
pACYC184-icm plasmid were cotransformed with a compatible plasmid 
pUC19, which was used as a platform for creation of metagenomic libraries. 
By plating approximately 30000 transformants on indole-3-carboxaldehyde, 
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52 indigo-forming clones were selected. After removing the false-positives 
(mostly encoding Baeyer-Villiger monooxygenases, which were able to 
oxidize indole-3-carboxaldehyde to indoxyl with a concomitant formation of 
indigo) and recurrent hits, 20 different clones were selected, encoding 
hypothetical aldehyde dehydrogenases. The selected clones were 
demonstrated to possess different substrate scope towards aldehyde 
compounds (Publication I, Table 3), suggesting that the double screening 
system based on Icm and indigo formation was suitable for the selection of 
diverse groups of aldehyde dehydrogenases. 

To expand the capabilities of this system, it was transferred to a 
different host, a gram-positive bacterium Rhodococcus erythropolis SQ1. It 
turned out that recombinant Icm was active in this host and was able to convert 
I3CA to indigo. Coexpression of Icm and a selected aldehyde dehydrogenase 
resulted in the oxidation of indole-3-carboxaldehyde into indigo, showing that 
the screening platform was active and could provide an additional tool for the 
selection of metagenome-encoded enzymes. 

 
Scheme II. The principal scheme of the functional screening of enzymes based on an 
auxiliary Icm enzyme. The experimentally tested substrates are boxed. R = -H; 5-CH3; 
5-Br; 6-CH(CH3)2; [g]-benzene; [g]-tetrahydrocyclopentane, R1 = any radical, R2 = -
CH2(OH). 
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The versatility of this system lies in the possibility to select enzymes 
with desired enzymatic activity, which would be predetermined by the 
substrate being used (Scheme II). The only requirement is the ability of the 
enzyme to produce I3CA, and this could include esterases, amidases, 
nitrilases, oxidoreductases and other enzymes. Furthermore, Icm itself 
demonstrated substrate promiscuity, accepting substituted I3CA substrates (5-
methyl, 5-bromo, benzo[g]indole and 1,6,7,8-tetrahydrocyclopenta[g]indole). 
The use of these substrates could allow for the selection of enzymes with 
different specific activity. 

2. Hind8 oxygenase and synthesis of novel indigoids 

To date, the enzymatic synthesis of indigoid compounds has been limited 
to synthesis of halogenated, methoxy-, cyano-, nitro-, and similar derivatives 
of indigo[17–19]. In order to expand the variety of indigoids by introducing 
new chemical groups and, presumably, novel characteristics, a metagenomic 
screening was performed using the formation of blue colonies on aminome-
thyl-, hydroxymethyl-, carboxaldehyde or carboxylic derivatives of indole as 
a screening platform. By using this approach, a metagenomic clone, which 
was capable of oxidizing a variety of indole compounds into corresponding 
indigoid pigments, was identified (Publication II, Fig. 1). A group B flavin-
dependent monooxygenase, named Hind8, was found to be responsible for 
this activity. 

Next, a biotransformation platform was created for the synthesis of 
indigoids carrying the abovementioned chemical groups by expressing Hind8 
monooxygenase in the tryptophanase-deficient (ΔtnaA) E. coli BL21(DE3) 
cells. This platform was successfully used for the biosynthesis of the following 
indigoids: 4,4′-di(hydroxymethyl)indigoid, 5,5′-di(hydroxymethyl)indigoid, 
6,6′-di(hydroxymethyl)indigoid, 7,7′-di(hydroxymethyl)indigoid, 5,5′-
di(aminomethyl)-indigoid, 6,6′-di(aminomethyl)-indigoid, 7,7′-di(amino-
methyl)-indigoid, indigoid-4,4′-dicarboxaldehyde, indigoid-5,5′-di-carbox-
aldehyde, indigoid-6,6′-dicarboxaldehyde and indigoid-7,7′-di-carbox-
aldehyde (Scheme III). Importantly, the techniques used for the charac-
terization of these pigments did not allow the separation between indigo, 
isoindigo and indirubin isoforms, therefore these compounds were regarded 
as indigoid compounds. 

Indigo and indirubin are highly insoluble in water (3.7 μM and 4.8 μM, 
respectively). Several indigo derivatives have been created with increased 
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water solubility, the most notable being indigo carmine (indigo-5,5'-disulfonic 
acid, solubility in water ~20 mM). An alternative method for the synthesis of 
water-soluble indigoid compounds is presented herein. By using Hind8 
monooxygenase and indole carboxylic acids (indole-5-carboxylic acid, 
indole-6-carboxylic acid and indole-7-carboxylic acid) as substrates, a range 
of indigo and indirubin dicarboxylic acids were produced, purified and 
analyzed. The structures of indigo-5,5′-dicarboxylic acid and indirubin-7,7′-
dicarboxylic acid were confirmed by 1H NMR, but the yield of indigoid-6,6′-
dicarboxylic acid and indigoid-7,7′-dicarboxylic acid was insufficient for 
structure determination. However; based on absorbance spectrum and a clear 
blue color, these two indigoids were presumed to be indigo-6,6′-dicarboxylic 
acid and indigo-7,7′-dicarboxylic acid, respectively. It turned out that the 
solubility of all tested indigoid dicarboxylic acids in water (8–16 mM) was 
comparable to that of indigo carmine (publication II, Table 1). The increase in 
solubility by introduction of two carboxyl groups and a simple 
environmentally friendly method for the preparation of indigoids with such 
modification suggest a novel and feasible approach for synthesis of indigoids 
with new characteristics. 

 
Scheme III. Biosynthesis of novel water-soluble and water indoluble-indigoids by 
using E. coli cells containing the recombinant Hind8 oxygenase. 
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Remarkably, an increase in water-solubility of indigoids often results in 

novel biological activities and applications. For example, due to reversible 
oxidation and reduction, indigo carmine has been used to create a redox flow 
cell at neutral pH[20]. Indirubin-3-oximes, which were highly water-soluble, 
also possess the ability to inhibit insulin-like growth factor receptor 1[21]. 
Water-soluble indigo and indirubin dicarboxylic acids described in this thesis 
were tested as electron acceptors during glucose dehydrogenase-mediated 
glucose oxidation. It turned out that among the four tested indigoids, only 
indigo-6,6'-dicarboxylic acid was reduced by glucose dehydrogenase, 
suggesting different properties even among these structurally similar 
indigoids. Overall, the introduction of carboxyl groups into indigoid structure 
could be a simple method for increasing the solubility in water and, in turn, 
the extent of biological activity. 

3. Indole-oxidizing enzymes with important biological functions 

Bioconversion of indole into indigo is not a process that often occurs in 
nature. In fact, compared to other pigments, indigo pigment does not 
participate in photosynthesis nor does it perform any other biological function. 
Therefore, the indigo-producing activities of enzymes described in 
publications I and II could be explained most likely by enzyme promiscuity 
as the physiological substrates of these enzymes are unknown. Recently, a 
physiological indole oxidation to indigo was reported in Acinetobacter 

baumannii[22]. This process was performed by a flavin-dependent monooxy-
genase with high efficiency and it would make sense for indole-exposed 
bacteria to detoxicate it by converting into non-toxic indigo. However, this 
was only a fraction of the mechanism how this reluctant bacterium is dealing 
with indole. 

 
3.1 Mechanism of indole biodegradation 

It was hypothesized that certain bacteria can not only oxidize indole, but 
fully assimilate it as carbon and energy source, therefore displaying no 
pigment formation as a dead-end reaction. To overcome this, 5-bromoindoline 
was used instead of indole as a substrate for the screening of bacteria that 
could oxidize it to a colored pigment. By using this approach, a single bacterial 
colony was isolated that was able to convert 5-bromoindoline to a deep purple 
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pigment yet displaying no color when growing on indole. This strain was 
identified as Acinetobacter sp. strain O153 and was indeed able to fully 
assimilate indole in the concentration ranging from 0.5 to 2 mM and use it as 
a sole source for nitrogen. Construction of genomic library of this strain 
allowed the identification of the gene cluster that was responsible for the 
oxidation of indole and 5-bromoindoline; iif operon. The main part of this 
cluster, was found to contain several genes, one of which shared a high 
sequence similarity to an indole inducible flavoprotein IifC, which has been 
shown to perform the detoxification of indole by converting it into indigo[22].  

The roles of other Iif proteins were clarified by cloning each iif gene into 
compatible plasmids and co-expression of Iif proteins in E. coli. While IifC 
was a flavin-dependent indole monooxygenase, IifD was found to be a flavin 
reductase, which oxidized NAD(P)H and provided the reduced flavin cofactor 
for the IifC. However, IifD was not necessary for the oxidation of indole as E. 

coli cells carrying IifC successfully converted indole to indigo. This suggested 
that E. coli itself can complement the activity of flavin reduction, the activity, 
which has been well documented[23]. Next, when E. coli cells carrying IifC, 
IifD and IifB proteins were exposed to indole, no indigo formation was 
observed. Instead, the end product was identified as 3-hydroxyindolin-2-one. 
Since IifB was annotated as a short-chain dehydrogenase/reductase family 
protein, this protein is suggested to perform the oxidation of indoline-2,3-diol 
at C2 position, resulting in 3-hydroxyindolin-2-one and preventing the 
formation of indigo. Coexpression of four Iif proteins (IifC, IifD, IifB and 
IifA) resulted in the conversion of indole into 2-aminobenzenecarboxylic acid 
(anthranilic acid). Also, purified 3-hydroxyindolin-2-one was converted into 
anthranilic acid with the purified recombinant IifA protein. Altogether, these 
results demonstrated that IifB is responsible for the synthesis of 3-
hydroxyindolin-2-one, which is then converted into anthranilic acid by IifA. 

The only reaction in Iif-catalyzed indole degradation with an unclear 
mechanism is the conversion of 3-hydroxyindolin-2-one to anthranilic acid, 
performed by IifA. Functionally, this conversion with the purified recombi-
nant IifA did not require any cofactors or metal ions, but was dependent on 
oxygen as it did not occur under anaerobic conditions. Structurally, IifA 
appears to be composed of two domains: the N-terminal dienelactone 
hydrolase (DLH)-like domain and the C-terminal SnoaL-like domain. The N-
terminal domain possesses an α/β hydrolase fold with a canonical catalytic 
triad, composed of Cys124, Asp173, and His204. All these results 
demonstrate significant similarities between IifA and a cofactor-independent 
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dioxygenases, a distinct group of enzymes that catalyzes dioxygenolytic ring 
cleavage of 1H-3-hydroxy-4-oxoquinoline and 1H-3-hydroxy-4-oxoquinal-
dine[24,25]. Recognition of these enzymes as cofactor-independent 
oxygenases and clarification of reactions mechanisms took more than a 
decade, suggesting a long road for IifA to be identified as member of this 
family. To achieve this, the role of both domains of IifA should be clarified, 
other reaction product containing carbon atom has to be identified and the 
mode of oxygen incorporation must be determined in order to accept this 
enzyme as a cofactor-independent oxygenase. 

This work contributes significantly to the understanding of genes, proteins 
and reaction mechanisms that are involved in bacterial degradation of indole. 
Together with important inputs from other research groups[19,26], a 
comprehensive view of indole assimilation in certain bacteria can be offered. 
IifCD is a two-component flavin-dependent monooxygenase system that 
converts indole to an unstable indole-2,3-oxide[19], which then rapidly 
hydrolyzes to indoline-2,3-diol. This diol then breaks down to indoxyl, and, 
in the presence of oxygen and the absence of IifB, spontaneously dimerizes to 
indigo. When IifB is present, it oxidizes indoline-2,3-diol to 3-
hydroxyindolin-2-one, a substrate for IifA, and the final product of Iif-
mediated conversion is anthranilic acid. Further metabolism of anthranilic 
acid was showed to occur through CoA-thioester pathway, catalyzed by 2-
aminobenzoyl-CoA gene cluster[26]. However, as iif and 2-aminobenzoyl-
CoA gene clusters are rarely found together in bacterial genomes[19], 
alternatives mechanisms for catabolism of anthranilic acid are possible, 
including the synthesis of tryptophan performed by anthranilate 
phosphoribosyltransferase[27] or conventional salicylate, gentisate or cate-
chol pathways. The latter is particularly likely as the operon encoding 
anthranilate dioxygenase, an enzyme, which converts anthranilic acid into 
catechol, is adjacent to the iif operon in some species related to Acinetobacter 

and Pseudomonas (Publication III, Fig. 3). 
 

3.2 Mechanism of indole-3-acetic acid biodegradation 

Having suggested novel proteins and mechanisms for indole 
biodegradation, the attention was focused on the biodegradation of indole 
derivative, IAA. It has been known that several bacterial species use Iac 
(indole-3-acetic acid catabolism) proteins for degradation of IAA. Surpri-
singly, the composition and structure of the iac operon resembles that of the 
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iif operon (Scheme IV). It has been demonstrated that a flavin-dependent 
oxygenase IacA, which can also oxidize indole to indigo, and a flavin 
reductase IacG perform the initial oxidation of IAA. Next, a short-chain 
dehydrogenase/reductase IacE produces DOAA, a stable intermediate of IAA 
biodegradation. IacB, a hypothetical protein with no sequence similarity to 
any other protein with known function has been speculated to be involved in 
the IacE-catalyzed reaction[28]. Also, the reaction product of IacA-catalyzed 
reaction has not been clarified and by analogy to indole oxidation, this product 
could be either a monohydroxylated, dihydroxylated or an epoxide form of 
IAA. 

To clarify the roles of Iac proteins, iacA, iacA and iacE genes from 
Caballeronia glathei strain DSM50014 were cloned to compatible plasmids 
and co-expressed in E. coli in different combinations. It was found that E. coli 
cells with IacA protein converted IAA into Ox-IAA, and cells with IacAE 
combination synthesized DOAA from IAA. The addition of IacB did not result 
in any changes during these conversions, suggesting that IacB is not required 
in any of these reactions. Next, as the oxidation product of indole was highly 
unstable and formed a dead-end product (indigo), E. coli cells carrying IacE 
were tested for the ability to consume Ox-IAA, the oxidation product of IAA. 
Ox-IAA was fully consumed not only by E. coli cells with IacE protein, but 
also with wild-type IAA-induced C. glathei DSM50014 cells as well, 
suggesting that Ox-IAA is not a dead-end product. 

To trace the origin of oxygen atoms incorporated into DOAA during IAA 
oxygenation, H2

18O was used. The molecular mass of Ox-IAA remained 
unchanged (191 Da) when E. coli cells with IacA were used for bioconversion 
of IAA in H2

18O environment. However, DOAA with increased molecular 
mass (209 Da compared to 207 Da) was clearly observed in two cases: i) when 
E. coli cells expressing IacAE were used for bioconversion of IAA in H2

18O 
environment and ii) with Ox-IAA and IacE-expressing E. coli cells in H2

18O 
environment, suggesting that the oxygen atom at C3 in DOAA is derived from 
water. 

The results of these experiments allowed the clarification of the reaction 
mechanisms of IacA- and IacE-catalyzed reactions. For IacA-mediated oxida-
tion of IAA, several alternative mechanisms can be proposed. In analogy with 
indole biodegradation and the mechanism of IifC, IacA could convert IAA 
into 2,3-epoxyIAA, which is then spontaneously hydrolyzed to 2,3-
dihydroxyindoline-3-acetic acid and dehydrated to Ox-IAA. Alternatively, 
Ox-IAA could be formed by hydroxylation of IAA into 2-hydroxyIAA and 
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tautomerization into Ox-IAA. Depending on these two possible pathways, 
different mechanisms for the formation of DOAA could be proposed as well. 
If IacA forms and epoxide, IacE should catalyze the oxidation of 2,3-
dihydroxyindoline-3-acetic acid to yield DOAA, since IacE is a dehydro-
genase type enzyme. If, on the other hand, IacA hydroxylates IAA into 2-
hydroxyIAA, another hydroxylation step at C3 atom has to occur to produce 
DOAA. This hydroxylation cannot be performed by IacE, and a more 
plausible mechanism would be a spontaneous addition of water to yield a diol 
derivative, which could then be oxidized to yield DOAA. 

 

 
Scheme IV. Comparison of biodegradation of indole in Acinetobacter sp. strain O153 
and biodegradation of IAA in Caballeronia glathei DSM50014. Grey reaction arrows 
indicate spontaneous reactions. Arrows with identical colors indicate genes and 
proteins with similar predicted functions.  
 

In addition to bioconversion of IAA, E. coli bioconversion platform with 
IacAE proteins was found to be capable of converting homologs of IAA, 
including IPA and IBA, into corresponding derivatives of DOAA. These 
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compounds have important biological activities: both IPA and IBA can 
promote the plant growth[29], IPA shows important physiological activities 
in mammalian organisms[30–34] and even the antitubercular activity[12,13]. 
Since no biodegradation has been reported neither for IPA nor IBA, IacAE 
could be a central part of such hypothetical pathway. Another alternative could 
be the construction of artificial metabolic cascades by employing IacAE 
proteins. In such scenario, IacAE could convert 3-substituted carboxy deriva-
tives of indole into the corresponding DOAA derivatives, and other enzymes 
would be required to further process DOAA compounds. For this, the IifA 
enzyme from the indole biodegradation pathway is a good starting point. 
Although it does not accept DOAA nor its derivatives as substrates, protein 
engineering might help to expand the substrate specificity of IifA and to 
demonstrate a ring-opening reaction of IAA and its homologs, which has not 
been reported to date. 

 
4. Concluding remarks and future research 

Indigo-based enzyme selection system presented in this thesis allows for a 
fast, convenient, cheap and easy-to-use method to obtain enzymes, which 
catalyze the important biological reactions and possess unique enzymatic 
properties. Although attempts were unsuccessful to obtain in a purified and 
active form some of the abovementioned heterologous indigo-producing 
enzymes, namely Hind8 and Icm, an E. coli host, which was used for the 
selection warrants the activity of these enzymes inside the cell, allowing the 
construction of whole-cell bioconversion systems. Several strategies may be 
employed to improve the current selection system. One way might be the use 
of thermophilic organisms as a host in order to select enzymes with higher 
thermostability. In vitro translation and indigo synthesis system might be also 
considered when aiming at enzymes active in a purified form. 
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CONCLUSIONS 

1.   An indole-3-carboxylic acid monooxygenase-based screening 
system is suitable for the selection of enzymes with desired 
activities. 

2.   Substituted indigoids with novel properties can be obtained by using 
Hind8-based bioconversion system. 

3.   Iif enzymes are responsible for the initial steps of indole 
biodegradation. 

4.  IacA and IacE enzymes possess the ability to convert biologically 
active indole derivatives.   
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SUMMARY/SANTRAUKA 

Indigo pigmentas nuo neatmenamų laikų naudojamas tekstilinių audinių 
dažymui. Prieš beveik trisdešimt metų buvo parodyta, jog bakterijos su tam 
tikrais įterptais fermentais geba gaminti indigo pigmentą iš indolo, N-
heterociklinio junginio. Nuo to laiko daugėjo žinių apie tokius fermentus – 
oksigenazes, gebančias oksiduoti indolą iki indoksilo, kuris spontaniškai 
dimerizuojasi į indigo. Nustatyta, jog šią reakciją gali katalizuoti tiek 
monooksigenazės, tiek dioksigenazės. Kai kurie iš šių fermentų pasižymi 
tokiu substratiniu savitumu, kuris leidžia katalizuoti biotechnologiškai 
svarbias reakcijas, o tai lemia jų pramoninį pritaikymą. Mokslininkai ėmėsi 
panaudoti indolą oksiduojančius fermentus modifikuotų indigo junginių 
gamybai, nes tokie junginiai pasižymi priešvėžiniu poveikiu bei yra ypač 
tinkami taikyti organinėje elektronikoje. 

Daugėjo žinių ir apie indolą. Paaiškėjo, jog kai kurios bakterijos gamina jį 
ne kaip šalutinį produktą ir ne tik kaip tarpinį metabolizmo junginį, bet ir kaip 
signalinę molekulę. Vienoms bakterijoms indolas veikia kaip daugumos 
pojūčio signalas, tuo tarpu kitoms – kaip toksinis junginys, slopinantis 
gyvybinius procesus. Negana to, buvo nustatytas ir bakterijų gaminamų kai 
kurių indolo darinių biologinis aktyvumas, pvz., indolil-3-propioninės rūgštis 
slopina tuberkuliozę sukeliančių bakterijų augimą.  

Iš aukščiau pateiktų duomenų matyti, jog indigo gaminantys fermentai turi 
daug perspektyvių panaudojimo sričių. Tiesa, nuo flavino priklausomos 
monooksigenazės liūdnai garsėja savo „kieta“ struktūra, kuri lengvai 
nepasiduoda, siekiant pagerinti fermento veikimą, pasitelkiant baltymų 
inžineriją. Todėl šio darbo tikslas buvo atrinkti ir ištirti skirtingus indigo 
pigmentą gaminančius baltymus, pasinaudojant indigo biosinteze paremta 
fermentų atrankos sistema. Šiam tikslui įgyvendinti buvo iškelti trys 
uždaviniai: 

1. Sukurti indigo biosinteze paremtą fermentų atrankos sistemą, tinkančią 
tikslinei norimu aktyvumu pasižyminčių fermentų paieškai; 

2. Sukurti naujų indigoidinių junginių biosintezės sistemą; 
3. Ištirti indigo gaminančius fermentus, dalyvaujančius biologiniuose 

procesuose. 
Šiame darbe buvo atliekama indigo pigmentą gaminančių fermentų 

paieška ir analizė. Fermentų paieškai buvo pasitelktos metagenominės DNR 
bibliotekos, sukonstruotos įterpiant metagenominės DNR fragmentus į 
pUC19 plazmides. E. coli ląstelės buvo transformuojamos bibliotekomis ir 
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išsėjamos ant terpės su įvairiais substratais – indolo dariniais. Jei 
metagenominės DNR fragmente yra koduojamas baltymas, verčiantis 
substratą indigo pigmentu, ląstelių kolonija nusidažo mėlyna spalva ir tampa 
aiškiai atskiriama nuo bespalvių kolonijų (I schema). Tokiu būdu atrinkti 
fermentai buvo klonuojami į raiškos plazmides ir tiriami jų aktyvumai. 

Substratu panaudojant indolil-3-karboksirūgštį, buvo atrinktas fermentas, 
verčiantis šį substratą indigo pigmentu. Paaiškėjo, jog tai yra A grupės nuo 
flavino priklausoma monooksigenazė, greičiausiai vykdanti indolil-3-
karboksirūgšties oksidacinį dekarboksilinimą iki indoksilo, kuris 
dimerizuojasi iki indigo. Išgryninta indolil-3-karboksirūgšties monooksi-
genazė (Icm) nebuvo aktyvi, tačiau fermentas veikė būdamas E. coli ląstelėse, 
sukurdamas sąlygas dvigubos fermentų atrankos sistemos konstravimui. 
Konstruojant šią sistemą, icm genas buvo perkeltas į pACYC184 plazmidę, 
suderinamą su pUC19 plazmide, kuri buvo panaudota metagenominės DNR 
bibliotekų kūrimui. Išsėjant E. coli ląsteles su metagenomine biblioteka ir 
pACYC184-icm plazmide ant kietos terpes su indolil-3-karboksaldehidu, 
pavyko atrinkti 20 skirtingų fermentų aldehido dehidrogenazių, 
katalizuojančių indolil-3-karboksaldehido oksidaciją iki indolil-3-
karboksirūgšties. Negana to, šie fermentai pasižymėjo gebėjimu oksiduoti 
įvairius aldehidus iki atitinkamų karboksirūgščių. Taip pat parodyta, jog Icm 
fermentu paremta dviguba fermentų atrankos sistema veikia ne tik gram-
neigiamose E. coli ląstelėse, bet ir gram-teigiamose bakterijose R. 

erythropolis, taip praplečiant dvigubos fermentų atrankos sistemos galimybes. 
Galiausiai, pasirenkant atitinkamą substratą, kuris būtų verčiamas indolil-3-
karboksirūgštimi, ši sistema gali būti panaudota skirtingų fermentų grupių 
tikslinei atrankai. 

Siekiant praplėsti žinomų indigoidinių junginių įvairovę, buvo ieškoma 
fermentų, pasižyminčių plačiu substratiniu savitumu ir gebėjimu oksiduoti 
įvairius indolo junginius iki atitinkamų indigo junginių. Rastas vienas toks 
fermentas – Hind8. Panaudojant E. coli ląsteles su Hind8 fermentu kaip 
biokonversijos platformą, susintetinti šie indigoidiniai junginiai: 5-oje, 5′-oje, 
6-oje, 6′-oje, 7-oje ir 7′-oje padėtyse turintys -CH2OH, -COOH, -CH2NH2 arba 
-CHO grupes. Išskirtinėmis savybėmis pasižymėjo susintetinti indigoidiniai 
junginiai su karboksigrupėmis: indigo-5,5′-dikarboksirūgštis, indigo-6,6′-
dikarboksirūgštis, indigo-7,7′-dikarboksirūgštis ir indirubino-7,7′-
dikarboksirūgštis. Šių junginių tirpumas vandenyje buvo trimis eilėmis 
didesnis nei indigo arba indirubino tirpumas vandenyje. Kadangi indigoidinių 
junginių tirpumo vandenyje padidinimas dažnai suteikia šiems junginiams 
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naujas savybes, pvz., tam tikrų receptorių slopinimą, karboksigrupės įvedimas 
į indigoidinius junginius gali būti naujas būdas ženkliai padidinti indigoidinių 
junginių tirpumą vandenyje bei suteikti šiems junginiams naujas savybes.  

Neseniai buvo parodyta, jog bakterijos, kurioms indolas yra toksiškas, 
geba apsisaugoti nuo toksinio poveikio oksiduodamos indolą iki mažiau 
toksiško indigo pigmento. Šiame darbe pavyko parodyti, jog Acinetobacter 

genties bakterijos geba ne tik nukenksminti indolą, bet ir suskaidyti jį bei 
panaudoti kaip azoto šaltinį augimui. Nustatyta, jog už šį procesą atsakingi Iif 
baltymai. Fermentas IifC, E grupės nuo flavino priklausoma oksigenazė, 
oksiduoja indolą, o oksidacijos produktas yra 2,3-dihidroksiindolinas. Šį 
junginį fermentas IifB, trumpų grandinių dehidrogenazė, oksiduoja iki 3-
hidroksiindolin-2-ono. Pastarasis junginys fermento IifA yra verčiamas iki 
antranilo rūgšties – indolo skaidymo pagrindinio tarpinio junginio, toliau 
skaidomo kitų fermentų. Verta paminėti, jog fermentas IifA pagal savo 
savybes – deguonies naudojimą reakcijoje be jokių kofaktorių ar metalo jonų 
ir α/β hidrolazės tipo struktūrą – yra panašus į išskirtinę neseniai aprašytų 
fermentų grupę – nuo kofaktorių nepriklausomas dioksigenazes. Tikslus IifA 
fermento reakcijos mechanizmo nustatymas bei galimas priskyrimas nuo 
kofaktorių nepriklausomoms dioksigenazėms neabejotinai reikalauja 
papildomų tyrimų. 

Išaiškinus bakterijų vykdomo indolo skaidymo pradinių reakcijų 
mechanizmus, dėmesys buvo atkreiptas į indolil-3-acto rūgšties skaidymą. 
Buvo žinoma, jog šiame procese dalyvauja panašūs baltymai, kaip ir 
nustatytame indolo skaidyme, tačiau tikslus skaidymo mechanizmas nebuvo 
aiškus. Tiriant indolil-3-acto rūgštį – augalų augimą skatinantį hormoną – 
skaidančias Caballeronia genties bakterijas, pavyko parodyti, jog fermentas 
IacA, B grupės nuo flavino priklausoma oksigenazė, katalizuoja indolil-3-acto 
rūgšties oksidaciją iki 2-oksindolil-3-acto rūgšties, o fermentas IacE, trumpų 
grandinių dehidrogenazė, verčia šį junginį 3-hidroksi-2-oksindolil-3-acto 
rūgštimi, ir šiame procese nedalyvauja fermentas IacB. Taip pat paaiškėjo, kad 
ties C3 atomu esančios hidroksigrupės deguonies atomas atkeliauja iš vandens 
molekulės. Siūlomi du indolil-3-acto rūgšties skaidymo mechanizmai: (1) 
IacA vykdomos oksidacijos metu susidaro epoksidas, kuris yra 
hidrolizuojamas iki 2,3-dihidroksiindolin-3-acto rūgšties ir fermento IacE 
toliau oksiduojamas iki 3-hidroksi-2-oksindolil-3-acto rūgšties, arba (2) IacA 
vykdomos reakcijos produktas yra 2-hidroksiindolil-3-acto rūgštis, prie kurios 
spontaniškai prisijungia vanduo ir susidaro 2,3-dihidroksiindolin-3-acto 
rūgštis, kurią oksiduoja IacE. Taip pat nustatyta, jog IacA ir iacE geba 
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konvertuoti ir kitus biologiškai aktyvius indolo darinius – indolil-3-propiono 
rūgštį ir indolil-3-butano rūgštį. Šių junginių katabolizmo keliai kol kas nėra 
aprašyti, todėl IacA ir IacE galėtų būti panaudoti dirbtinių skaidymo kelių 
kūrimui. 

Apibendrinant galima teigti, jog indigo biosinteze paremta atrankos 
sistema leidžia greitai, nesudėtingai, sąlyginai pigiai ir tikslingai rasti 
fermentus, tiek atliekančius svarbias biologines funkcijas, tiek ir 
pasižyminčius įdomiomis konversijos savybėmis. Nors dalies šiame darbe 
aprašytų aktyvių rekombinantinių baltymų gauti nepavyko (Hind8, Icm), E. 

coli ląstelėse vykdoma tiesioginė atranka užtikrina, jog atrenkami tik ląstelėse 
aktyvūs fermentai, todėl šie fermentai gali būti panaudojami biokonversijos 
platformų kūrimui. Siekiant pagerinti naudotą sistemą, ją galima perkelti į 
kitus mikroorganizmus, pvz., termofilines bakterijas, tokiu būdu tikintis 
atrinkti termostabilius indigo gaminančius fermentus, arba taikyti transliacijos 
ir indigo sintezės in vitro atrankos sistemą, siekiant atrinkti in vitro stabilius 
indigo gaminančius fermentus. 

 

Darbo išvados: 

1. Icm paremta dviguba fermentų atrankos sistema gali būti sėkmingai 
naudojama norimos grupės fermentų paieškai ir atrankai. 

2. Naudojant biokonversijos sistemą su Hind8 fermentu, galima 
pagaminti modifikuotus indigoidinius junginius, pasižyminčius 
netipiškomis savybėmis. 

3. Iif fermentai yra atsakingi už pradines bakterijų vykdomo indolo 
skaidymo reakcijas. 

4. IacA ir IacE fermentai geba konvertuoti biologiškai aktyvius indolo 
darinius. 
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1  | INTRODUCTION

In light of the growing importance of biocatalysis, strategies that 
provide improvements in screening of novel enzymes are of consid‐
erable interest. Among other enzymes, aldehyde dehydrogenases 
(ALDHs), especially exhibiting a broad substrate spectrum, are 

potential biocatalysts for biotechnology and are applicable in the de‐
toxification of aldehydes, generated during metabolism of different 
natural and xenobiotic compounds (Kotchoni, Kuhns, Ditzer, Kirch, & 
Bartels, 2006; Lyu et al., 2017; Singh et al., 2014).

Metagenomics, which helps to circumvent the cultivation 
of bacteria and select genes directly from the environment, has 
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Abstract
Here, we present a proof‐of‐principle for a new high‐throughput functional screening 
of metagenomic libraries for the selection of enzymes with different activities, pre‐
determined by the substrate being used. By this approach, a total of 21 enzyme‐cod‐
ing genes were selected, including members of xanthine dehydrogenase, aldehyde 
dehydrogenase (ALDH), and amidohydrolase families. The screening system is based 
on a pro‐chromogenic substrate, which is transformed by the target enzyme to in‐
dole‐3‐carboxylic acid. The later compound is converted to indoxyl by a newly identi‐
fied indole‐3‐carboxylate monooxygenase (Icm). Due to the spontaneous oxidation 
of indoxyl to indigo, the target enzyme‐producing colonies turn blue. Two types of 
pro‐chromogenic substrates have been tested. Indole‐3‐carboxaldehydes and the 
amides of indole‐3‐carboxylic acid have been applied as substrates for screening of 
the ALDHs and amidohydrolases, respectively. Both plate assays described here are 
rapid, convenient, easy to perform, and adaptable for the screening of a large number 
of samples both in Escherichia coli and Rhodococcus sp. In addition, the fine‐tuning of 
the pro‐chromogenic substrate allows screening enzymes with the desired substrate 
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become a powerful tool in search of new enzymes and meta‐
bolic pathways for the industrial biotechnology over the past 
decades (Allen, Moe, Rodbumrer, Gaarder, & Handelsman, 2009; 
Maruthamuthu, Jiménez, Stevens, & Elsas, 2016; Suenaga, Ohnuki, 
& Miyazaki, 2007; Varaljay et al., 2016). Many studies show that 
the function‐based screening or selection approaches permits an 
effective identification of different biocatalysts, such as lipases/
esterases (Reyes‐Duarte, Ferrer, & García‐Arellano, 2012), cel‐
lulases (Maruthamuthu et al., 2016), and oxygenases (Nagayama 
et al., 2015), from diverse environmental sources and microbial 
habitats. However, the common problem in the search for new 
enzymes is the absence of an appropriate screening system. 
Usually, the functional screening of desired activities is based 
on chromogenic approach including the formation of blue indigo 
pigment, fluorogenic substrates, and/or sensors (Kennedy et al., 
2011; Rüther, 1980; Seok et al., 2018; Shang, Chan, Wong, & Liao, 
2018; Ye, Peng, Niu, Luo, & Zhang, 2018). Notwithstanding that 
several chromogenic substrates such as indole, indole carboxylic 
acids, and indole‐3‐carboxaldehyde applicable for plate and other 
high‐throughput (HTP) assays have been developed and applied 
for screening various dioxygenases and broad substrate range 
monooxygenases (Celik, Speight, & Turner, 2005; Choi et al., 2003; 
Eaton & Chapman, 1995; Ensley et al., 1983; Furuya, Takahashi, 
Ishii, Kino, & Kirimura, 2004; McClay, Boss, Keresztes, & Steffan, 
2005; O'Connor, Dobson, & Hartmans, 1997; Shi et al., 2013; 
Willetts, Joint, Gilbert, Trimble, & Mühling, 2012), a limited num‐
ber of HTP methods for detection of other oxidoreductases, for 
example, aldehyde dehydrogenases, have been elaborated (Chen 
et al., 2014; Oyobiki et al., 2014; Reisinger et al., 2006; Seok et 
al., 2018; Wexler, Bond, Richardson, & Johnston, 2005). Moreover, 
those approaches are too restricted for a special substrate, cannot 
be used in a plate format or require sophisticated equipment.

The aim of this study was to develop a novel platform for the 
functional screening of the enzymes, particularly ALDHs. First, we 
searched for indole‐3‐carboxylic acid (I3CA)‐degrading microor‐
ganisms and corresponding genes in metagenomes to determine 
whether any could transform I3CA to indigo. We have successfully 
identified Icm encoding gene, which was used for the creation of the 
screening method. By using the developed approach, we succeeded 
in a screening of diverse ALDHs with a broad substrate specificity. 
Furthermore, the auxiliary Icm enzyme was applied for screening of 
amidohydrolases using the amide of indole‐3‐carboxylic acid as a 
substrate. The Icm was active both in Gram‐negative and Gram‐pos‐
itive bacteria, and hence, the enzyme was suitable for a functional 
screening of enzymes in different hosts.

2  | MATERIALS AND METHODS

2.1 | Chemicals

Chemicals used in this study are listed in Table A1. Gel resins were 
purchased from GE Healthcare (Little Chalfont, UK). Restriction 
endonucleases and DNA polymerases were from Thermo Fisher 

Scientific (Vilnius, Lithuania). All reagents used in this study were of 
analytical grade.

2.2 | Bacterial strains, plasmids and media

The bacterial strains and plasmids used in this study are listed in 
Table 1. Escherichia coli and Rhodococcus erythropolis SQ1 cells were 
routinely grown in Luria–Bertani (LB) medium at 16–37°C. The fol‐
lowing reagents were added to media as needed: IPTG, 40 μg/ml; 
ampicillin (Ap), 50 μg/ml; chloramphenicol (Cm), 20 µg/ml; kanamy‐
cin (Km) 50 μg/ml; tetracycline (Tc), 20 µg/ml; derivatives of I3CA, 
1 mM.

2.3 | General DNA manipulation

Plasmid preparation, restriction endonuclease digestion, DNA liga‐
tion, agarose gel electrophoresis, and other standard recombinant 
DNA techniques were carried out by standard methods (Sambrook, 
Fritsch, & Maniatis, 1989). DNA sequencing and primer synthesis 
were performed commercially at the Macrogen (the Netherlands). 
DNA sequences were analyzed with a BLAST program available at 
the National Center for Biotechnology Information web site (http://
blast.ncbi.nlm.nih.gov/Blast.cgi). Evolutionary analyzes were con‐
ducted in MEGA7 (Kumar, Stecher, & Tamura, 2016).

2.4 | Screening of soil samples and gene cloning

About 1 g of soil samples were suspended in 1 ml 0.9% w/v NaCl 
solution, and 50 μl aliquots were spread on the agar plates supple‐
mented with 1 mM I3CA. The plates were incubated at 30°C for 
48 hr and were subsequently visually inspected for colonies produc‐
ing the blue indigo pigment. Chromosomal DNA was isolated from 
the blue pigment producing bacteria, digested with the PstI restric‐
tion endonuclease and ligated in the pUC19 vector. Escherichia coli 
DH5α was used for screening of blue colonies on the plates supple‐
mented with 1 mM I3CA.

For the screening assay, the pKVIABam8 encoding the icm gene 
was digested with BamHI and PscI and subcloned to the BamHI and 
PagI restriction sites of pACYC184 vector and resulted plasmid was 
designated pACYC‐KVIA. For construction of expression vectors, 
icm gene was PCR‐amplified with primers KviaEcoR and KviaNde2F 
(Table 1) and pKviaBam8 as a DNA template. All PCR amplifications 
were performed using Phusion High‐Fidelity PCR Master Mix. PCR 
product was digested with NdeI/XhoI restriction endonucleases and 
ligated into pET‐21a(+) previously digested with the corresponding 
enzymes to obtain pET21‐KVIA. N‐terminal His6‐tag was added by 
subcloning of the icm gene into pET28c(+), resulting in pET28‐KVIA. 
For expression in R. erythropolis SQ1, the digested PCR fragment 
was ligated into pNitQC1 resulting in plasmid pNit‐KVIA. To obtain 
N‐terminal fusion of Icm with maltose‐binding protein (MBP), malE 
was amplified with primers MBP_F and MBP_R_Nco, digested with 
XbaI/NcoI, and ligated into pET28‐KVIA resulting in pET28‐MBP‐
KVIA. To obtain N‐terminal fusion with Strep‐Tag, Icm encoding gene 



38

     |  3 of 15ČASAITĖ eT Al.

was amplified with primers Kvia‐IBA3‐F and Kvia‐IBA3‐R, digested 
with Eco31I and ligated into Eco31I‐digested pASK‐IBA3, resulting in 
pASK‐IBA3‐KVIA. For cloning of aldehyde dehydrogenase Vmix gene, 
it was PCR‐amplified with primers VmixHindR and VmixNdeF (Table 1) 
and DNA from the metagenome clone Vmix as template. PCR product 
was digested with NdeI/HindIII restriction endonucleases and ligated 
into pNitRT1 previously digested with the corresponding enzymes 
to obtain pNitRT‐Vmix. For construction of C‐terminal His6‐tagged 
amidohydrolase, MO13 gene was PCR‐amplified with primers am13F 
and am13R2 (Table 1) and pMO13 as DNA matrix. PCR product was 
digested with NdeI/XhoI restriction endonucleases and ligated into 

pET‐21a(+) previously digested with the corresponding enzymes to 
obtain pET21‐MO13. Electrocompetent cells were prepared as de‐
scribed previously (Nakashima & Tamura, 2004b; Stanislauskiene et 
al., 2012) and used for transformation.

2.5 | Construction of the metagenomic library and 
screening for enzymes

For the construction of environmental DNA libraries, surface soils 
(0–15 cm) from a different fields in district Vilnius (Lithuania) were 
collected. The environmental DNA was isolated from samples using 

Relevant characteristics Source

Strain

 Escherichia coli 
DH5α

endA1, gyrA96, hsdR17, recA1, relA1, supE44, 
thi‐1,Δ(lacZYA‐argF)U169, Φd80lacZΔM15

Sambrook et al. 
(1989)

E. coli BL21(DE3) F−, ompT, hsdSB (rB−, mB−), dcm, gal, λ(DE3) Novagen

Rhodococcus 
erythropolis SQ1

Wild‐type strain Quan and Dabbs 
(1993)

Bosea sp. KVIA Soil isolate This study

Plasmid

pET‐21c (+) Expression vector Apr, f1, pBR322 ori Novagen

pET‐28c (+) Expression vector Kmr,f1, pBR322 ori Novagen

pASK‐IBA3 Apr expression vector, Strep‐tag®, f1 origin IBA lifesciences

pUC19 Apr, cloning vector pMB1ori Thermo Fisher

pACYC184 Cmr, Tcr cloning vector p15A ori Thermo Fisher

pNitQC1 Apr (E. coli), Cmr (R. erythropolis SQ1) Nakashima and 
Tamura (2004a)

pNitRT1 Apr (E. coli), Tcr (R. erythropolis SQ1)

pKVIABam8 pUC19 cloned Icm gene, Apr This study

pACYC‐KVIA pACYC184 cloned Icm gene, Cmr This study

pET21‐KVIA pET21a cloned Icm gene, Apr This study

pET28‐KVIA N‐terminal His6‐tagged Icm, Kmr This study

pET28‐MBP‐KVIA N‐terminal MBP‐tagged Icm, Kmr This study

pASK‐IBA3‐KVIA N‐terminal Strep‐tagged Icm, Apr This study

pET21‐MO13 C‐terminal His6 tag Amidohydrolase gene, Apr This study

pNitQC1‐KVIA icm gene for expression in Rhodococcus sp. This study

pNitRT1‐Vmix Vmix ALDH gene for expression in Rhodococcus 
sp

This study

Primer,	5′−3′

MBP_R_Nco TTCCATGGGCCCCTGGAACAG This study

MBP_F GTGAGCGGATAACAATTCC This study

KviaEcoR GAGAATTCGCCATAGATCAGGACC This study

KviaNde2F TACATATGAAGGTCATCATCGTAG This study

Kvia‐IBA3‐F GAGCGCGGTCTCGAATGAAGGTCATCATC This study

Kvia‐IBA3‐R CTGCGAGGTCTCAGCGCTGGACCGCCGCGC This study

VmixNdeF TACATATGAGTGCGAACGATATTAAAAC This study

VmixHindR CCAAGCTTCAGAACGGAAACCCGC This study

am13F GCCATATGGAAAAATCATCATTAC This study

am13R2 ACTCGAGCCTGGGATTAATAG This study

TA B L E  1   Strains, plasmids, and primers 
used in this study
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ZR Soil Microbe DNA Kit (Zymo Research), partially digested with 
the endonucleases PstI or HindIII and ligated in the pUC19 vector. 
To analyze the number of clones in the library, quality of the library 
(a ratio of white/blue colonies), and the average insert length, E. coli 
DH5α cells were transformed with ligation mixtures and spread 
on LB agar plates supplemented with ampicillin, 1 mM IPTG, and 
1 mM X‐gal. Eight white colonies‐forming clones from each library 
were chosen for plasmid DNA isolation and analysis of the length 
of the insert. For functional screening, E. coli DH5α cells harboring 
pACYC‐KVIA were transformed with the metagenomic libraries and 
plated on LB agar plates containing Ap, Cm, as needed and 1 mM 
solution of derivative I3CA. The plates were incubated at 37°C for 
2 days and were subsequently screened for colonies that were able 
to produce the blue pigment indigo by visual detection. The posi‐
tive clones were subjected for DNA sequencing. The sequences ob‐
tained in the present study were deposited to the GenBank database 
under the accession numbers MG770119–MG770138, MG786188, 
MG786189, MG775032, MK284926, and MH476458. The full list is 
given in Table A2.

2.6 | Expression and purification of the 
recombinant proteins

For gene expression, E. coli BL21 (DE3) were transformed with 
pET21‐KVIA, pET28‐KVIA, pET28‐MBP‐KVIA, pASK‐IBA3‐KVIA, 
and pET21‐MO13. The cells were grown at 30°C with rotary shak‐
ing until OD600 reached 0.8, and gene expression was induced with 
0.05–0.5 mM IPTG for pET plasmids and 200 μg/L anhydrotetracy‐
cline for pASK‐IBA3 plasmid. The cells were incubated at 16–30°C 
for either 4 hr or overnight, collected by centrifugation, suspended 
in lysis buffer (50 mM Tris–HCl, pH 8.0, containing 150 mM of NaCl), 
disrupted by sonication and the lysates were used as total protein 
sample, while centrifugation‐clarified lysates (16,000 g for 10 min) 
were treated as a soluble fraction. The recombinant proteins were 
analyzed with 12% denaturing SDS–PAGE.

Purification through His6‐tag was carried out with nickel 
HisTrap™ HP column according to the manufacturer's instructions. 
Strep‐tagged protein was purified with Strep‐Tactin XT Starter Kit 
according to manufacturer's protocol. MBP‐fused protein was puri‐
fied by MBP‐starch affinity chromatography using commercial grade 
cationic starch‐packed column essentially as described in (Duong‐
Ly & Gabelli, 2015). Protein quantification was performed by den‐
sitometry with GelAnalyzer software (Pavel & Vasile, 2012) using 
different concentrations (100, 250, and 500 μg/ml) of bovine serum 
albumin (ThermoFisher Scientific) as standard.

2.7 | Bioconversion of aldehydes or carboxylic acids 
by whole cells

The E. coli or R. erythropolis SQ1 cells transformed with the appro‐
priate plasmids were grown aerobically in LB containing appropri‐
ated antibiotic at 30°C until optical density reached 0.8 (A600), then 
0.5 mM of IPTG was added and cells were grown aerobically at 

30°C for 12 hr. Cells were harvested by centrifugation, washed with 
50 mM potassium phosphate buffer (pH 7.2), suspended in the same 
buffer and used as the whole cells. Then, 1 mM solutions of sub‐
strates were added, and bioconversion reactions were carried out at 
30°C with shaking at 180 rpm for 1–24 hr. The conversion was fol‐
lowed by changes in UV absorption spectrum in 200–400 nm range 
or	by	HPLC/MS	analysis,	as	described	previously	 (Stankevičiūtė	et	
al., 2016).

2.8 | Monooxygenase activity assay

The monooxygenase activity was evaluated from the decrease of 
the absorbance at 340 nm due to oxidation of NADH or NADPH 
(ε340 = 6,220 M/cm), using spectrophotometer and was performed 
at room temperature. Simultaneously, reaction mixtures were in‐
cubated overnight at 30°C and inspected for the formation of blue 
precipitate. A total reaction volume of 1 ml contained 50 mM Tris–
HCl, pH 7.5, 1 mM I3CA, different amounts (1–20 mM) of NADH 
or NADPH and 50 μM of flavin (FAD, FMN or riboflavin). Reactions 
were initiated by adding 2.5 μg of the purified enzyme or 20 μl of the 
soluble fraction (approx. 10 μg of total protein).

2.9 | Aldehyde dehydrogenase activity assay

For colorimetric assay, the cells were disrupted by sonication and 
the cell‐free extracts were used to analyze the ALDH activity as de‐
scribed in (Bianchi et al., 2017). In brief, the obtained supernatants 
were mixed with NAD+ (200 μM) and NADP+ (200 μM), nitroblue 
tetrazolium chloride (NBT, 200 μM), phenazine methosulfate (PMS, 
20 μM), and an appropriate aldehyde (200 μM) in 50 mM Tris–HCl 
buffer, pH 8.0, at 30°C. A total reaction volume of 200 µl contained 
50 µl of cell lysates (approx. 20 μg of total protein), and the reaction 
was followed spectrophotometrically (λ = 580 nm) in 96‐well micro‐
titer plates by monitoring the production of formazan dye after 1 
and 3 hr.

2.10 | Amidohydrolase activity assay

A total reaction volume of 0.5 ml contained 50 mM Tris–HCl, pH 
8.5, and 1 mM of appropriate substrate. Reactions were initiated 
by adding 2.5 μg of the purified enzyme. The progress of the reac‐
tion was followed by changes in UV absorption spectrum in 200–
600 nm range or by HPLC/MS analysis, as described previously 
(Stankevičiūtė	et	al.,	2016).

2.11 | Synthesis of N‐(3‐hydroxypropyl)‐indole‐3‐
carboxamide

A solution of indole‐3‐carboxylate (100 mg, 0.62 mmol) and 
N,N,N′,N′‐tetramethyl‐O‐(1H‐benzotriazol‐1‐yl)uronium hexafluo‐
rophosphate (HBTU, 235.3 mg, 0.62 mmol) in dimethylformamide 
(1.24 ml) was vigorously stirred for 30 min at room temperature. 
Then, 3‐amino‐1‐propanol (46.6 mg, 0.62 mmol) and triethylamine 
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(86.5 µl, 0.62 mmol) were added to the reaction mixture and con‐
tinued stirring for additional 12 hr at the same temperature. The 
reaction mixture was diluted with water (10 ml) and extracted with 
ethyl acetate (3 × 15 ml). The organic phase was dried (Na2SO4) and 
the solvent evaporated under reduced pressure. The residue was 
purified by column chromatography (silica gel, chloroform/methanol 
mixture). Yield 65 mg (48%). Synthesized derivative was character‐
ized by NMR spectroscopy and HPLC/MS analysis. NMR spectra 
were recorded in DMSO‐d6 on a Bruker Ascend 400: 1H NMR–
400 MHz, 13C NMR–100 MHz. Chemical shifts (δ) are reported in 
ppm relative to the solvent resonance signal as an internal standard. 
MS (ESI+): m/z 219 [M+H]+,	217	[M−H]−.

1H NMR (DMSO‐d6): δ = 1.64–1.74 (m, 2H, CH2), 3.32 (dd, 2H, 
J = 12.8, 6.7 Hz, CH2), 3.48 (dd, 2H, J = 12.7, 6.4 Hz, CH2), 4.52 
(bs, 1H, OH), 7.06–7.18 (m, 2H, CH), 7.42 (d, 1H, J = 7.8 Hz, CH), 

7.87 (t, 1H, J = 5.5 Hz, NH), 7.99 (d, 1H, J = 2.9 Hz, CH), 8.13 (d, 1H, 
J = 7.7 Hz, CH), 11.52 (s, 1H, NH). 13C NMR (DMSO‐d6): δ = 33.31, 
46.23, 59.15, 111.22, 112.22, 120.68, 121.42, 122.22, 126.52, 
128.00, 136.57, 165.19.

3  | RESULTS AND DISCUSSION

3.1 | Cloning and identification of indole‐3‐
carboxylate monooxygenase

To screen enzymes displaying an indigo‐forming activity in the 
presence of I3CA, two approaches were used. Initially, several blue 
colonies‐forming bacteria were screened using soil samples and 
the agar plates supplemented with I3CA. One of these isolates, 
KVIA, was chosen for further studies. The analysis of the 16S rRNA 

F I G U R E  1   Characterization of Icm‐KVIA. (a) Evolutionary relationship of decarboxylating flavin‐dependent oxidoreductases. The 
evolutionary history was inferred using the Neighbor‐Joining method (Saitou & Nei, 1987), the evolutionary distances were computed 
using the number of differences method (Nei & Kumar, 2000) and are in the units of the number of amino acid differences per sequence. 
The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test are shown next to the branches 
(Felsenstein, 1985). The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer 
the phylogenetic tree. (b) Hydroxylation reactions performed by Icm‐related enzymes. SalH, salicylate‐1‐hydroxylase (EC 1.14.13.1); Hbh, 
4‐hydroxybenzoate hydroxylase (EC 1.14.13.64); Abh, 4‐aminobenzoate 1‐monooxygenase (EC 1.14.13.27); PhzS, 5‐methylphenazine‐1‐
carboxylate 1‐monooxygenase (EC 1.14.13.218); NicC, 6‐hydroxynicotinate 3‐monooxygenase (EC 1.14.13.114); HpoO, 5‐hydroxypicolinate 
monooxygenase; Icm‐KVIA, I3CA monooxygenase. (c) Time‐course of consumption of I3CA by Icm producing Escherichia coli cells. Primary 
spectrum is black; spectra after two, three, and four hours are depicted in brightening gray. (d) Colonies of E. coli DH5α on the plates 
supplemented with varied concentration of I3CA, blue colonies contain pACYC‐KVIA plasmid, white colonies—an empty pACYC184 vector
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gene sequence (GenBank accession No. MG775032) revealed that 
the bacteria belonged to the Bosea genus. The genomic library of 
Bosea sp. KVIA was constructed, and the positive clone harboring 
the plasmid pKVIABam8 was identified based on the ability to form 
blue colonies on the plates supplemented with I3CA. The nucleotide 
sequence analysis showed one 1,242 bp long ORF in the insert. The 
ORF encoded a 414 aa long protein, which was 98% identical to the 
hypothetical flavin‐dependent oxidoreductase from Bosea sp. WAO 
(GenBank accession No. WP_066468592). Two additional blue colo‐
nies‐forming clones were selected from the metagenomic libraries 
on I3CA agar plates. Both hits, named MILC and NVS, encoded the 
proteins, which shared 95.7% and 62.7% identity to the protein en‐
coded by the pKVIABam8 plasmid, respectively. According to the 
sequence analysis, all three screened proteins (KVIA, MILC and NVS 
clones) belonged to the group A of flavin monooxygenases, which 
depend on NAD(P)H as external electron donor and contain a glu‐
tathione reductase (GR‐2) type Rossmann fold (GXGXXG) for FAD 
binding. Moreover, several conserved motifs such as DGX5R, and 
GDAX10GX6DX3L characteristic for monooxygenases were identi‐
fied (Huijbers, Montersino, Westphal, Tischler, & Berkel, 2014). Some 
dioxygenases such as cumate and m‐toluate dioxygenases convert 
indole‐2‐carboxylic acid and I3CA to indigo. The dioxygenases in‐
corporate two atoms of molecular oxygen, leading to the formation 
of 2,3‐dihydroxyindoline‐3‐carboxylate. Subsequent reactions are 
spontaneous and lead to the mixture of indigo, isatin, and indirubin. 

Moreover, those enzymes are also active toward indole (Eaton & 
Chapman, 1995). In contrast, the enzymes encoded by the KVIA, 
MILC, and NVS clones were unrelated to any known dioxygenase 
and showed the highest sequence similarity to the experimentally 
characterized monooxygenases such as 5‐methylphenazine‐1‐car‐
boxylate 1‐monooxygenase from Pseudomonas aeruginosa PAO1 and 
3‐hydroxybenzoate‐6‐hydroxylase from Pseudomonas alcaligenes or 
Klebsiella oxytoca. Moreover, the identified enzymes were not ac‐
tive toward indole since the clones did not form colored colonies in 
the presence of this substrate. In addition, no substrate consumption 
was observed (HPLC‐MS analysis) when nicotinic, 2‐ and 4‐picolinic, 
5‐hydroxypiperazine‐2‐carboxylic, salicylic acid, indoline‐2‐carbox‐
ylic, indole‐2‐carboxylic, indole‐4‐carboxylic, indole‐5‐carboxylic, 
indole‐6‐carboxylic, and indole‐7‐carboxylic were used as substrates 
for indole‐3‐carboxylate monooxygenase (Icm). We also tested this 
enzyme with 5‐nitroindole‐3‐carboxylic, 7‐methylindole‐3‐carbox‐
ylic, 1‐methylindole‐3‐carboxylic and as well as indole‐3‐carboxal‐
dehyde, indole‐3‐carbonitrile or methyl ester of indole‐3‐carboxylic 
acid for formation of the blue colonies on plates. No color changes 
were observed using these derivatives of indole‐3‐carboxylic acid. 
Based on sequence analysis and substrate specificity, we designated 
the identified enzyme as an indole‐3‐carboxylate monooxygenase 
(Icm). We proposed that Icm performed an oxidative decarboxy‐
lation reaction like other known flavin‐dependent monooxyge‐
nases that catalyze the decarboxylative hydroxylation of aromatic 

F I G U R E  2   The principal scheme of the functional screening of enzymes based on an auxiliary Icm enzyme. The experimentally tested 
substrates are boxed. R: any radical



42

     |  7 of 15ČASAITĖ eT Al.

carboxylic acids (Figure 1b) such as the salicylate monooxygenase 
from Pseudomonas putida (Uemura et al., 2016), 6‐hydroxynicotinic 
acid 3‐monooxygenases NicC from P. putida and Bordetella bron-
chiseptica (Hicks et al., 2016), 5‐methyl phenazine‐1‐carboxylate‐1‐
monooxygenase PhzS from P. aeruginosa (Mavrodi et al., 2001), 
4‐hydroxybenzoate 1‐hydroxylase from Candida parapsilosis (Van 
Berkel, Eppink, Middelhoven, Vervorrt, & Rietjens, 1994), 4‐amin‐
obenzoate monooxygenase from Agaricus bisporus (Tsuji, Ogawa, 

Bando, & Sasaoka, 1986). The relationship between similar enzymes 
is shown in the phylogenetic tree (Figure 1a).

3.2 | Expression, protein purification, and 
characterization of the Icm

To characterize Icm in more detail, the gene encoding Icm was 
cloned to several expression plasmids, fusing it to His6‐Tag, 

TA B L E  2   Functional annotation of clones with aldehyde dehydrogenase activity

Clone Protein length, aa The nearest homolog, accession no Identity, %

DON4 482 Salicylaldehyde dehydrogenase Betaproteobacteria 
bacterium OGA51247.1

77

JU61 507 Salicylaldehyde dehydrogenase Hydrogenophaga sp. 
Root209 WP_056264373

97

pALD442 483 Salicylaldehyde dehydrogenase Cupriavidus sp. BIS7 
WP_019448853

89

pALD458 484 Phenylacetaldehyde dehydrogenase Alcaligenes faecalis 
WP_060185347

99

pALDBS21 515 Phenylacetaldehyde dehydrogenase Alcaligenes faecalis 
WP_045929579

96

pALDBSal 436 NAD(P)‐dependent benzaldehyde dehydrogenase 
Pseudomonas putida WP_016501743

99

pALDGA1 483 Salicylaldehyde dehydrogenase Afipia massiliensis 
WP_046830129

91

pALDJU6 488 Phenylacetaldehyde dehydrogenase Pseudomonas sp. 
MIACH WP_053136087

96

pALDMO9 485 Aldehyde dehydrogenase Bacillus thermoamylovorans 
WP_041902008

82

pALDMO11 487 Benzaldehyde dehydrogenase Stenotrophomonas sp. 
LM091 WP_070425978

98

pALDR177 768 Xanthine dehydrogenase family protein molybdopterin‐
binding sub unit Rhizobium sp. Root564 
WP_062426820

99

329 Xanthine dehydrogenase family protein subunit M 
Rhizobium sp. Leaf155 WP_062597871

98

182 (2Fe−2S)‐binding	protein	Rhizobium sp. WP_062442533 97

pALDSV3 485 Aldehyde dehydrogenase Pseudomonas sp. A214 
WP_076384861

72

pEGA1 504 Aldehyde dehydrogenase Microbacterium pygmaeum 
WP_091486269

73

pEMMO 484 Benzaldehyde dehydrogenase Acinetobacter sp. ANC 
3832 WP_086192356

85

pER2AH 491 Aldehyde dehydrogenase Arthrobacter sp. Leaf69 
WP_056430460

94

pER2AH2 490 Salicylaldehyde dehydrogenase Arthrobacter sp. P2b 
WP_079598892

98

pRG1 501 Aldehyde dehydrogenase family protein Bacillus sp. 
WP_057215027.1

91

pRG2 490 Aldehyde dehydrogenase Pseudomonas fulva 
WP_013791146

90

URAGR 472 Benzaldehyde dehydrogenase Agrobacterium sp. SCN 
61–19 ODS51427

85

Vmix 490 Phenylacetaldehyde dehydrogenase Verrucomicrobia sp. 
OHE78850

73
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Strep‐Tag, maltose‐binding protein (MBP) or glutathione S‐trans‐
ferase (GST) or without any tag for protein expression. Also, the 
plasmid (pNitQC1‐KVIA) for protein expression in R. erythropolis 
SQ1 cells was created. Only the N‐terminal fusion of Icm with 
MBP (His6‐MBP‐His6‐Icm) resulted in partially soluble protein 
(Table A3). Conventional optimization strategies (variation of 
temperature, inductor concentration, cell density, expression 
host, buffer composition, etc.) did not result in significant im‐
provement of protein solubility. Once outside the cell, the activ‐
ity of Icm diminished. No in vitro activity was detected with the 
purified His6‐MBP‐His6‐Icm by using different flavin cofactors 
and following the oxidation of either NADH or NADPH. Similarly, 
neither substrate consumption nor any intermediate products 
were detected by HPLC/MS, and no blue precipitate was formed 
in these in vitro reactions.

Since the active purified protein could not be obtained, further 
work was carried out using the whole cells of recombinant E. coli or 
R. erythropolis SQ1 bacteria. It was found that I3CA was consumed 
by all Icm derivatives at a similar rate (Figure A1). The amount of 
a blue precipitate formed during the bioconversion of I3CA cor‐
responded to the consumption of this substrate. Meanwhile, no 
pigment appeared in the control reactions, in which the cells trans‐
formed with blank vectors were used. This indicates that Icm is 
active inside the cell and is involved in the conversion of I3CA to 
indigo blue.

3.3 | Application of Icm as an auxiliary enzyme for 
functional screening of aldehyde dehydrogenases

Despite the fact that Icm activity was not detected in vitro, E. coli 
cells harboring the icm gene readily produced a blue indigo dye on 
the agar plates supplemented with I3CA. This property was further 
exploited to create a system for a functional screening of metagen‐
omic libraries. The idea was to use the appropriate substrate, for ex‐
ample indole‐3‐carboxaldehyde, which would be converted to I3CA 
by the target enzyme, in this case ALDH. Then, Icm as an auxiliary 
enzyme would oxidize I3CA into indigo; hence, the colored E. coli 
colonies would indicate the presence of the active ALDH (Figure 2). 
To test such screening platform, the icm gene was subcloned into the 
pACYC184 vector, compatible with the pUC19, which was used for 
creation of metagenomic DNA libraries. The E. coli DH5α cells trans‐
formed with pACYC‐KVIA produced blue colonies on the agar plates 
supplemented with I3CA (0.01 mM of I3CA in the medium was suf‐
ficient for the formation of blue pigment (Figure 1d), but only white 
colonies were observed when indole‐3‐carboxaldehyde was used as 
a substrate. Therefore, this strain was further used for screening of 
metagenomic libraries.

Twenty‐one metagenomic libraries were created using the 
pUC19 plasmid and DNA isolated from soil. Each library contained 
clones with inserts of ~3–15 kb average size, yielding approximately 
0.5 Gb of total cloned genomic DNA per library. In order to screen 

F I G U R E  3   Sequence diversity of metagenomic aldehyde dehydrogenases. The evolutionary history was inferred using the Neighbor‐
Joining method (Saitou & Nei, 1987), the evolutionary distances were computed using the number of differences method (Nei & Kumar, 
2000) and are in the units of the number of amino acid differences per sequence. The percentage of replicate trees in which the associated 
taxa clustered together in the bootstrap test are shown next to the branches (Felsenstein, 1985). The tree is drawn to scale, with branch 
lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The optimal tree with the sum of branch 
length = 2,362.75195313 is shown. All positions containing gaps and missing data were eliminated. A total of 351 positions in the final 
dataset were used for data analysis

pALDGA1
JU61
DON4
pALD442
vanillin dehydrogenase O05619.1
pER2AH2
Vmix
pALDJU6
pALDBS21
pALD458
UraGR

pALDMO11
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benzaldehyde dehydrogenase (NAD(+)) P43503.1
pALDMO9
putative aldehyde dehydrogenase YfmT O06478.1
pRG2
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4-hydroxybenzaldehyde dehydrogenase (NADP(+)) Q59702.2
pRG1
NAD/NADP-dependent betaine aldehyde dehydrogenase B7VQ28.1
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pALDSV3
putative aldehyde dehydrogenase FUS7 S0ENH1.1
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NAD(P)-dependent benzaldehyde dehydrogenase Q84DC3.1
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for ALDH activity, about 30,000 clones per library were spread on 
LB agar supplemented with indole‐3‐carboxaldehyde. In this way, 52 
indigo‐forming clones were identified. The clones producing indigo 
without the presence of Icm (the false positives, i.e., most of such 
clones encoded Baeyer–Villiger monooxygenases, data not shown) 
as well as redundant clones were omitted resulting in 20 unique hits 
harboring the distinct genomic fragments. The sequence analysis of 
the screened ALDH‐positive clones revealed the presence of genes 
encoding the proteins that were 73%–99% identical to the known 
sequences in the NCBI databank and homologous to ALDHs (19 
clones), and molybdopterin xanthine dehydrogenase (one clone; see 
Table A2). Thus, the proposed functional screening approach was 
suitable for identification of hits expressing ALDHs (Table 2). To gain 
insight into the phylogenetic relationship of all selected enzymes, the 
phylogenetic tree was constructed (Figure 3). As revealed by com‐
parison between UniProtKB/SwissProt sequences, nine ALDHs, that 
is, pDON4, pALDGA1, JU61, pALD442, pER2AH2, Vmix, pALDJU6, 
pALDBS21, and pALD458 were closest to vanillin dehydrogenase, 
pALDMO9 was related to B. subtilis vanillin dehydrogenase. pEMMO, 
pALDMO11, and UraGR were related to NAD(+)‐dependent benzal‐
dehyde dehydrogenase and pALDBSal to NAD(P)‐dependent benz‐
aldehyde dehydrogenase. The sequences of clones pRG1, pEGA1, 
and pALDSV3 were closest to betaine aldehyde dehydrogenase. 

Also, two 4‐hydroxybenzaldehyde dehydrogenase‐like enzymes 
were selected (pER2AH, pRG2).

To analyze a substrate specificity of the screened enzymes, the 
bioconversion of substrates by whole cells was monitored by UV‐Vis 
spectrophotometer and products of the reaction were confirmed by 
HPLC‐MS analysis (Table 3). For some substrates, the colorimetric 
assay based on the formation of formazan by the cell‐free extracts 
was applied (Table 4). Thirteen derivatives of indole‐3‐carboxyalde‐
hyde were tested. The most preferred substrates among the tested 
ones were 5‐bromindole‐3‐carboxaldehyde, 6‐benzyloxyindole‐3‐
carboxaldehyde, and 1H‐benzo[g]indole‐3‐carboxaldehyde, which 
were oxidized by 18 ALDHs (Table 3). Only one strain (pALDR177) 
could oxidize 2‐phenylindole‐3‐carboxaldehyde. The whole cells 
with an empty vector (E. coli DH5α/pUC19) did not show any activity 
on the tested substrates, confirming that the ALDHs were encoded 
by the metagenomic inserts. Even though among aldehydes without 
indole ring, the favorable substrate was 3‐hydroxybenzaldehyde, 
which was oxidized by 19 clones, the hits showed very different sub‐
strate specificity (Table 4), and hence, the offered screening platform 
allowed the identification of ALDHs both of different structures and 
catalytic properties.

To test whether the screening of ALDHs could be carried out 
in another bacterial host, one ALDH gene was subcloned to the 

TA B L E  3   Activity of aldehyde dehydrogenases toward derivatives of indole‐3‐carboxaldehyde

5BR3C 6B3C 1HB3C 5M3C T3C 6I3C BT3C 1M3C 4N3C 5B3C 1,2MHC 4B3C 2P3C

pALDR177 + + + + + + + + + + + + +

pALDBS21 + + + + + + + + + + + − −

JU61 + + + + + + + + + + − − −

pALD442 + + + + + + + + + + − − −

pALDGA1 + + + + + + + + + + − − −

pALDBSal + + + + + + + + + + − − −

pRG1 + + + + + + + + + − − − −

PER2AH2 − + + + + + + + + + − − −

pALDMO11 + + + − + + + + + − − − −

pEGA1 − + + + − − + + − + − + −

pALDMO9 + + + + + + − − + − − − −

pER2AH + + − − + + + + + − − − −

Vmix + + + + + − − + − − − − −

pRG2 + + + + − + − − − − − − −

pALDSV3 + − + + + + − − − − − − −

DON4 + + + + + − − − − − − − −

pALDJU6 + + + + + − − − − − − − −

pALD458 + + + + − − − − − − − − −

pEMMO + + − − − + + − − − − − −

URAGR + − + − − − − − − − − − −

Note. 1,2MHC: 1,2‐dimethyl‐indole‐3‐carboxaldehyde; 1HB3C: benzo[g]indole‐3‐carboxaldehyde; 1M3C: 1‐methylindole‐3‐carboxaldehyde; 2P3C: 
2‐phenylindole‐3‐carboxaldehyde; 4B3C: 4‐benzyloxyindole‐3‐carboxaldehyde; 4N3C: 4‐nitroindole‐3‐carboxaldehyde; 5B3C: 5‐benzyloxyindole‐3‐
carboxaldehyde; 5BR3C: 5‐bromoindole‐3‐carboxaldehyde; 5M3C: 5‐methylindole‐3‐carboxaldehyde; 6B3C: 6‐benzyloxyindole‐3‐carboxaldehyde; 
6I3C: 6‐isopropylindole‐3‐carboxaldehyde; BT3C: benzo[b]thiophene‐3‐carboxaldehyde; T3C: 1,6,7,8‐tetrahydrocyclopenta(g)indole‐3‐carboxalde‐
hyde;	“+”:	the	reaction	product	was	observed	by	the	HPLC‐MS	analysis	and/or	by	the	UV‐VIS	spectrum;	“−”:	no	conversion.
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pNitRT1 plasmid for expression in R. erythropolis SQ1. It turned out, 
that the cells transformed with pNitRT1‐Vmix and pNitQC1‐KVIA 
could produce indigo dye on the plates supplemented with indole‐3‐
carboxaldehyde (Figure 4). Considering the fact that not all enzymes 
encoded in the metagenome can be active in E. coli cells, the Gram‐
positive host such as Rhodococcus sp. would be a good additional 
alternative for a functional screening of ALDHs, thereby expanding 
the variety of the selectable enzymes.

To test further the substrate specificity of Icm and to enlarge 
the list of compounds applicable for the screening purposes, 
we have chosen E. coli cells transformed with pACYC‐KVIA and 
pALDR177 plasmids. According to the activity tests, the ALDR177 
clone was able to oxidize the widest spectrum of derivatives of 
indole‐3‐carboxaldehydes to the corresponding carboxylic acids. 
Transformants were spread on the agar plates supplemented 
with various indole ring containing aldehydes and incubated 
at 30°C for 48 hr. Colonies remained uncolored on 4‐nitroin‐
dole‐3‐carboxaldehyde, 4‐benzyloxyindole‐3‐carboxaldehyde, 
5‐benzyloxyindole‐3‐carboxaldehyde, 6‐benzyloxyindole‐3‐car‐
boxaldehyde, benzo[b]thiophene‐3‐carboxaldehyde, however, 
pigmented colonies appeared on media supplemented with 5‐
methylindole‐3‐carboxaldehyde, benzo[g]indole‐3‐carboxalde‐
hyde, 1,6,7,8‐tetrahydrocyclopenta[g]indole‐3‐carboxaldehyde, 
5‐bromoindole‐3‐carboxaldehyde (Figure A2), indicating that the 
corresponding carboxylic acids served as substrates for Icm. The 
consumption of aldehydes was confirmed by HPLC‐MS. It could 
be concluded that those aldehydes might be applicable for a more 
selective screening of ALDHs.

3.4 | Screening of amidohydrolases

Encouraged with the successful screening of ALDHs, we tested 
whether icm gene‐based approach could be extended for the 

functional screening of other enzymes. N‐(3‐hydroxypropyl)‐in‐
dole‐3‐carboxamide was synthesized and used as a substrate for 
amidohydrolases. One positive clone forming a blue colony was iden‐
tified after testing two metagenomic DNA libraries (approx. 20,000 
clones). The plasmid pMO13 isolated from this hit contained a DNA 
fragment encoding a 489 aa long protein, which was 90% identical to 
hypothetical amidase (WP_010677135) and shared 41% identity to 
indoleacetamide hydrolase (WP_011083078). Subsequently, MO13 
amidase was cloned into pET‐21a(+) vector, heterologously expressed 
in E. coli BL21(DE3), and purified as the C‐His6‐tagged recombinant 
protein. The analysis of the substrate specificity of MO13 amido‐
hydrolase showed that in addition to N‐(3‐hydroxypropyl)‐indole‐3‐
carboxamide, the enzyme could hydrolyze indole‐5‐carboxamide, 
nicotinamide, hippuric acid, glycyl‐L‐leucine, and L‐valyl‐L‐valine 
to corresponding carboxylic acids. MO13 was also active toward 
L‐leucin‐p‐nitroanilide, 4‐nitroacetanilide, and 4‐nitrobenzanilide. 
Moreover, this amidase was able to regioselectively deprotect lysine 
in Nε position when Nα,Nε‐di‐Z‐L‐lysine or Nα‐Boc‐Nε‐Z‐L‐lysine was 
used as substrates.

4  | CONCLUSIONS

In this study, we have successfully identified a monooxygenase 
(Icm) active toward indole‐3‐carboxylic acid. The indigo formation 
due to activity of Icm allowed the development of a simple system 
for functional screening of enzymes from the metagenomic librar‐
ies. We showed that different enzymes, for example, ALDHs or 
amidohydrolases could be identified depending on the used sub‐
strate. Moreover, the system might be easily extended for screen‐
ing other activities as shown in Figure 2. The only requirement is 
that the product of enzymatic reaction would be indole‐3‐carboxylic 
acid (with or without substituents in the indole ring), which could 

F I G U R E  4   Icm and aldehyde dehydrogenase Vmix activity in the Rhodococcus erythropolis SQ1 cells. (a) Consumption of I3CA by cells 
carrying pNitQC1‐Icm plasmid, (b) bioconversion of I3C by cells carrying pNitQC1‐KVIA and pNitRT1‐Vmix plasmids. R. erythropolis SQ1 cells 
with different plasmid combinations were plated on I3CA (a) and indole‐3‐carboxaldehyde (b). 1—pNitQC1 + pNitRT1 (two empty vectors), 
2—pNitQC1 + pNitRT1‐Vmix (one empty vector and the other one carrying aldh gene), 3—pNitQC1‐Icm + pNitRT1 (one empty vector and the 
other one carrying icm gene), 4—pNitQC1‐Icm + pNitRT1‐Vmix (icm and aldh genes)
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be a substrate for an auxiliary enzyme Icm. It should be noted that 
Icm was active not only in E. coli but also in R. erythropolis SQ1 cells 
that could open additional possibilities to use the different bacterial 
hosts for the functional screening.
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APPENDIX 1
TABLE  A1 Source of chemicals

Aldrich, Buchs, Switzerland

5‐Methylfurfural, 1‐naphthaldehyde, 3‐cyclohexene‐1‐carboxal‐
dehyde, 3‐hydroxybenzaldehyde, trans‐cinnamaldehyde, vanillin, 
phenylacetaldehyde, furfural, 3,4‐dihydroxybenzaldehyde, 
benzaldehyde, salicylaldehyde, pyrrole‐2‐carboxaldehyde, 
4‐(dimethylamino)benzaldehyde, cyclohexanecarboxaldehyde, 
1,2‐dimethyl‐1H‐I3C, 5‐methylindole‐3‐carboxaldehyde, 
4‐nitroindole‐3‐carboxaldehyde, 1H‐benzo[g]indole‐3‐carboxal‐
dehyde, 2‐phenylindole‐3‐carboxaldehyde, 6‐izopropylindole‐3‐
carboxaldehyde, nicotinic acid, 2‐picoline acid, 4‐picoline acid, 
indole‐6‐carboxylic acid, 5‐nitroindole‐3‐carboxylic acid, 
salicylic acid, 2‐phenylpropionaldehyde, 1,6,7,8‐
tetrahydrocyclopenta(g)indole‐3‐carboxaldehyde, 5‐bromind‐
ole‐3‐carboxaldehyde, 5‐benzyloxyindole‐3‐carboxaldehyde, 
1‐methylindole‐3‐carboxaldehyde, 4‐nitroacetanilide, 4‐ni‐
trobenzanilide, 1H‐indole‐5‐carboxamide, hippuric acid, 
N,N,N′,N′‐tetramethyl‐O‐(1H‐benzotriazol‐1‐yl)uronium 
hexafluorophosphate (HBTU), dimethylformamide NADH, FAD

Combi Blocks, SanDiego, USA

4‐Benzyloxyindole‐3‐carboxaldehyde, 6‐benzyloxyindole‐3‐car‐
boxaldehyde, benzo[b]thiophene‐3‐carboxaldehyde, 5‐hydroxy 
pyrazine‐2‐carboxylic acid, indoline‐2‐carboxylic acid, indole‐4‐
carboxylic acid, indole‐5‐carboxylic acid, indole‐7‐carboxylic acid

Fluka, Steinheim, Switzerland

Indole‐2‐carboxylic acid, nicotinamide, L‐leucin‐p‐nitroanilide.

Sigma, St. Louis, USA

7‐Methylindole‐3‐carboxylic acid, indole 3‐carboxylic acid (I3CA), 
indole‐3‐carboxaldehyde (I3C)

Reanal, Budapest, Hungary

Glycyl‐L‐leucine, L‐valyl‐L‐valine

Merck, Darmstadt, Germany

3‐Amino‐1‐propanol, z‐lys(z)‐OH, boc‐lys(z)‐OH, ethyl acetate, 
triethylamine

Thermo Fisher Scientific Vilnius, Lithuania

5‐Bromo‐4‐chloro‐indolyl‐β‐D‐galactopyranoside (X‐gal), 
isopropyl‐β‐D‐thiogalactopyranoside (IPTG)

TABLE  A2 Clones from soil metagenomic libraries

Clone name
GenBank 
accession number

JU61 MG770119

pER2AH2 MG770120

pALDR177 MG770121

pER2AH MG770122

VMIX MG770123

pALDSV3 MG770124

pALDMO9 MG770126

pALDBSal MG770127

pALDBS21 MG770128

pALDMO11 MG770129

pEGA1 MG770130

pEMMO MG770131

pALD458 MG770132

URAGR MG770133

pRG1 MK284926

pRG2 MG770134

pALDJU6 MG770135

DON4 MG770136

pALDGA1 MG770137

pALD442 MG770138

pMILC MG786188

pNVS MG786189

pKVIABam8 MG770125

KVIA (16S RNA gene) MG775032

MO13 MH476458
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TABLE  A3 Solubility of Icm at different induction conditions in Escherichia coli. Condition A—induction for 4 hr with 0.5 mM IPTG at 30°C, 
condition B—induction for 4 hr with 0.05 mM IPTG at 30°C, and condition C—overnight induction with 0.05 mM IPTG at 16°C. For Strep‐Tag 
MBP‐His6‐KVIA, anhydrotetracycline (200 μg/L) was used instead of IPTG. ND: not detected

Condition A Condition B Condition C

Total amount 
of Icm (mg/L)

Amount of 
soluble 
Icm (mg/L) % soluble

Total amount 
of Icm (mg/L)

Amount of 
soluble Icm 
(mg/L) % soluble

Total amount 
of Icm (mg/L)

Amount of 
soluble Icm 
(mg/L) % soluble

Icm 10.25 ND ND 5.9 ND ND 11.7 ND ND

His6‐Icm 14.9 ND ND 11.1 ND ND 19.1 ND ND

His6‐MBP‐
His6‐Icm

19.6 0.4 1.9 18.3 6.8 37.3 44.4 9 20.2

Strep‐Tag MBP‐ 
His6‐Icm

39.2 3.3 8.4 29.1 7.3 24.9 35 21.4 61

F I G U R E  A 1   Whole‐cell consumption of I3CA by recombinant cells with Icm. (a) Escherichia coli BL21 (DE3) cells (negative control), 
(b) E. coli BL21 (DE3) cells with Icm, (c) cells with His6‐Icm, (d) cells with His6‐MBP‐His6‐Icm, (e) cells with Strep‐Tag MBP‐His6‐Icm, (f) 
Rhodococcus erythropolis SQ1 cells with Icm. Consumption was monitored hourly during a period of 5 hr

F I G U R E  A 2   Formation of blue pigment in the presence of Icm and different indole carboxaldehydes. Escherichia coli DH5α (pACYC‐
KVIA/pALDR177) cells on the plates, UV and Mass spectra of formed compounds: (a) 1H‐benzo[g]indole‐3‐carboxaldehyde, (b) I3C, (c) 5‐
bromindole‐3‐carboxaldehyde, (d) 1,6,7,8‐tetrahydrocyclopenta[g]indole‐3‐carboxaldehyde, (e) 5‐methylindole‐3‐carboxaldehyde
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A R T I C L E I N F O
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Bacterial flavin-dependent monooxygenases

A B S T R A C T

This work was aimed at expanding the diversity of indigoid compounds with novel characteristics by employing
biological catalysts. A total of 16 novel indigoid compounds were synthesized using indole derivatives as sub-
strates containing either aminomethyl-, hydroxymethyl-, carboxaldehyde or carboxyl groups at positions 4, 5, 6
or 7 of indole ring. Two different monooxygenase systems – a flavin dependent monooxygenase Hind8 and the
mutant G109Q of multicomponent soluble diiron monooxygenase PML were employed to achieve the conversion
of all those substrates. Characterization of purified indigo dicarboxylic acids revealed that the produced in-
digoids were soluble in water (solubility increased more than 1000-fold compared to indigo), also in methanol
and DMSO. A bioconversion of indole-7-carboxylic acid resulted in the mixture of indigo-7,7′-dicarboxylic acid
and indirubin-7,7′-dicarboxylic acid. Both of those products were separated from each another and purified thus
providing the basis for the purification of water-soluble indigoids of similar structure. These findings show that
(1) biological catalysts can be an easy approach for synthesizing novel indigoids with important characteristics
and (2) introduction of carboxyl group can increase the water-solubility of indigo and indirubin significantly,
thus providing a new tool in search for bioactive indigoids.

1. Introduction

Indigo is one of the oldest examples of green biotechnology, when
leaf extracts of Indigofera spp. were used for cotton dyeing more than
6000 years ago [1]. In the 20th century, the rate of synthetic indigo
production increased and reached approx. 17000 tons a year in 2012
[2]. These amounts are used for cotton and jeans dyeing mainly.
Composed of two aromatic indolinone ring systems, indigo is highly
insoluble in water; however, two carbonyl groups are also present,
which can be reduced to form leuco-indigo, a water-soluble form of
indigo. These features are exploited during a vat dyeing.

Another ancient indigoid compound is indirubin, a structural isomer
of indigo. Indirubin is not being used in textile industry due to low
stability, albeit having a clear purple color. Instead, indirubin has been
known to be a constituent of the Chinese herbal medicine qing-dai, also
known as Indigo naturalis. This medicine has long been used as an anti-
inflammatory drug [3]. Indirubin can act as an inhibitor of cyclin-de-
pendent kinase 1 [4] and glycogen synthase kinase [5], inhibit the
proliferation of cancer cells and also the proliferation of tumor-derived
endothelial cells [6,7]. In addition, isoindigo, another structural isomer

of indigo, has become an excellent tool for the production of organic
electronics, particularly organic photovoltaics and organic field effect
transistors [8].

Substituent chemical groups can be introduced into the indigo
backbone and the resulting compounds are regarded as indigoids. Those
compounds receive increasing attention due to exceptional character-
istics. Owing to their reversible two-electron reduction and oxidation,
indigoids can act as both electron donors and acceptors, thus providing
the basis for production of indigoids-based materials for green organic
electronics [9]. Due to low toxicity and chemical stability in aerated
conditions, halogenated indigoids, such as 5-bromoindigo, 6,6′-di-
chloroindigo and Tyrian purple (6,6′-dibromoindigo), regarded as one
of the most precious ancient compounds, are potential compounds for
semiconductor synthesis [10]. Indigo N,N′-bis(arylimine)s (Nindigo),
modified variants of indigo containing two β-diketiminatetype motifs,
were shown to form coordination complexes with different redox active
metals [11–13] giving these indigoids novel absorbance and redox
properties.

Different methods exist for the synthesis of indigoids. Chemical
synthesis has been the preferred method until recently, when enzymatic
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synthesis emerged as an environmental-friendly alternative method
offering additional benefits. Monooxygenase or multicomponent diox-
ygenase enzymes have been identified as the ones capable of oxidation
of indole derivatives to corresponding indigos. Some oxygenases are
highly specific to indole as a natural substrate, while others can accept
substituted indoles due to enzyme promiscuity. Since the first descrip-
tion of indigo bioproduction in E. coli using recombinant naphthalene
dioxygenase genes [14], a plethora of different proteins were used to
achieve the synthesis of a wide range of indigoid compounds. For ex-
ample, different cytochrome P450 monooxygenases and their mutants
were used for production of indigoid derivatives: dichloroindigo, di-
bromoindigo, dihydroxyindigo, dimethylindigo, dinitroindigo, dicya-
noindigo, diaminoindigo [15], 5,5′-dibenzyloxyindirubin [16] and in-
dirubin [17]. Also, naphthalene dioxygenase and toluene
monooxygenase have been demonstrated to convert substituted indoles
to corresponding indigoid pigments [18,19]. In addition, the oxidation
of indole to indigoid pigments itself has been used as a screening
platform leading to identification of biodegradation genes of 2-hydro-
xypyridine and selection of mutant enzymes with novel activities
[20,21]. Recently, flavin-dependent monooxygenases have been iden-
tified as responsible for the initial step of indole biodegradation [22,23]
via indole epoxidation [24] leading to formation of indoxyl and indigo.
As such, indole appears to be a natural substrate of certain group E
flavin-dependent monooxygenases [24]. This feature has been largely
exploited for high-yield synthesis of indigo reaching the yield of up to
1mg L−1, [25] as well as for the synthesis of modified indigoids [24].

Enzymatic synthesis of indigoids offers several advantages over
chemical synthesis. The latter employs environment-damaging condi-
tions, such as aniline, cyanide, formaldehyde, strong bases and heating
to 300 °C [26]. Meanwhile, enzymatic synthesis only requires condi-
tions suitable for cultivation of conventional microbial cellular fac-
tories, typically E. coli. Moreover, genetically modified microorganisms
were engineered for de novo indigo biosynthesis from glucose or L-
tryptophan [15,27]. On the other hand, chemical synthesis allows the
generation of pure asymmetrical indigoids, while enzymatic synthesis
of asymmetrical indigoids often results in a mixture of products. Such
indigoids often possess fairly different biological and physical proper-
ties compared to symmetrical form [28,29].

Indigo dye is well-known for low solubility in aqueous solutions and
high solubility in organic solvents. Several indigoids were created to
facilitate the hydrophilicity. The most notable is indigo carmine (in-
digo-5,5′-disulfonic acid, indigotine) which is soluble in water
(10 g L−1) and has wide industrial applications. Due to solubility in
water, indigo carmine has been used as pH, ozone and redox indicator
[30]. When sodium ions in indigo carmine have been replaced with
large organic cations, the solubility of such indigo derivative in water
reaches 1.6 M while maintaining the ability of both reversible oxidation
and reduction allowing the creation of redox flow cells at neutral pH
[31]. Water-soluble indirubin derivatives (mostly indirubin-3′-oximes)
have also been synthesized and possessed novel biological activities
[32,33]. This implies that insolubility, while providing the reason for
indole-based vat dyeing or development of organic electronics, limits
the biological activity of indigoids. Hence, water-soluble indigo-based
compounds offer possibilities for different and novel applications.

The majority of enzymatically produced indigoid compounds re-
ported to date were halogenated indoles, methoxy-, cyano-, nitro- and
similar derivatives [15,16,24]. This research aimed at increasing the
variety of indigoids with altered functions by applying enzymatic
synthesis of novel pigments. To achieve this goal, a metagenomic
screening was performed using the formation of blue colonies on ami-
nomethyl-, hydroxymethyl-, carboxaldehyde or carboxylic derivatives
of indole as a screening platform.

2. Results

2.1. Selection and characterization of indole derivatives-oxidizing clones

Two approaches were used to identify oxygenases active toward
hydroxymethyl-, aminomethyl-, carboxaldehyde- and carboxy-group
containing indoles. First, metagenomic libraries containing approxi-
mately 0.3–0.5 Gb of total cloned DNA per library with an average in-
sert size of 3–12 kb were screened for indigo-forming colonies in the
presence of indole. Then the positive hits (80) were further tested for
ability to oxidize indoles harboring the aforementioned side chains at
positions 4, 5, 6 and 7. Among tested metagenomic clones a hit named
Hind8 was able to oxidize a wide variety of indole derivatives with
hydroxymethyl-, aminomethyl- and carboxaldehyde. The DNA se-
quence analysis of this clone (sequence accession number MN124688)
revealed a single open reading frame (1488 bp) which had the highest
(87%) nucleotide sequence identity to hypothetical FAD-containing
EthA-type monooxygenase gene from Aminobacter sp MSH1
(CP026265). A phylogenetic analysis of amino acid sequence of the
oxygenase encoded by the hit Hind8 showed that the protein formed a
branch with flavin-dependent monooxygenases of group B (Fig. S1).

For the second approach, a soluble diiron monooxygenase PML and
its mutants [21] were tested for conversion of the above-mentioned
indoles to corresponding indigoids. It was found, that in contrast to the
wild-type enzyme, the G109Q mutant showed an expanded range of
substrates and was active toward carboxyindoles. This mutant was
chosen for further analysis.

To compare the substrate specificity of these two screened proteins,
the oxygenase gene from the hit Hind8 was amplified by PCR and
cloned into a pLATE31 vector for gene expression. The E. coli
BL21(DE3) cells transformed with pLATE31-Hind8 plasmid produced a
soluble 55-kDa recombinant Hind8 protein according to the SDS-PAGE
analysis (Fig. S2).

Next, a new expression host was developed by deleting the trypto-
phanase-encoding tnaA gene in E. coli strain HMS174(DE3) in order to
avoid background indigo production from endogenous tryptophan. The
cells transformed with pLATE31-Hind8 plasmid were tested on agar
plates supplemented with IPTG and different indole derivatives, and the
pigment production was compared with E. coli HMS174(DE3) ΔtnaA
harboring the PML G109Q oxygenase (Fig. 1).

Based on this analysis, it was concluded that both enzymes could
accept a wide range of indoles but some differences in activity were also
observed for both oxygenases.

Fig. 1. Pigment formation by E. coli HMS174(DE3) ΔtnaA producing Hind8 and
PML G109Q oxygenases on LB agar plates supplemented with different indole
derivatives: 1 – 4-hydroxymethylindole, 2 – 5-hydroxymethylindole, 3 – 6-hy-
droxymethylindole, 4 – 7-hydroxymethylindole, 5 – indole-4-carboxaldehyde, 6
– indole-5-carboxaldehyde, 7 – indole-6-carboxaldehyde, 8 – indole-7-carbox-
aldehyde, 9 – indole, 10 – 4-aminomethylindole, 11 – 5-aminomethylindole, 12
– 6-aminomethylindole, 13 – 7-aminomethylindole, 14 – indole-4-carboxylic
acid, 15 – indole-5-carboxylic acid, 16 – indole-6-carboxylic acid, 17 – indole-7-
carboxylic acid, 18 – no substrate.
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2.2. Whole cells bioconversion of indole derivatives

To determine the substrate specificity of Hind8 and PML G109Q
toward indole derivatives in more detail, E. coli HMS174(DE3) ΔtnaA
cells with recombinant pLATE31-Hind8 or pET28-PML-G109Q plasmids
were used for whole-cell bioconversion. In total, 16 modified indoles
were tested as possible substrates. Those included indoles containing
either an aminomethyl-, hydroxymethyl-, carboxaldehyde or carboxyl
group at positions 4, 5, 6 or 7 of indole ring. The activity was de-
termined following the substrate consumption, extracting the colored
bioconversion products and analysis of the formed products by RP-
HPLC/MS. It is important to note that these techniques did not allow
the separation between indigo, indirubin and isoindigo isoforms,
therefore all indigoids described below, except for conversion products
of indole carboxylic acids, are regarded as indigoid compounds.

2.2.1. Bioconversion of aminomethylindoles
Out of four different aminomethylindoles that were used, the PML

G109Q oxidized only 4-aminomethylindole to corresponding indigoid
compound. Meanwhile, Hind8 was active toward other three amino-
methylindoles (5-aminomethylindole, 6-aminomethylindole and 7-
aminomethylindole) forming the corresponding indigoids, but did not
use 4-aminomethylindole as substrate. The observed molecular mass of
the major peaks of di(aminomethyl)-indigoids (320 Da, Figs. S3–S5)
corresponded to the theoretical mass (320.3 Da). Minor peaks visible in
the RP-HPLC chromatograms of di(aminomethyl)-indigoids could be
attributed to other side products, but the exact identification was pre-
vented by weak ionization of these products. The above-mentioned
differences in substrate specificity between the two monooxygenases
were also visible on agar plates as Hind8 harboring cells produced blue
colonies on 5-aminomethylindole, 6-aminomethylindole and 7-amino-
methylindole, while colonies with PML G109Q turned blue only on 4-
aminomethylindole (Fig. 1). However, a whole-cell bioconversion of 4-
aminomethylindole by PML G109Q proceeded very slowly and in-
efficiently and did not yield a sufficient amount of product for MS and
TLC analyses.

2.2.2. Bioconversion of hydroxymethylindoles
No differences in substrate specificity were observed between Hind8

and PML G109Q when 4-, 5-, 6- and 7-hydroxymethylindoles were used
as substrates. All four compounds were successfully converted to the
corresponding indigoid pigments both on agar plates and during whole-
cell bioconversion experiments. Molecular mass of the formed pigments
(322 Da, Figs. S6–S9) also corresponded to calculated mass (322.3 Da).
After extraction, pure di(hydroxymethyl)indigoid products were ob-
tained, except for 5-hydroxymethylindole, where an unidentified pig-
ment composed less than 10% of the total extracted pigment amount
(Fig. S3).

2.2.3. Bioconversion of indole carboxaldehydes
During bioconversion of indole carboxaldehydes, it was observed

that E. coli cells could reduce aldehyde groups forming the corre-
sponding hydroxymethylindoles at a significant rate. Therefore, mix-
tures of indigoid compounds were obtained during bioconversion of
indole carboxaldehydes, consisting of di(hydroxymethyl)indigoid (mo-
lecular mass 322 Da), indigoid dicarboxaldehydes (mass 318 Da), and
an asymmetric hydroxymethylindigoid-carboxaldehyde (molecular
mass 320 Da) (Figs. S10–S13). In spite of the fact that a mixture of
indigoids was obtained, the target compounds (indole dicarbox-
aldehydes) were successfully identified as comprising approx. 1/3 of
the total indigoids in the reaction mixture. This suggested that both
Hind8 and PML G109Q were capable of converting all tested indoles to
corresponding indigoid dicarboxaldehydes.

2.2.4. Bioconversion of indole carboxylic acids
No development of colored colonies was observed on agar plates

supplemented with indole carboxylic acids (indole-4-carboxylic acid,
indole-5-carboxylic acid, indole-6-carboxylic acid and indole-7-car-
boxylic acid) neither with Hind8 nor PML G109Q containing cells.
Surprisingly, E. coli cells with recombinant proteins (both Hind8 and
PML G109Q) were able to transform indole-5-carboxylic acid, indole-6-
carboxylic acid and indole-7-carboxylic acid to the colored compounds
in liquid media. However, the activity toward the carboxylic acids was
different: the Hind8 oxygenase converted indole-6- and indole-7-car-
boxylic acid at a faster rate than the PML G109Q enzyme, but the latter
appeared to be more specific to indole-5-carboxylic acid (Figs. S15–S17,
Table S1). Still, both catalysts were inactive toward indole-4-carboxylic
acid (Fig. S14 D). It is worth noting than neither the wild-type PML nor
any other PML mutant were able to oxidize any of indole carboxylic
acids.

Usually, after bioconversion, the indigoid compounds remained
inside the cells and could be retrieved by centrifugation, followed by
extraction with organic solvents. However, this was not the case for
indigo dicarboxylic acids as the colored compounds clearly remained in
the supernatant after centrifugation and the cell pellet remained only
slightly yellow. This suggested that indigo dicarboxylic acids could be
soluble in water. To test this, indigo dicarboxylic acids were purified
and their solubility in different solvents was analyzed.

2.3. Characterization of indigo dicarboxylic acids

To characterize the obtained indigo dicarboxylic acids, RP-FPLC
was used for purification of the formed reaction products. The purity of
indigo dicarboxylic acids was confirmed by RP-HPLC/MS and TLC (Fig.
S18–S21 and S22) and was estimated to be> 95%. In order to achieve
the highest yield, PML G109Q was used for oxidation of indole-5-car-
boxylic acid and Hind8 – for oxidation of indole-6- and indole-7-car-
boxylic acid.

Oxidation of indole-7-carboxylic acid yielded a mixture of two in-
digoids in an approx. ratio 1:3 – the first one with retention time of
7.1 min and the second one with retention time of 7.6 min (Fig. 2).
Those indigoids were successfully separated from each other and pur-
ified. The indigoid with retention time of 7.1min possessed absorbance
maximum at 614 nm, molecular weight of 350 Da and a clear blue color
suggesting indigo-7,7′-dicarboxylic acid. Meanwhile, another indigoid
had absorbance maximum at 548 nm, which was similar to the absor-
bance maximum of indirubin (546 nm) [34], an identical molecular
mass to the first indigoid (350 Da) and a clear purple color. The yield of
7.1 min indigoid was insufficient for NMR analysis, however, the
structure of the indigoid with retention time of 7.6min was successfully
determined by 1H NMR and was confirmed to be indirubin-7,7′-di-
carboxylic acid (Fig. S24).

Both indigo-5.5′-dicarboxylic acid and indigo-6,6′-dicarboxylic acid
were produced as pure products and without the notable formation of
an indirubin isomer. Indigo-5,5′-dicarboxylic acid possessed identical
absorbance peak to indigo-7,7′-dicarboxylic acid (614 nm). The absor-
bance maximum of indigo-6,6′-dicarboxylic acid in the long wave re-
gion was different (639 nm) from other indigo dicarboxylic acids. In
addition, this compound gave a distinct green-blue color, probably due
to a strong absorption in the range of 400–450 nm (Fig. 3). The struc-
ture of indigo-5,5′-dicarboxylic acid was also confirmed by 1H NMR
(Fig. S23).

To gain insights into the solubility patterns of indigo and indirubin
dicarboxylic acids, solvents such as methanol, DMSO and Milli-Q H2O
were used in solubility experiments. All four indigo dicarboxylic acids
possessed more than a 1000-fold better solubility in water (8–16mM)
compared to indigo (Table 1), and it was comparable to the solubility of
indigo carmine. Indigo dicarboxylic acids were slightly less soluble in
methanol, with a notable exception of indirubin-7,7′-dicarboxylic acid.
However, molar absorptivity coefficients of the analyzed compounds in
water were rather low (Table 1).
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2.4. Reduction of indigo dicarboxylic acids by pyrroloquinoline quinone
(PQQ)-dependent glucose dehydrogenase

Soluble, stable and cheap redox mediators are of high demand for
development of various biocatalytic devices and processes such as
biosensors, biofuel cells and bioconversion methods [38,39]. PQQ-de-
pendent oxidoreductases can oxidize a wide range of molecules, in-
cluding carbohydrates and alcohols [40,41], but practical applications
of such enzymes require an efficient enzyme reoxidation process

Fig. 2. RP-HPLC chromatogram (bottom), absorbance spectra (middle) and mass spectra (top) of indigoid compounds obtained during whole cells bioconversion of
indole-7-carboxylic acid.

Fig. 3. Absorbance spectra of indigo dicarboxylic acids, dissolved in water.
Solid line – indigo-5,5′-dicarboxylic acid, dashed line – indigo-6,6′-dicarboxylic
acid, long-dashed line – indigo-7,7′-dicarboxylic acid, dotted line – indirubin-
7,7′-dicarboxylic acid. Inset shows different colors of these indigoid com-
pounds. Inset shows aqueous solutions of indigo dicarboxylic acids. (For in-
terpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)

Table 1
Solubility of indigo dicarboxylic acids in different solvents. ND – not de-
termined. * -aggregates are observed at higher concentration [37].

Solubility, mM λmax, nm ε at λmax,
M−1cm−1

H2O Methanol DMSO

Indigo-5,5′-
dicarboxylic acid

16 3 50 614 (H2O) 2260

Indigo-6,6′-
dicarboxylic acid

16 6 >50 639 (H2O) 3200

Indigo-7,7′-
dicarboxylic acid

8 1.5 25 614 (H2O) 5130

Indirubin-7,7′-
dicarboxylic acid

13 > 13 >50 548 (H2O) 1430

Indigo [31] 0.0037 ND 1* 610 (DMSO) 22140
Indirubin [35] 0.0048 1.1 38 546 (DMSO) 9340
Indigo carmine [36] 21 ND ND 608 (H2O) 15000
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[42–45], thus providing the basis for the search of appropriate electron
acceptors.

Since the indigo dicarboxylic acids and indirubin dicarboxylic acid
were soluble in water and appeared to be stable for a reasonable period
of time, all four compounds prepared in this study were tested as pos-
sible electron acceptors for a recombinant PQQ-dependent glucose de-
hydrogenase (GDH) from Acinetobacter calcoaceticus strain LMD [42].
Among tested indigo dicarboxylic acids, only indigo-6,6′-dicarboxylic
acid was reduced by GDH which was visible by both disappearance of
color and the decrease in absorbance at 639 nm (Fig. 4, B). Other indigo
dicarboxylic acids demonstrated slow decrease in absorbance even in
the absence of glucose or GDH, suggesting spontaneous reduction of
indigo dicarboxylic acids in this system. However, neither the reduction
of indirubin-7,7′-dicarboxylic occurred nor did it serve as an electron
acceptor for GDH.

3. Discussion

In this work, a range of novel indigoid compounds were produced
using two different bacterial oxygenase systems. The notable features of
these new indigoids were high water solubility of indigo dicarboxylic
acids and indirubin-7,7′-dicarboxylic acid. Since increasing the water
solubility of indirubin and its derivatives significantly increased the
extent of biological activity (see Introduction), the introduction of
carboxyl groups could be a simple method for increasing the solubility
of other biologically-active indigoids. Also, the functional groups of
newly synthesized indigoids allow further modifications and generation
of novel combinations of indigoid compounds.

Recently, the synthesis of indigo dicarboxaldehydes was described
in a patent application [46]. The potential usage of these compounds
included dyeing synthetic textiles with desired colors, depending on the
selected indigo derivative. Bioconversion of indole carboxaldehydes,
described here, yielded a mixture of reduced indigoid pigments. In spite
of that, both oxygenase systems described here (Hind8 and PML
G109Q) were confirmed to convert indole carboxaldehydes to corre-
sponding indigoids. It was most likely the bioconversion host (E. coli),
which was responsible for the reduction of aldehyde group. Such en-
dogenous reducing activity of E. coli is well documented. The produc-
tion of benzaldehyde ultimately resulted in the accumulation of benzyl
alcohol instead of benzaldehyde and only the deletion of six putative
aldo-keto reductases decreased the conversion of aldehydes into alco-
hols significantly [47]. Thus, E. coli strains with deleted aldo-keto re-
ductase and possibly other genes could serve as an efficient platform for

production of indigo dicarboxaldehydes. Alternatively, other bio-
conversion hosts might be used to avoid the undesired alcohol forma-
tion.

No color development was observed on LB agar plates supplemented
with indole carboxylic acid and cells with either Hind8 or PML G109Q.
However, both oxygenase systems were capable of converting indole
carboxylic acids to corresponding indigoids when a whole-cell ap-
proach was used. It should be mentioned that when LB medium was
substituted with a minimal medium, a formation of blurry color was
visible throughout the plate (Fig. S27). It might be suspected that the
glucose or other medium components reduced the formed pigments, but
no significant reduction of indigo dicarboxylic acids at least by glucose
was observed with purified indigoids (Fig. 4). So far, the reasons for
invisible indigo dicarboxylic acids on LB agar plates remain obscure.

Purification procedure for soluble indigoids described here can be
compared to common extraction of water-insoluble indigoids using
organic solvents. Although requiring more equipment and being more
laborious, the procedure described here eliminates the need for harmful
organic solvents. Also, the cells remain intact after the purification and
can be reused for bioconversion.

According to phylogenetic analysis and the absence of flavin re-
ductase gene adjacent to monooxygenase gene, the Hind8 enzyme most
likely belongs to group B flavin monooxygenases. These enzymes con-
tain a tightly bound FAD cofactor and depend on NADPH as coenzyme
[48]. In turn, group B monooxygenases do not require flavin reductase
component as the oxidation of NADPH, reduction of FAD and mono-
oxygenation of substrate occur in the same enzyme. Purification of
Hind8 was not successful, rendering the detection of a bound cofactor
impossible.

It is worth noting that indoles substituted at position 4 were difficult
to oxidize for both Hind8 and PML G109Q. 4,4′-di(aminomethyl)-in-
digoid was detected during bioconversion in traces only thus pre-
venting further characterization of this indigoid. In general, a bio-
conversion of 4-substituted indoles to corresponding indigoids is fairly
rare in literature. For example, Namgung and co-workers tested three 4-
substituted indole derivatives as substrates for cytochrome P450 class
enzyme, and only one (4-nitroindole) was oxidized to 4,4′-dinitroindigo
[15]. This implies that substitution at position 4 either hinders the
positioning of the substrate in the active site pocket, or the reaction is
prevented by some other means.

4. Conclusions

In this work, a total of 16 different indigoid compounds were syn-
thesized using two monooxygenase systems: bacterial flavin-dependent
monooxygenase Hind8 and soluble diiron monooxygenase PML G109Q.
4,4′-di(hydroxymethyl)indigoid, 5,5′-di(hydroxymethyl)indigoid, 6,6′-
di(hydroxymethyl)indigoid, 7,7′-di(hydroxymethyl)indigoid, 5,5′-di
(aminomethyl)-indigoid, 6,6′-di(aminomethyl)-indigoid, 7,7′-di(ami-
nomethyl)-indigoid, indigoid-4,4′-dicarboxaldehyde, indigoid-5,5′-di-
carboxaldehyde, indigoid-6,6′-dicarboxaldehyde and indigoid-7,7′-di-
carboxaldehyde were extracted and characterized by RP-HPLC/MS.
Purified indigo-5,5′-dicarboxylic acid, indigo-6,6′-dicarboxylic acid,
indigo-7,7′-dicarboxylic acid and indirubin-7,7′-dicarboxylic acid were
all soluble in water, methanol and DMSO. Among all novel indigoids,
only the oxidation of indole-7-carboxylic acid resulted in the mixture of
indigo and indirubin forms, both of which were separated from each
another and characterized. Indigo-6,6′-dicarboxylic acid, but not other
water-soluble indigoids served as an electron acceptor during glucose
oxidation in the presence of glucose dehydrogenase.

5. Materials and methods

5.1. Reagents and bacterial strains

Reagents used in this study were purchased from the following

Fig. 4. Reduction of indigo dicarboxylic acids in the presence of glucose de-
hydrogenase. A – indigo-5,5′-dicarboxylic acid, B – indigo-6,6′-dicarboxylic
acid, C – indigo-7,7′-dicarboxylic acid, D – indirubin-7,7′-dicarboxylic acid.
Dotted lines – GDH and glucose, straight lines – no glucose, dashed lines – no
GDH. Error bars represent standard deviations in three independent experi-
ments.
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suppliers: indole (Sigma-Aldrich), 4-hydroxymethylindole, 5-hydro-
xymethylindole, 6-hydroxymethylindole, 7-hydroxymethylindole, 4-
aminomethylindole, 5-aminomethylindole, 6-aminomethylindole, 7-
aminomethylindole, indole-4-carboxaldehyde, indole-5-carbox-
aldehyde, indole-6-carboxaldehyde, indole-7-carboxaldehyde, indole-4-
carboxylic acid, indole-5-carboxylic acid, indole-6-carboxylic acid, in-
dole-7-carboxylic acid (all from Combi-Blocks, USA). All other reagents
used in this study were of analytical or higher grade. Escherichia coli
DH5α was used as cloning host for metagenomic screening and plasmid
amplification, E. coli HMS174(DE3) ΔtnaA (see below) was used as
protein synthesis platform and as whole-cells for bioconversion of in-
dole derivatives. All E. coli strains were cultivated in LB medium. When
necessary, cells were suspended in buffer A (10mM PBS, pH 7.7).

5.2. Construction and screening of metagenomic libraries

E. coli DH5α cells were transformed with the metagenomic libraries
(source – different soil samples) prepared as described previously
[49,50] and plated on LB plates supplemented with indole or indole
derivatives. After an overnight incubation at 30 °C, plates were in-
spected for formation of indigo-producing (blue) colonies. Plasmids
from target colonies were isolated, sequenced and analyzed for poten-
tial oxygenase genes.

Phylogenetic analysis was performed with MEGA7 [51] using the
Neighbor-Joining method, a total number of bootstrap trials was set to
1000. Amino acid sequences of selected oxygenases were retrieved from
NCBI Genbank [52].

5.3. Construction of E. coli HMS174(DE3) ΔtnaA mutant

E. coli strain BW25113 JW3686 from Keio collection [53] served as
the genetic source for the tnaA:FRT-kanR-FRT deletion cassette. The
deletion cassette was amplified using dtnaAF and dtnaAR DNA primers
(Table 2). Chromosomal in-frame gene deletions in E. coli and sub-
sequent kanR marker removal were accomplished via a Quick & Easy E.
coli Gene Deletion Kit (Gene Bridges GmbH) using E. coli HMS174(DE3)
as a parental strain.

5.4. Cloning and expression of Hind8 oxygenase encoding gene

The Hind8 oxygenase encoding gene was amplified with primers
Hind8-F and Hind8-R (Table 2) using Phusion Green Hot Start II High-
Fidelity PCR Master Mix (Thermo Scientific) and pUC-Hind8 plasmid as
DNA matrix. The fragment obtained was gel-extracted with GeneJET
Gel Extraction Kit (Thermo Scientific) and cloned to pLATE31 plasmid
with aLICator LIC Cloning and Expression Kit 1 (Thermo Scientific)
according to manufacturer's protocol and verified by sequencing. The E.
coli HMS174(DE3) tnaA strain was transformed with the obtained
pLATE31-Hind8 plasmid. For gene expression, cells were cultivated in
liquid LB medium with agitation (30 °C, 180 RPM) until reaching
OD600= 0.8, then supplemented with IPTG to a final concentration of
0.1 mM, transferred immediately to 16 °C and cultivated overnight.
Cells were collected by centrifugation, washed with buffer A and re-
suspended in the same buffer. Cells were lysed by sonication and the
soluble fraction was obtained by centrifugation of the lysate at 4 °C and
20000 g for 15min. Protein synthesis was visualized with 12% SDS-

PAGE.

5.5. Whole cells bioconversion of indole derivatives

E. coli cells with recombinant Hind8 protein were suspended in
buffer A supplemented with succinate (5mM) to reach the 2x con-
centration of initial culture and the indole substrate was added to a
concentration of 2mM. Incubation of whole cells was performed at
16 °C overnight with agitation (180 RPM). Formation of indigoid
compounds was monitored visually as the color of cell culture turned
blue. Obtained indigoids (except for indigo dicarboxylic acids) were
extracted with DMF. Typically, cell pellet was mixed well with 1ml of
DMF, incubated for 30min at room temperature and centrifuged at
16000 g for 3min. The supernatant was subjected to RP-HPLC and TLC.
Indigo and indirubin dicarboxylic acids were extracted by pelleting the
whole-cell bioconversion mixture and the supernatant was subjected to
RP-FPLC for purification.

Expression of and whole cells bioconversion with the soluble diiron
monooxygenase PML G109Q mutant was performed as described in Ref.
[21], except that E. coli HMS174(DE3) ΔtnaA was used as expression
host instead of E. coli BL21 (DE3).

Bioconversion rates were calculated as described [20].

5.6. Analytical techniques

Reversed-phase (RP) preparative Fast Performance Liquid
Chromatography (FPLC) was performed with C18 Reveleris® Flash
column (Grace) at constant flow of 2mlmin−1. Column was equili-
brated with 3 column volumes (CV) of buffer A and indigoid com-
pounds were eluted with dH2O. Column was regenerated with 3 CV of
20% ethanol. Fractions containing colored compounds were analyzed
by RP-HPLC, pooled and subjected to the second round of preparative
RP-FPLC with identical conditions to increase the purity of target
compounds. Then chromatographically pure fractions were pooled,
vacuum-dried and dissolved in selected solvents.

RP-HPLC/MS was performed as described in Ref. [23]. For TLC
separation (silicagel matrix, Merck) of indigoids (except indigo di-
carboxylic acids), the mobile phase was composed of chlor-
oform:methanol (9:1). For indigo dicarboxylic acids, TLC plates were
developed with 1,4-dioxane/2-propanol/water/NH4OH, 4/2/2/1 as the
mobile phase.

1H NMR spectra were recorded in hexadeuterodimethyl sulfoxide
(DMSO-D6) on a Bruker Ascend 400 at 400MHz. Spectra were cali-
brated with respect to the solvent signal (DMSO-D6, 1H δ=2.50).

Indirubin-7,7′-dicarboxylic acid. Purple solid. 1H NMR (400MHz,
DMSO‑d6): δ=6.95 (t, J=7.5 Hz, 2H, CH), 7.62 (d, J=7.4 Hz, 1H,
CH), 7.61–7.68 (dd, J=7.7, 1.3 Hz, 1H, CH), 7.95–7.97 (dd, J=7.5,
1.3 Hz, 1H, CH), 8.69–8.71 (m, 1H, CH), 10.89 (s, 1H. NH), 12.10 (s,
1H, NH).

Indigo-5,5′-dicarboxylic acid. Blue solid. 1H NMR (400MHz,
D2O): δ=6.32 (d, J=8.4 Hz, 2H, CH), 7.37 (dd, J=8.5, 1.7 Hz, 2H,
CH), 7.60 (d, J=1.7 Hz, 2H, CH).

5.7. Determination of solubility and optical characteristics of indigoids

Purified indigo dicarboxylic acids in dried form were dissolved in
certain amount of either dH2O, methanol or DMSO and incubated
overnight at room temperature. Following centrifugation at 20000×g
for 3min, the supernatant was vacuum-dried and the amount of dis-
solved substance was calculated by weighting the dried indigoid
powder. Solubility of indigo dicarboxylic acids in DMSO was de-
termined as described [31]. Absorbance of indigoid solutions with
known concentrations was measured with Lambda 25 UV/VIS spec-
trometer (PerkinElmer) and molar absorptivity coefficients were cal-
culated using Beer's Law. Milli-Q water was used as aqueous solvent in
solubility experiments.

Table 2
Oligonucleotides used in this study.

Oligo name Oligo sequence

dtnaAF 5′- AATTGTCGATCACCGCCCTT -3′
dtnaAR 5′- AAGGCACCCCAGAAAAACCA -3′
Hind8-F 5′- AGAAGGAGATATAACTATGGTCGAGAAGAAGAAAGTCTGC -3′
Hind8-R 5′- GTGGTGGTGATGGTGATGGCCCGGACTATCACGCGGCG -3′
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5.8. Glucose dehydrogenase electron transfer activity

Reaction mixture consisted of 20mM glucose, 5 μl (1mgml−1) of
purified recombinant glucose dehydrogenase from Acinetobacter cal-
coaceticus LMD [42], 0.2–0.5mM indigo or indirubin dicarboxylic acid
all added to buffer A. Mixture was incubated at room temperature and
absorbance at 614 (indigo-5,5′- and indigo-7,7′-dicarboxylic acid), 639
(indigo-6,6′-dicarboxylic acid) or 548 nm (indirubin-7,7′-dicarboxylic
acid) was measured every hour.

5.9. Sequence accession numbers

The sequence of the clone Hind8 was deposited to GenBank under
accession number MN124688, accession number for the wild-type PML
sequence is MK037457. In this work, a G109Q mutant of PML was used.
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Indole Biodegradation in Acinetobacter
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ABSTRACT Indole is a molecule of considerable biochemical significance, acting as
both an interspecies signal molecule and a building block of biological elements.
Bacterial indole degradation has been demonstrated for a number of cases; how-
ever, very little is known about genes and proteins involved in this process. This
study reports the cloning and initial functional characterization of genes (iif and ant
cluster) responsible for indole biodegradation in Acinetobacter sp. strain O153. The
catabolic cascade was reconstituted in vitro with recombinant proteins, and each
protein was assigned an enzymatic function. Degradation starts with oxidation, me-
diated by the IifC and IifD flavin-dependent two-component oxygenase system. For-
mation of indigo is prevented by IifB, and the final product, anthranilic acid, is
formed by IifA, an enzyme which is both structurally and functionally comparable to
cofactor-independent oxygenases. Moreover, the iif cluster was identified in the ge-
nomes of a wide range of bacteria, suggesting the potential of widespread Iif-
mediated indole degradation. This work provides novel insights into the genetic
background of microbial indole biodegradation.

IMPORTANCE The key finding of this research is identification of the genes respon-
sible for microbial biodegradation of indole, a toxic N-heterocyclic compound. A
large amount of indole is present in urban wastewater and sewage sludge, creating
a demand for an efficient and eco-friendly means to eliminate this pollutant. A com-
mon strategy of oxidizing indole to indigo has the major drawback of producing in-
soluble material. Genes and proteins of Acinetobacter sp. strain O153 (DSM 103907)
reported here pave the way for effective and indigo-free indole removal. In addition,
this work suggests possible novel means of indole-mediated bacterial interactions
and provides the basis for future research on indole metabolism.

KEYWORDS indole, biodegradation, bacterial metabolism, Acinetobacter, bacterial
signaling, cofactor-independent oxygenases

Indole is an N-heterocyclic aromatic compound derived mainly by TnaA tryptopha-
nase from L-tryptophan in Escherichia coli (1) and is widely found in natural environ-

ments. Indole acts as cell-to-cell signaling molecule that regulates the expression of
several virulence genes (2–4), promotes biofilm formation (5–7), and mediates complex
predator-prey interactions (8, 9). At high concentrations, indole and its derivatives
exhibit toxic activity to both prokaryotic cells and animals and are even considered
mutagens (10). Toxic indole concentrations reportedly vary for different microorgan-
isms in the range of 0.5 to 5 mM (11). The main mechanisms of indole toxicity are
reported to be an alteration of membrane potential with subsequent inhibition of cell
division (12), depletion of ATP levels (13), and an inhibition of acyl-homoserine lactone
(AHL)-based quorum sensing by regulator misfolding (14).

In order to utilize aromatic compounds as an energy source, microorganisms have
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to cope with the problem of high-resonance energy that stabilizes the aromatic ring
system (15). A common strategy is the use of oxygenases and O2, which itself requires
the activation of dioxygen. In addition to being thermodynamically unfavorable, reac-
tions between dioxygen (triple state) and most of the organic compounds (singlet
state) are not possible due to a spin barrier (16). Diverse elements, including transition
metals (iron, manganese, and copper) or organic cofactors (flavins and pterin), are used
extensively by oxygenases to form a superoxide, a reactive singlet state form of
dioxygen (17). A remarkable group of cofactor-independent oxygenases have been
described which require neither an organic cofactor nor a metal to catalyze the
incorporation of (di)oxygen into a single molecule of an organic substrate (18, 19).
Establishment of the catalytic mechanisms for this group of enzymes provides inter-
esting mechanistic insights into substrate-assisted oxygen activation (20, 21).

To defend against the toxicity of indole, bacteria that encounter indole have
established enzymatic detoxification systems, notably the oxidation of indole to insol-
uble nontoxic indigoid pigments (22, 23), and biodegradation mechanisms (24, 25). A
number of indole-degrading bacterial microorganisms (26–28) as well as bacterial
consortia (29) were reported previously, but no genetic background in these reports
has been specified. Several possible intermediates in bacterial indole degradation are
also known, but proteins with specific enzyme activities that drive the degradation
cascade have not been identified in this context. In this paper, the identification of an
indole degradation gene cluster (iif) in indole-degrading Acinetobacter sp. strain O153
is reported. The catabolic pathway was reconstituted in vitro with the recombinant
proteins encoded by the iif genes, and the function of each enzyme was identified by
analyzing the reaction products.

RESULTS
Screening for indole-degrading bacteria. Numerous microbiome samples ob-

tained from invertebrates as well as soil samples were used for the screening of
indole-degrading bacteria as these environments potentially contain indole. Due to the
known toxicity of indole, this compound was not used as a sole carbon source for
selection of indole-mineralizing bacteria in this study. Instead, a derivative of indole was
hypothesized to form a dead end pigment in the indole-degrading microorganisms.
Such a strategy enabled the selection of desirable bacteria on nutrient-rich medium
supplemented with the chromogenic substrate 5-bromoindoline.

A bacterial colony isolated from the intestine of the crustacean Orconectes limosus,
which is a widespread invasive species in Europe, was able to convert 5-bromoindoline
to insoluble indigoid pigment. The sequence of the 16S rRNA gene of this strain
showed 99% similarity to the 16S rRNA gene sequence of Acinetobacter guillouiae strain
NBRC 110550, and therefore strain O153 was designated Acinetobacter sp. O153.
Notably, this strain did not produce indigoid pigment when grown on Luria-Bertani (LB)
agar plates with indole (data not shown).

To test the ability of Acinetobacter sp. O153 to assimilate indole as a carbon (C)
and/or nitrogen (N) source, cells of strain O153 were cultured in minimal medium with
succinate or indole as a C source and NH4Cl or indole as an N source. No growth was
observed with indole as the only C source or the only source for both N and C (Fig. 1A).
However, moderate growth (up to an optical density at 600 nm [OD600] of 0.3 in 12 h)
was achieved with indole (1 mM) as a nitrogen source and succinate as the sole carbon
source. While this effect was observed with indole concentrations ranging from 0.5 mM
to 1.5 mM, no growth was recorded with concentrations of 0.1 mM and 2 mM (Fig. 1B),
which were most likely insufficient and toxic, respectively.

Whole-cell experiments were performed to determine whether the expression of
enzymes involved in indole metabolism are inducible or constitutive. After overnight
growth in a minimal medium with succinate and with or without indole, cells of strain
O153 were resuspended in buffer containing 1 mM indole. Indole was transformed
immediately by indole-induced O153 cells (Fig. 2). In contrast, uninduced cells con-
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sumed indole significantly more slowly and with a lag period. These results indicated
that indole mineralization (biodegradation) was an inducible process.

Identification and characterization of genes involved in indole degradation.
Screening of an Acinetobacter sp. O153 genomic library using E. coli DH5� as a host
strain revealed one clone (O153H14) which was able to convert 5-bromoindoline to a
purple pigment, a characteristic feature of the wild-type strain O153. Clone O153H14
was bearing a pUC19 vector with a 12-kb genomic DNA fragment. The DNA sequencing
of this fragment revealed the presence of nine open reading frames (ORFs) (Fig. 3).
Bioinformatic analysis of the ORFs in this fragment using NCBI’s blastn algorithm and
the Conserved Domain Database (CCD) (30) allowed the identification of two different
sets of genes (Table 1). The iif cluster comprised the first set, and the second set
encoded a multisubunit anthranilate dioxygenase. The two sets were separated by a
putative araC transcription regulator. Analysis of the iif cluster suggested both high
sequence identity and structural similarity to iif genes, which were shown to comprise
a functional operon induced by indole in Acinetobacter baumannii ATCC 19606 (23).
Hence, genes and proteins presented here were given the same nomenclature and
were called Iif homologs. Five genes of the iif operon encoded putative enzymes, as
described by conserved domain analysis: iifA encodes a dienelactone hydrolase family
protein, iifB encodes a short-chain dehydrogenase, iifC encodes an oxygenase, iifD

FIG 1 Growth kinetics of Acinetobacter sp. strain O153. (A) Growth in minimal medium with different
carbon and nitrogen sources. (B) Growth in minimal medium supplemented with different concentra-
tions of indole as a nitrogen source and succinate as a carbon source. Filled squares, NH4Cl (5 g/liter) and
succinate (5 mM) (positive control); filled triangles, indole (1 mM) and succinate; filled rhombus, NH4Cl
and indole (1 mM); filled circles, indole (1 mM); open squares, no N source and succinate (negative
control); open circles, 0.1 mM indole; crosses, 0.5 mM indole; open triangles, 0.75 mM indole; open
rhombus, 1.5 mM indole; striped squares, 2 mM indole. Dashed lines represent trend lines using a moving
average data approximation (period � 2).
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encodes a flavin reductase, and iifE encodes a putative phenol degradation protein. The
ant cluster was composed of three genes encoding different subunits of the anthra-
nilate dioxygenase and appeared to be of typical composition: antA and antB encoded
large and small subunits of the anthranilate dioxygenase oxygenase component,
respectively, while antC coded for the electron transfer component protein.

Distribution of iif homologs among bacterial genomes. The prevalence of iif
operon genes as well as genes of anthranilate dioxygenase among available microbial
genomes was analyzed. Mainly organisms from the genera Acinetobacter, Pseudomonas,
and Burkholderia were identified, including some notoriously pathogenic strains of A.
baumannii, Pseudomonas fluorescens, and Pseudomonas syringae (Fig. 3). Spatial sepa-
ration of the two operons was found to be a common indication outside the genus
Acinetobacter, stretching to as long as 200 kb (Burkholderia cepacia ATCC 25416 and
Alcaligenes faecalis ZD02) or even separate replicons (Burkholderia contaminans MS14,
Cupriavidus metallidurans CH34, and Cupriavidus basilensis 4G11). Also, aberrant com-
position of the iif operon was predicted in several cases with four genomes (P.
fluorescens NCIMB 11764, C. metallidurans CH34, C. basilensis 4G11, and Ralstonia
solanacearum PSI07) lacking the iifE homolog.

Enzyme activity of recombinant Iif proteins. To identify the enzymatic functions
of Iif proteins, iifA, iifB, iifC, iifD, and iifE genes were expressed in E. coli BL21(DE3) with
an N-terminal His tag, purified, and tested for activity toward indole, which was
monitored by high-performance liquid chromatography–mass spectrometry (HPLC-
MS). Molecular masses of the purified proteins observed in SDS-PAGE gels corre-
sponded well to the theoretical masses (46 kDa for IifA, 28.1 kDa for IifB, 46.3 kDa for
IifC, and 19.9 kDa for IifD) (see Fig. S1 in the supplemental material).

IifC was found to be capable of using indole as a substrate only in the presence of
IifD flavin reductase, flavin adenine dinucleotide (FAD) cofactor, and NAD(P)H (Fig. 4,
peak 3). The product of this reaction was a blue insoluble indigoid pigment (Fig. S2).

FIG 2 Whole-cell bioconversion assays using different substrates and cells of Acinetobacter sp. O153. (A) Substrates without cells (negative control). (B)
Bioconversion with uninduced (overnight culture grown without indole) cells. (C) Bioconversion with induced (overnight culture grown in the presence of 1
mM indole) cells. Solid lines indicate spectra of initial and final products; dashed lines indicate spectra of intermediate products during a 6-h bioconversion cycle.
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Next, when IifB was added to the reaction mixture (IifC, IifD, FAD, NADPH, and indole),
indigo formation was abolished, and a product with a retention time (4.75 min)
identical to that of 3-hydroxyindolin-2-one was observed (Fig. 4, peak 1). The UV-visibile
light (UV-Vis) absorption spectra of this compound and 3-hydroxyindolin-2-one were
very similar, with peaks at 211 nm, 253, and 291 nm (Fig. S3E and F). Also, both of these
compounds demonstrated identical molecular masses: 150 (3-hydroxyindolin-2-one �

H�) and 132 (3-hydroxyindolin-2-one � H2O � H�) (Fig. S3E and F). Moreover,
3-hydroxyindolin-2-one was consumed by wild-type indole-induced Acinetobacter sp.
O153 cells in a similar way as indole (Fig. 2). 3-Hydroxyindolin-2-one was rapidly
transformed into anthranilic acid, which was then slowly consumed by indole-induced
cells. Meanwhile, no consumption was observed with uninduced cells. These results

FIG 3 Organization and distribution of iif and ant genes in different microbial genomes. Genes are represented by arrows (drawn to scale as indicated).
Homologous genes are highlighted in the same pattern according to the scheme in the top line for Acinetobacter sp. O153. White arrows, indole degradation
unrelated/unknown. Strains and genomic fragments boxed in solid lines indicate reported activity of certain Iif-homologous proteins; dashed boxes highlight
strains for which indole biodegradation activity was reported at the genus level. Identities (percent) of amino acid sequences between Iif proteins of strain O153
and homologs are indicated under the corresponding ORFs.
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indicated that 3-hydroxyindolin-2-one was the reaction product of an IifB-catalyzed
reaction and did not act as an inducer for indole-degrading proteins.

When four Iif proteins (IifC, IifD, IifB, and IifA) were used in a reaction with indole, a
compound with m/z 138 [M�H�] was identified, corresponding to [137�H�], with the
molecular mass of anthranilic acid (Fig. S3A and B). In addition, this reaction product
and anthranilic acid shared identical retention times (Fig. 4, peak 2) and UV-Vis
absorption spectra (Fig. S3A and B). Importantly, IifA protein was also capable of using
3-hydroxyindolin-2-one as the substrate to form anthranilic acid (Fig. 4, bottom curve).
Notably, conversion of 3-hydroxyindolin-2-one to anthranilic acid by IifA did not require
any cofactor or metal ion and did not occur with other substrates of similar structure
(isatin or N-formyl-anthranilic acid). The presence of IifE protein in any of the above-
mentioned reaction mixtures did not change the outcomes of the reactions. Thus,
analysis of reaction products formed by IifA both supported the involvement of
3-hydroxyindolin-2-one as an intermediate in indole degradation and showed the
formation of anthranilic acid, a possible end product of IifCDBA-catalyzed indole
biodegradation.

The kinetic parameters of IifA, IifC, and IifD proteins were determined (Table 2). IifD
flavin reductase showed a preference for flavin mononucleotide (FMN) and NADH. In
spite of that, FAD, but not FMN or riboflavin, was identified as the only flavin cofactor
suitable for indole oxidation performed by IifC (data not shown).

Identification of IifA as a possible cofactor-independent oxygenase. Structural
and functional approaches were used to analyze the enzymatic mechanism of IifA. The
conversion of 3-hydroxyindolin-2-one to anthranilic acid by purified recombinant IifA

FIG 4 Stacked HPLC chromatograms (211 nm) of enzymatic reaction products and standards. Top three
curves, standards; middle four curves, reaction products of indole and Iif proteins as indicated on the
right; bottom curve, reaction product of 3-hydroxyindolin-2-one and IifA. Numbers indicate peaks of
three major compounds: peak 1, 3-hydroxyindolin-2-one; peak 2, anthranilic acid; peak 3, indole.

TABLE 2 Kinetic parameters of IifD, IifC and IifA proteinsa

Protein and substrate or
cofactor Km (�M) Kcat (min�1) Kcat/Km (min�1 �M�1)

IifD
NADH 29 � 0.1 1.21 � 0.15 0.041
NADPH 7.9 � 0.4 0.13 0.017
FMN 2.85 � 0.19 2.7 � 0.45 0.94
FAD 7.07 � 0.12 7.02 � 0.64 0.99
Riboflavin 8.35 � 0.83 3.1 � 0.43 0.38

IifC
Indole 250 � 13 0.11 � 0.01 0.00047

IifA
3-Hydroxyindolin-2-one 281.7 � 13.4 2476 � 310 17.52

aValues are means � standard deviations.
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did not require the addition of any cofactor or metal ions. No cofactor-indicating peaks
were observed in the UV-Vis spectrum of the purified IifA protein (Fig. S4). Addition of
1 mM phenylmethylsulfonyl fluoride (PMSF), 0.5 mM HgCl2, or 3 mM EDTA did not
inhibit the reaction, suggesting a nonhydrolytic metal ion-independent enzymatic
conversion. Moreover, oxygen was consumed in the above-mentioned reaction in a
substrate-dependent manner (Fig. 5A); i.e., addition of 3-hydroxyindolin-2-one equiv-
alent to the oxygen concentration resulted in complete consumption of oxygen, while
a 1:2 molar ratio of substrate/oxygen consumed half of the oxygen present in an
air-restricted reaction cell. Notably, the reaction did not occur in the absence of
dioxygen (Fig. S5). Oxidation of 3-hydroxyindolin-2-one to anthranilic acid by IifA was
monitored spectrophotometrically, and a decrease in absorbance at 260 nm as well as
increases in absorbance at 225 nm and 315 nm was observed (Fig. 5B). The presence
of two isosbestic points indicated that no intermediates were formed during this
reaction.

Protein sequence analysis of IifA performed using the CDD indicated the pres-
ence of two domains: an N-terminal dienelactone hydrolase (DLH)-like domain and
C-terminal SnoaL-like domain (Fig. S6B). Attempts to obtain separate recombinant
domains were unsuccessful due to insolubility, suggesting a major structural role of
both domains during protein folding. A three-dimensional model of IifA was generated
with the I-TASSER platform. A standard �/� hydrolase fold was located in the N-terminal
domain and was composed of a �-sheet of seven strands, with the first strand
antiparallel to the others. A typical catalytic triad, common to the majority of hydro-
lases, was located in this domain and was composed of Cys124, Asp173, and His204
(Fig. S6A). Residues of this putative catalytic triad were located close to each other in
the three-dimensional model. Although the overall sequence identity between the
N-terminal domain of IifA and well-described cofactor-independent dioxygenases Hod
and Qdo was low (17.9% with Hod and 19.1% with Qdo), the structural resemblance
was clearly evident (Fig. S7).

DISCUSSION

The present article deals with identification of genes in Acinetobacter sp. strain O153
that are required for degradation of the N-heterocyclic compound indole. These genes
are clustered into an Iif operon, with five genes coding for potential enzymes. The initial
description of proteins encoded by genes of the Iif operon clearly showed the ability of
IifC to oxidize indole leading to formation of indigo pigment (23). Here, the ability of IifC
to oxidize indole to indigo was confirmed, but no appearance of indigo was observed
when three proteins, namely, IifC, IifD, and IifB, were incubated with indole in vitro
although the concentration of indole readily decreased. Incorporation of all four

FIG 5 Functional characterization of IifA. (A) Oxygen consumption by IifA. Red, green, and blue indicate different substrate concentrations as indicated.
Reactions were initiated at 90 s. (B) UV spectra of the transition between 3-hydroxyindolin-2-one and anthranilic acid, catalyzed by IifA. The inset shows the
spectral difference between the substrate and the product.
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proteins (IifC, IifD, IifB, and IifA) into the reaction mixture resulted in the formation of
anthranilic acid. Importantly, genes encoding a multisubunit anthranilate dioxygenase
are located close to the iif operon in most of the organisms potentially capable of
degrading indole or located in separate chromosomes, as in the case of Cupriavidus
metallidurans CH34 and C. basilensis 4G11 (Fig. 3). Anthranilate dioxygenase converts
anthranilic acid to catechol (31), which is then catabolized through a well-established
�-ketoadipate pathway (32). Such a degradation pathway where indole is oxidized to
metabolites, directly reaching the tricarboxylic acid (TCA) cycle, might enable micro-
organisms to both counteract the toxic effect of indole and use it as a carbon and
energy source. Although this may be true for some other microorganisms with reported
indole utilization as a sole carbon source and an iif-ant combination identified, strain
O153 did not grow with indole as the only carbon source. This suggests difficulties in
coping with the toxic effects of indole (see the introduction and references cited
therein) or insufficient metabolic activity to shuttle the indole degradation products
into the TCA cycle, for example, as a result of low expression levels or relatively poor
catalytic efficiency of catechol dioxygenase (33, 34). Still, anthranilic acid was consumed
by the cells of the strain O153 with no product-indicating spectra suggesting utilization
of anthranilate in other cellular processes, possibly as a substrate for anthranilate
phosphoribosyltransferase during the synthesis of tryptophan (35). Strain O153 used
indole (at concentrations ranging from 0.5 to 1.5 mM) as the sole nitrogen source,
indicating a physiological benefit when the bacteria occupy indole-containing environ-
ments.

Based on the results presented above, a scheme for indole biodegradation in
Acinetobacter sp. strain O153 is proposed (Fig. 6). Degradation starts with indole
oxidation at the C-2 and C-3 positions, forming indole-2,3-dihydrodiol. This compound
is known to be rather unstable (22) and therefore was not detected. A spontaneous
dehydration of indole-2,3-dihydrodiol results in the formation of indoxyl, which is prone
to auto-oxidation and forms an insoluble indigo pigment. However, the loss of a water
molecule could be prevented by IifB, forming a stable intermediate. The hypothetical
short-chain dehydrogenase IifB performs oxidation at the C-2 position to obtain
3-hydroxyindolin-2-one. Anthranilic acid, formed by IifA, is then the end product of
IifCDBA-catalyzed indole biodegradation.

Proteins with notable sequence similarity to Iif proteins were described earlier,
leading to coherent concepts and hypotheses. First, the MoxY (65% sequence identity

FIG 6 Proposed indole biodegradation pathway in Acinetobacter sp. O153: step 1, indole; step 2, indole-2,3-
dihydrodiol; step 3, 3-hydroxyindolin-2-one; step 4, anthranilic acid; step 5, isatin; step 6, 1H-indol-3-ol (indoxyl);
step 7, indigo. Brackets indicate an intermediate not experimentally detected.
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to IifC) and MoxZ (38% sequence identity to IifD) proteins with indole oxidation activity
were suggested to be involved in the production of a quorum-sensing-inducing
compound (36). Later, a genomic fragment of Rhodococcus opacus 1CP containing
several genes with high structural similarity to the Iif operon was published (37),
emphasizing its role in styrene biodegradation. Monooxygenase activity of this frag-
ment was detected by indole oxidation to indigo and was attributed specifically to
StyA2B, a styrene-epoxidizing fusion protein containing both oxidation and flavin-
reduction activities (47% sequence identity between the N-terminal segment of StyA2B
and IifC; 52% sequence identity between IifD and the C-terminal segment of StyA2B).
ORFs 6 and 9, comprising a possible structural homolog of IifA of this fragment and
forming a hypothetical dienelactone hydrolase, were interrupted by transposase, most
likely rendering this protein inactive. A complete set of Iif-homologous genes was then
found in R. opacus MR11, including an adjacent multisubunit anthranilate dioxygenase,
leading to the hypothesis that the locus described therein might be involved in the
degradation of heteroaromatic compounds (38). Finally, the indole detoxification ability
of the IifC-IifD system as well as the flavin oxidoreductase activity of IifD was demon-
strated in representatives of the genus Acinetobacter (23, 39). From the current per-
spective, it appears that a link between high metabolic versatility of acinetobacters and
indole as the substrate for Iif proteins is clearly evident, suggesting biodegradation as
the fate of indole when exposed to Iif-containing bacteria.

In the proposed model of indole biodegradation, IifC should act as a dioxygenase,
incorporating oxygen atoms at both the C-2 and C-3 positions. However, IifC appears
to have typical structural elements of flavin-containing monooxygenases (23). Although
difficult to detect experimentally, indole dioxygenation was reported for a number of
bacterial dioxygenases and monooxygenases (25, 40). Indole-2,3-dihydrodiol, a product
of possible dioxygenase attack, was observed in the biotransformation of indole by
Cupriavidus sp. strain KK10 (41). Notably, several species of Cupriavidus were identified
to possess the iif-ant cluster (Fig. 3). Indole-2,3-dihydrodiol was not observed directly as
a reaction intermediate during the indole degradation described here, which might be
attributed to the instability of this compound (22). Importantly, the formation of indigo
from indole-2,3-dihydrodiol was detected in an indole oxidation reaction catalyzed by
naphthalene dioxygenase (22). A possible mechanism of indole-2,3-dihydrodiol forma-
tion might be hydrolysis of indole 2,3-epoxide, which was identified as an intermediate
during indole epoxidation performed by a styrene monooxygenase (42) and was
suggested to form 2,3-trans diol spontaneously or enzymatically (43). The opening of
the epoxide to a diol was presumed to be a plausible pathway for indole-2,3-
dihydrodiol formation (44). Moreover, the oxidation of several N-heterocyclic com-
pounds catalyzed by monooxygenases when two oxygen atoms (one from oxygen,
another from water) were inserted was described recently (45–47). A similar mechanism
for bacterial degradation of indole acetic acid was described (48) involving the inter-
mediate dioxindole-3-acetic acid (DOAA), a structural analogue of 3-hydroxyindolin-2-
one in indole degradation. Formation of DOAA was not attributed to a single enzymatic
step, and either a second hydroxylation or hydroxy/keto oxidoreduction mechanisms
were suggested. Given these points, deciphering the mechanism of IifC requires further
structural studies.

The role of IifE in the degradation of indole remains poorly understood and might
even be ruled out based on experimental evidence. First, no changes were observed
when recombinant IifE protein was added to a reaction mixture consisting of indole and
other Iif proteins; i.e., such a reaction still yielded anthranilic acid with complete
substrate consumption. Next, the expression levels of IifE did not change upon addition
of indole, according to quantitative reverse transcription-PCR (qRT-PCR) results (23).
Finally, the gene coding for IifE appears to be absent in genomes of several microor-
ganisms that possess the iif operon. Interestingly, the presence of a putative signal
sequence was detected in this protein, with a cleavage site between residues 24 and 25
(AQA-YD), using SignalP (49). Also, this protein showed low sequence identity to the
Pput2725 membrane channel from Pseudomonas putida F1. Taken together, such
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inconsistent insights provide no precise functional description for this protein, but they
suggest possible functions, such as facilitation of indole uptake or other metabolic
activities, that are worth exploring.

As already noted, a distinct group of extraordinary dioxygenases catalyzes the
incorporation of oxygen atoms into organic substrates with no requirements for
cofactors. Structural and functional properties of IifA appear to be very similar to those
of the best described cofactor-independent dioxygenases such as 1H-3-hydroxy-4-
oxoquinoline 2,4-dioxygenase (Qdo) from Pseudomonas putida 33/1 and 1H-3-hydroxy-
4-oxoquinaldine 2,4-dioxygenase (Hod) from Arthrobacter ilicis Rü61a (50). All of these
enzymes share an �/� structural fold and a speculative catalytic triad, which was
demonstrated to act rather as a dyad as mutants of catalytic Ser retained substantial
activity (18, 50). Catalytic properties of IifA also resemble those of cofactor-free dioxy-
genase from an aerobic Gram-positive coccus participating in indole biodegradation
described by Fujioka and Wada (51). This cofactor-free dioxygenase was able to convert
2-oxo-3-hydroxyindoline to stoichiometric amounts of anthranilic acid and CO2 with
the consumption of equivalent amounts of dioxygen (51). As it stands, the establish-
ment of IifA as an oxygenase catalyzing the ring-opening reaction requires additional
experiments to elucidate the fate of the C-2 carbon atom of 3-hydroxyindolin-2-one
during the oxidation process as well as site-directed mutagenesis to prove the role of
putative catalytic amino acid residues, and these experiments are under way.

Notably, a number of bacterial genera with iif and ant operons identified in this work
have already been described as indole-degrading microorganisms. B. unamae strain
CK43B was found to degrade indole under aerobic conditions when supplemented
with gallic acid or pyrogallol (27), showing a similar cometabolic effect of indole
degradation as in the case of strain O153. Importantly, indoxyl was detected as the
reaction intermediate as well as compounds of the �-ketoadipate pathway, anthranilic
acid, and catechol, signifying the possible relationship between Iif proteins and indole
biodegradation in the genus Burkholderia. Cupriavidus sp. strain SHE was also reported
to be able to perform indole biodegradation (28); however, no intermediates were
identified, except for isatin. A compound with an m/z corresponding to that of isatin
was also observed during Iif-catalyzed indole biodegradation. Nonetheless, based on
results presented here indicating (i) that, in contrast to indole, isatin was not consumed
by resting cells during an uptake assay and (ii) that isatin was not a substrate for any
of the Iif proteins described here, we suggest that isatin might not be an intermediate
during Iif-catalyzed indole degradation but, rather, appeared as a dead end product of
spontaneous oxidation or an experimental artifact. While indole biodegradation char-
acteristics were also evaluated for representatives of the genera Pseudomonas (P.
aeruginosa strain Gs) and Alcaligenes (Alcaligenes sp. strain In3) (26, 52), no data are
available regarding the biodegradation of indole in the genus Acinetobacter to date.
Such a high prevalence of the iif operon might be explained by a dual beneficial effect
of indole degradation. Indole, produced mainly by E. coli in the intestine, can decrease
the virulence of P. aeruginosa (53). This effect was later attributed to the indole-caused
inhibition of AHL-based quorum-sensing signaling by altering the folding of the AqsR
regulator (14, 54). Such an effect was reported for a number of Gram-negative bacteria,
including Chromobacterium violaceum, Pseudomonas chlororaphis, Serratia marcescens
(55), and Acinetobacter oleivorans DR1 (14), a strain which was identified here to possess
the iif-ant operon combination (Fig. 3). In a complex and competition-prone environ-
ment such as the gastrointestinal tract, indole production might become an advantage
if the producer does not utilize AHL-based signaling, which is the case for E. coli (56).
The degradation of indole and its utilization as an additional carbon and energy source
using the Iif-AntABC enzymatic system described here might be a possible solution for
AHL producers, including members of the genus Acinetobacter (57), to counteract the
toxic indole effect and retain fitness. Taken together, the concordance between de facto
indole-degrading microbial genera and the prevalence of the iif and ant operon
combination suggests that proteins encoded by the iif operon might be responsible for
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indole biodegradation in the majority of microorganisms described to date as indole
degraders.

MATERIALS AND METHODS
Bacterial strains, chemicals, and standard techniques. Escherichia coli DH5� and BL21(DE3) strains

were used as cloning and protein expression hosts, respectively. Transformation of bacteria by electro-
poration was performed as described previously (58). E. coli strains carrying plasmids were cultivated in
Luria-Bertani (LB) medium supplemented with antibiotics (100 �g/ml ampicillin or 50 �g/ml kanamycin).
Plasmid DNA was isolated using a ZR Plasmid Miniprep Classic kit (Zymo Research). Indole, isatin, and
anthranilic acid were purchased from Sigma-Aldrich; 5-bromoindoline was obtained from Combi-Blocks,
Inc. All other chemicals used in this study were of analytical grade. All media and reagent solutions were
prepared with Milli-Q water (Merck Millipore).

Isolation and identification of an indole-oxidizing bacterial strain. Indole-oxidizing microorgan-
isms were isolated from the intestine of Orconectes limosus. Crustacean samples were collected at Lake
Ruzis, Alytus district, Lithuania. Intestines were suspended in 0.9% NaCl solution and plated on LB agar
plates supplemented with 1 mM 5-bromoindoline. Following an overnight incubation at 30°C, purple
pigment-forming colonies were isolated and maintained as pure cultures. The 16S rRNA gene of the
isolate strain was amplified with universal bacterial primers 27F and 1492R (Table 3) according to the
method of Frank et al. (59) and sequenced. Phylogenetic analysis was performed with the blastn
algorithm (https://blast.ncbi.nlm.nih.gov) (58) against the database of 16S rRNA sequences.

Genomic DNA of strain O153 was extracted as described previously (60), digested with HindIII
(ThermoFisher Scientific) to obtain 5- to 20-kb DNA fragments, which were cloned into pUC19 (Ther-
moFisher Scientific). The resulting library was transformed into E. coli DH5�; cells were plated on LB agar
with 5-bromoindoline, incubated overnight at 37°C, and screened for purple pigment-producing colo-
nies.

Whole-cell bioconversion assays and growth conditions. For growth kinetics experiments, an
overnight culture of strain O153 grown in LB medium was centrifuged, washed with potassium
phosphate buffer, and resuspended in 0.9% NaCl. Cells were diluted in fresh M9 medium with different
carbon (5 mM succinate or 1 mM indole) and nitrogen (5 g/liter NH4Cl or different concentrations of
indole) sources. Cell suspensions were incubated at 30°C with shaking (180 rpm). Growth was monitored
by measuring the absorbance at 600 nm. At least three independent experiments were performed.

For whole-cell experiments, an overnight culture of Acinetobacter sp. O153 was grown in M9 medium
(3.5 g/liter Na2HPO4, 1.5 g/liter KH2PO4, 2.5 g/liter NaCl, 0.2 g/liter MgSO4, 0.01 g/liter CaCl2) supple-
mented with 5 mM succinate and 1 mM indole (induced cells) or with succinate and 5 g/liter NH4Cl
(uninduced cells). Cells were pelleted by centrifugation, washed with 20 mM potassium phosphate
buffer, pH 7.8, and resuspended in M9 minimal medium to a final OD600 of 0.8 in a volume of 1 ml
containing a 1 mM concentration of the appropriate substrate. Cells were incubated at 30°C with shaking.
A sample without cells was used as an evaporation (negative) control. Absorbance spectra of the cell-free
supernatants were recorded every hour to monitor substrate consumption.

Cloning, expression, and purification of proteins involved in indole degradation. All reagents
used for the cloning experiments were purchased from ThermoFisher Scientific (Lithuania). Target genes
were amplified by PCR in a Mastercycler ep Gradient S (Eppendorf) instrument using the primer pairs
listed in Table 3, Maxima Hot Start Green PCR master mix, and a colony of Acinetobacter sp. O153 cells.
PCR conditions were as follows: initial denaturation at 98°C for 4 min, followed by 30 cycles of
denaturation at 98°C for 30s, annealing at various temperatures for 30s, elongation at 72°C for 90s, and
a final elongation at 72°C for 10 min. DNA fragments obtained were cloned into pTZ57R/T vector
according to the manufacturer’s protocol and sequenced. Resulting plasmids were digested with
restriction endonucleases that recognize the primer-introduced sequences (Tables 3 and 4), and frag-
ments were ligated into pET28-c(�) (Novagen) previously digested with the same restriction endonu-
cleases. Expression plasmids with N-terminally encoded 6�His tags were transformed into E. coli
BL21(DE3) for protein expression. Protein expression and purification were carried out as described

TABLE 3 Primers used in this studya

Primer name Sequence (5=–3=) Purpose Reference or source

CMBFNdeI GATCATATGTCAGGCCAAGATATTGAA Amplification and cloning of iifA gene This work
CMBRXhoI CTCTCGAGTTAAAACGATTTGCCTTCA
SCDFNdeI GAGTGGCATATGGATATTGAATTGAATCAG Amplification and cloning of iifB gene This work
SCDRXhoI ATCTCGAGTCACGCTTCATCGGCTA
APRLF GATCATATGCGTCGTATCGCTATAG Amplification and cloning of iifC gene This work
APRLR CTACTCGAGTTAAGCCACTTTTTGAC
iifDFNheI TGGCTAGCATGAATATCAACACATC Amplification and cloning of iifD gene This work
iifDRXhoI CTGCTCGAGTTAAATACTCAGTTC
MetAFNcoI CTCCATGGCCAATAATGTGATCAAAAG Amplification and cloning of iifE gene This work
MetARHindIII GAAGCTTTCAGAAGTGATGAATATAAC
27F AGAGTTTGATCMTGGCTCAG Amplification and sequencing of 16S rRNA gene 59
1492R TACGGYTACCTTGTTACGACTT
aUnderlined nucleotide sequences are introduced sequences for recognition of restriction endonucleases.
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earlier (61). Protein concentration was determined with a Coomassie protein assay kit (Pierce) using
bovine serum albumin as the standard.

Enzyme assays and detection of reaction products. Flavin reductase activity of the purified IifD
protein was determined from the decrease of the absorbance at 340 nm due to oxidation of NADH or
NADPH (�340 � 6,220 M�1 cm�1), using a spectrophotometer and was performed at room temperature.
A total reaction volume of 1 ml contained 50 mM Tris-HCl, pH 7.5, variable amounts of NADH or NADPH,
and flavins (FAD, FMN, or riboflavin). Kinetic parameters for NADH and NADPH were determined using
a constant concentration of FAD (20 �M) and various concentrations of NAD(P)H (5 to 200 �M). In
addition, various concentrations of flavin (1 to 40 �M) and a constant concentration of NADH (200 �M)
were used for analysis of the enzyme kinetics. Reactions were initiated by adding 0.3 �g of the enzyme.
One unit (U) of enzyme activity was defined as the amount of enzyme catalyzing the oxidation of 1 �mol
of NAD(P)H per minute.

Indole oxidation activity of IifC was determined as a function of indigo formation in the reaction
mixture. An initial indole oxidation rather than spontaneous dimerization was assumed to be a rate-
limiting step. A typical reaction mixture contained 50 mM Tris-HCl, pH 7.5, 100 �M flavin, 250 �M NADH
or NADPH, and various concentrations of indole (10 to 500 �M) and was initiated by adding 3 �g of IifD
as well as 3 �g of IifC. Reaction mixtures were incubated at room temperature for 15 min, and indigo
particles were pelleted by centrifugation at 16,000 � g for 5 min. The precipitant was dissolved in 100
�l of dimethylformamide (DMF); dissolving was facilitated by incubating the mixture at 37°C for 15 min.
Indigo concentration was determined as described previously (62), using the molar absorption coefficient
�620 � 14,000 M�1 cm�1. One unit of enzyme activity was defined as the amount catalyzing the
formation of 1 �mol of indigo per minute.

Oxygenase activity of IifA was measured from the increase of absorbance at 315 nm (formation of
anthranilic acid from 3-hydroxyindolin-2-one). A typical assay mixture contained various concentrations
(10 to 300 �M) of 3-hydroxyindolin-2-one (synthesized as described below) in 50 mM Tris-HCl, pH 7.5,
air-saturated (oxygen concentration, �250 �M) buffer. Reactions were initiated by adding 3 �g of IifA,
and the concentration of anthranilic acid formed was determined using the molar absorption coefficient
�315 � 1,600 M�1 cm�1 (calculated using the Beer-Lambert law and data on the absorbance of 0.05 to
5 mM anthranilic acid in 50 mM Tris-HCl, pH 7.5). One unit of enzyme activity was defined as the amount
catalyzing the formation of 1 �mol of anthranilic acid per minute under the conditions described above.
All kinetic parameters were determined by fitting the data to Lineweaver-Burk (double-reciprocal) plots
and performing a linear regression. All kinetic experiments were performed in duplicate, and average
means were derived.

Enzymatic conversion of indole by Iif proteins was analyzed by monitoring substrate consumption
and formation of corresponding reaction products in in vitro reactions. Under standard conditions, a total
volume of 250 �l of reaction mixture contained 50 mM Tris-HCl, pH 7.5, 50 �M flavin cofactor, 100 �M
NAD(P)H, 1 mM indole, and 3 �g of each purified Iif protein. The combinations of proteins tested were
as depicted in Fig. 4. Reaction mixtures were incubated at room temperature for 1 h with shaking (700
rpm; Eppendorf Thermomixer Comfort). Substrate consumption and formation of products were ana-
lyzed spectrophotometrically in PowerWave XS plate reader (BioTek Instruments, Inc.) or mixed with an
equal volume of acetonitrile, centrifuged at 16,000 � g for 5 min, and analyzed by HPLC-MS.

Oxygen consumption and anaerobic assay. The measurement of oxygen consumption was
performed with a homemade computer-assisted membrane oxygen electrode and 10.0-ml glass cell. The
concentration of oxygen was assumed to be 0.25 mM in air-saturated 50 mM Tris-HCl, pH 7.5, buffer
solution at 25°C. Different concentrations of 3-hydroxyindolin-2-one (82, 136, and 273 �M) were used,
and reactions were initiated by adding 3 �g of IifA.

Anaerobic conditions were generated in an air-restricted cell by argon bubbling of Tris-HCl buffer
solution, pH 7.5, at 25°C for 10 min. Prior to bubbling, traces of oxygen were eliminated from argon gas
by passage through a solution of alkaline pyrogallol (benzene-1,2,3-triol).

TABLE 4 Plasmids used in this study

Plasmid Description and/or purpose Source

pTZ57R/T TA cloning of PCR products ThermoFisher Scientific
(Lithuania)

pUC19 Construction of genomic library ThermoFisher Scientific
(Lithuania)

pET28-c(�) Expression of recombinant proteins Novagen (Germany)
pET28-iifA iifA gene, amplified by PCR with CMBFNdeI and CMBRXhoI primers, digested with NdeI/XhoI, and

cloned into pET28-c(�) for expression of recombinant N-terminally 6�His-tagged IifA
This work

pET28-iifB iifB gene, amplified by PCR with SCDFNdeI and SCDRXhoI primers, digested with NdeI/XhoI, and
cloned into pET28-c(�) for expression of recombinant N-terminally 6�His-tagged IifB

This work

pET28-iifC iifC gene, amplified by PCR with CMBFNdeI and CMBRXhoI primers, digested with NdeI/XhoI, and
cloned into pET28-c(�) for expression of recombinant N-terminally 6�His-tagged IifC

This work

pET28-iifD iifD gene, amplified by PCR with iifDFNheI and iifDRXhoI primers, digested with NheI/XhoI, and
cloned into pET28-c(�) for expression of recombinant N-terminally 6�His-tagged IifD

This work

pET21-iifE iifE gene, amplified by PCR with MetAFNcoI and MetARHindIII primers, digested with NcoI/HindIII,
and cloned into pET28-c(�) for expression of recombinant IifE

This work
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HPLC-MS. HPLC-MS analyses were performed using a high-performance liquid chromatography
system (CBM-20A controller, two LC-2020AD pumps, SIL-30AC auto sampler, and CTO-20AC column
oven; Shimadzu, Japan) equipped with a photodiode array (PDA) detector (Shimadzu, Japan) and mass
spectrometer (LCMS-2020; Shimadzu, Japan) equipped with an electrospray ionization (ESI) source. The
chromatographic separation was conducted using a YMC Pack Pro column (3 by 150 mm; YMC, Japan)
at 40°C and a mobile phase that consisted of 0.1% formic acid water solution (solvent A) and acetonitrile
(solvent B) delivered in the 0 to 60% gradient elution mode. Mass scans were measured from m/z 10 up
to m/z 700 at a 350°C interface temperature, 250°C desolvation line (DL) temperature, �4,500 V interface
voltage, and neutral DL/Qarray, using N2 as nebulizing and drying gas. Mass spectrometry data were
acquired in both positive and negative ionization modes. The data were analyzed using LabSolutions
liquid chromatography-mass spectrometry (LCMS) software.

Chemical synthesis of 3-hydroxyindolin-2-one. Reduction of isatin to 3-hydroxyindolin-2-one was
performed according to Bergonzini and Melchiorre (63). Isatin (1.5 mmol) was added in small portions to
a stirred suspension of sodium borohydride (0.75 mmol; 2 eq) in 20 ml of a 1:1 water-ethanol mixture at
room temperature. The mixture was vigorously stirred until the suspension became colorless (about 10
min). The mixture was extracted with chloroform (3 times, 10 ml each). The combined organic extracts
were dried (MgSO4), and the solvent was evaporated under reduced pressure. The residual material was
dissolved in 5 ml of deionized water and was purified by reverse-phase chromatography (12 g; C18

cartridge) to separate the 3-hydroxyindolin-2-one from the pigments formed during the extraction and
evaporation procedures. Prior the purification, the column was equilibrated with water. A mobile phase
that consisted of water and methanol was delivered in the gradient elution mode. The collected fractions
were analyzed by HPLC-MS. The fractions containing a pure product were combined, and the solvent was
removed under reduced pressure.

The structures of the bioconversion products were determined using 1H nuclear magnetic resonance
(NMR) and 13C NMR. 1H NMR spectra were recorded in hexadeuterodimethyl sulfoxide (DMSO-D6) or
CDCl3 on a Bruker Ascend 400 at 400 MHz, and 13C NMR spectra were recorded on a Bruker Ascend 400
at 100 MHz. All products were dissolved in deuterated dimethyl sulfoxide. Spectra were calibrated with
respect to the solvent signal (CDCl3, 1H � � 7.26, 13C � � 77.2; DMSO-D6, 1H � � 2.50, 13C � � 39.5).

Sequence alignments and structure modeling. Genome sequences containing genes with high
sequence similarity to iif genes were identified with the blastn suite (https://blast.ncbi.nlm.nih.gov) by
using each of the five iif genes individually. Hits with E values less than 5e�10 were pooled and used
as a database in MultiGeneBlast (64). A homology search was performed using an iif locus of A. guillouiae
genomic DNA (ranging from nucleotides 1661941 to 1671563) as a query with default parameters except
that the maximum distance between genes in the locus was increased to 100 kb. Positive variants were
manually proofread with respect to the structural organization of the iif and ant genes as well as possible
orientation in separate DNA fragments.

The model of tertiary structures of the N-terminal (amino acids 1 to 233) and C-terminal (amino acids
252 to 374) domains of the IifA protein were obtained using the I-TASSER platform (http://zhanglab
.ccmb.med.umich.edu/I-TASSER) (65). Structures of dienelactone hydrolases (PDB accession numbers
1DIN and 1ZI8) were used as threading templates for modeling of the N-terminal domain, and structures
of putative polyketide cyclases (PDB accession numbers 4LGQ and 3F9S) were used as templates for the
C-terminal domain. Models with the highest C-scores (1.42 and 0.26 for N- and C-terminal domains,
respectively) were selected for further structural analysis and comparison with structures of cofactor-
independent oxygenases.

Accession number(s). Sequence data described in this paper have been submitted to GenBank
database under the following accession numbers: 16S rRNA gene of strain Acinetobacter sp. O153,
KX955254; iifA, KX955255; iifB, KX955256; iifC, KX955257; iifD, KX955258; iifE, KY700688. The strain
Acinetobacter sp. O153 has been deposited in the DSMZ under accession number DSM 103907.
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Abstract: A plant auxin hormone indole-3-acetic acid (IAA) can be assimilated by bacteria as an 

energy and carbon source, although no degradation has been reported for indole-3-propionic acid 

and indole-3-butyric acid. While significant efforts have been made to decipher the Iac (indole-3-

acetic acid catabolism)-mediated IAA degradation pathway, a lot of questions remain regarding the 

mechanisms of individual reactions, involvement of specific Iac proteins, and the overall reaction 

scheme. This work was aimed at providing new experimental evidence regarding the 

biodegradation of IAA and its derivatives. Here, it was shown that Caballeronia glathei strain 

DSM50014 possesses a full iac gene cluster and is able to use IAA as a sole source of carbon and 

energy. Next, IacE was shown to be responsible for the conversion of 2-oxoindole-3-acetic acid (Ox-

IAA) intermediate into the central intermediate 3-hydroxy-2-oxindole-3-acetic acid (DOAA) 

without the requirement for IacB. During this reaction, the oxygen atom incorporated into Ox-IAA 

was derived from water. Finally, IacA and IacE were shown to convert a wide range of indole 

derivatives, including indole-3-propionic acid and indole-3-butyric acid, into corresponding DOAA 

homologs. This work provides novel insights into Iac-mediated IAA degradation and demonstrates 

the versatility and substrate scope of IacA and IacE enzymes. 

Keywords: indole-3-acetic acid; indole-3-propionic acid; indole-3-butyric acid; biodegradation; 

Caballeronia glathei; bioconversion 

 

1. Introduction 

Indole and its derivatives comprise a group of biologically active N-heterocyclic compounds. 

Indole itself has recently been recognized as an interkingdom signaling molecule [1]. It is produced 

mainly by gut bacteria following the activity of tryptophanase [2], but can alter the physiology and 

metabolism of a very wide range of organisms, including the producent itself [3,4], other bacteria 

[5,6], eukaryotes [7], and even mammals [8,9]. The 3-substituted derivatives of indole bearing a 

carboxylic acid group are regarded as auxins, the plant growth-regulating hormones. These 

molecules can promote plant growth at basically all levels, including molecular, cellular, tissue, organ 

and whole plant levels [10]. The effect of auxins is concentration-dependent, requiring a strict 

regulation of auxin synthesis, degradation, conjugation, and import/export [11]. While indole-3-acetic 

acid (IAA or heteroauxin) is regarded as the most potent auxin with the strongest plant growth-

regulating effects, other auxins that share similar structural scaffold were characterized as well, 

including indole-3-propionic acid (IPA) and indole-3-butyric acid (IBA) [12]. Surprisingly, the 

physiological effects of IPA, a product of bacterial tryptophan deamination, has recently been 

described not only in plants, but in the mammalian organisms as well (Figure 1). Increased 

concentration of IPA has been linked to lower risk of type 2 diabetes in humans [13,14]. Moreover, 
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IPA has been reported to provide beneficial effects for liver functions [15], perform as a biomarker 

for development of chronic kidney disease [16], and help to reduce the body weight in antibiotic-

treated mice [17]. In addition, the activity of IPA against M. tuberculosis has been demonstrated [18] 

and later attributed to the suppression of tryptophan biosynthesis through the inhibition of 

anthranilate synthetase TrpE [19]. 

 
Figure 1. Metabolism of biologically relevant derivatives of indole. 

The aforementioned derivatives of indole-3-carboxylic acids can be present at large 

concentrations in bacteria-dominated niches, such as soil and gut, thus it would make sense for 

bacteria to use these compounds as carbon or energy sources. Indeed, bacterial degradation of indole 

and IAA has long been recognized [20,21]. Meanwhile no processes of biodegradation for IPA nor 

IBA has been reported so far (Figure 1). The bacterial degradation of IAA has been attributed to the 

activity of Iac proteins (indole acetic acid), encoded by iac gene cluster. Four bacterial strains with 

demonstrated aerobic IAA degradation capability and known genetic determinants for 

biodegradation–Pseudomonas putida 1290 [21], Acinetobacter baumannii ATCC19606 [22], 

Paraburkholderia phytofirmans PsJN [23], and Enterobacter soli LF7 [24]—were shown to follow the Iac-

mediated biodegradation pathway. However, the information about biological cycle of IPA and IBA 

in different eco-niches is scarce. Numerous plants are able to convert the auxin precursor IBA into 

active IAA [25,26]. In particular, it has been suggested that, in Arabidopsis, a fatty acid beta-oxidation 

takes place in this process [27]. The fate of IPA is even less understood. 

In the proposed mechanism of Iac-based biodegradation, IacA acts as an initial IAA oxygenase, 

producing 2-oxoindole-3-acetic acid (Ox-IAA) [22,28,29], which is then transformed to 3-hydroxy-2-

oxindole-3-acetic acid (DOAA) by IacE, possibly involving IacB [23] as well. The end-product of Iac-

mediated degradation is catechol [28], which is further oxidized by a catechol dioxygenase, the genes 

of which (catABC) are located in close proximity to the iac cluster [23,24,28]. Still, several questions 

remain unanswered in Iac-based biodegradation of IAA. While the end product of initial oxidation 

of IAA is presumed to be Ox-IAA, the most stable and easily identifiable end product of indole 
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described not only in plants, but in the mammalian organisms as well (Figure 1). Increased 

concentration of IPA has been linked to lower risk of type 2 diabetes in humans [13,14]. Moreover, 
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oxidation reaction with IifC/IndA indole monooxygenases was indigo. The intermediate reaction 

product of IifC/IndA monooxygenases has long been elusive until a recent demonstration that indole-

2,3-epoxide is the unstable intermediate [30]. Hence, the reaction product of IacA-catalyzed reaction 

and the reaction mechanism remain inconclusive. Also, IacE has been suggested to introduce another 

oxygen atom into Ox-IAA, therefore acting as an oxygenase. However, the amino acid sequence of 

IacE showed the highest sequence identity to short-chain dehydrogenases/reductases, which usually 

act as reductases [31] performing the NAD(P)(H)-dependent oxidoreduction of hydroxy/keto groups 

and usually does not incorporate oxygen. Finally, no intermediate has been proposed which could 

appear during the conversion of DOAA into catechol. Recently, an enzymatic decarboxylation of IAA 

to skatole by indoleacetate decarboxylase (Iad) has been identified [32] adding a new metabolic 

pathway to the IAA catabolism.  

Caballeronia glathei, isolated as Pseudomonas glathei [33], later reclassified as Burkholderia glathei 

[34] and Paraburkholderia glathei [35], and finally as C. glathei [36], is a gram-negative bacterium and 

belongs to the class of β-Proteobacteria. C. glathei can inhabit different environments but is mainly 

found in soil. Although most Burkholderia-related microorganisms are relatively well-studied 

because of plant growth-promoting characteristics, biocontrol of plant diseases, or even being 

opportunistic pathogens for plants and humans [37], little is known about the ecological role of C. 

glathei. It has been demonstrated that C. glathei can establish a close relationship with soil-dominating 

fungi, which provides the bacterium with additional ecological fitness [38]. A recently published 

genome sequence of the type strain DSM50014 (GenBank RefSeq no. NZ_JFHC00000000.1) [39] 

contains a full set of iac genes, providing a framework for studying the functions of Iac proteins. 

Compared to other IAA-degrading strains that are publicly available, the iac locus in C. glathei 

DSM50014 is less interrupted by other genes (Figure 2) and comprises all iac genes that are known to 

date: iacA–I and iacR, iacS, iacT1, iacY. Therefore, the goal of this study was to analyze the initial 

steps of the catabolism of IAA in C. glathei and to offer additional data that would help to elucidate 

the Iac-mediated pathway of IAA biodegradation in detail. The second objective was to characterize 

a substrate scope (a range of converted/unconverted substrates by the enzyme without specifying the 

substrate preference, which would require enzyme kinetics) of the IacA and IacE proteins 
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Figure 2. Distribution of iac and related genes in the genomes of known IAA-degrading microorganisms and C. 

glathei DSM50014. The genes of the enzymes that were studied in this work are highlighted in bold. Accession 

numbers of the proteins studied in this work are: IacA–WP_035925671, IacB–WP_035925668, IacI–

WP_035925861, IacE–WP_035925663. The identity percentage between homologous genes that were studied in 

this report are also indicated. 

2. Materials and Methods  

2.1. Reagents, Bacterial Strains and Growth Conditions 

All IAA derivatives used in this study (indole-3-acetic acid, 3-(2-hydroxyethyl)indole, ethyl-3-

indole-acetate, 3-(3-hydroxypropyl)indole, 3-indoleacetonitrile, indole-3-acetamide, indole-3-butyric 

acid, DL-indole-3-lactic acid, indole-3-propionic acid, tryptamine, indole-3-acrycil acid and indole-3-

carboxylic acid) and H218O were purchased from Sigma-Aldrich. All cloning and protein expression 

reagents were from ThermoFisher Scientific (Vilnius, Lithuania). All other reagents used in this study 

were of analytical or higher grade. 

Caballeronia glathei strain DSM50014 was obtained from the German Collection of 

Microorganisms and Cell Cultures (DSMZ), Braunschweig, Germany. This strain was routinely 

cultivated in M1 medium (5 g L–1 peptone, 3 g L–1 meat extract, pH 7). For the IAA assimilation 

experiments, C. glathei DSM50014 was cultivated in M9 medium (3.5 g L–1 Na2HPO4, 1.5 g L–1 KH2PO4, 

2.5 g L–1 NaCl, 0.2 g L–1 MgSO4, 0.01 g L–1 CaCl2). Escherichia coli strains used in this study are listed in 

Supplementary Table S2. All E. coli strains were cultivated in LB medium. Ampicillin (50 μg mL–1) 

and streptomycin (30 μg mL–1) were added when necessary. 

2.2. Cloning and Expression of iac Genes 

Genomic DNA from C. glathei was extracted as described [40]. iacA, iacE and iacB genes were 

amplified from genomic DNA of C. glathei DSM50014 with oligonucleotides listed in Supplementary 
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Table S1. Cloning and expression of iacA, iacB, and iacE genes was performed following the general 

protocol described previously [41], except that the expression of IacE was induced with 0.1 mM IPTG 

and performed overnight at 16 °C. For protein co-expression, iacA was cloned to pET-28c(+) to obtain 

pET28-iacA. iacB and iacE were cloned to the MCS1 and MCS2, respectively, of pCDFDuet-1 to obtain 

pCDFDuet-iacB and pCDFDuet-iacE. 

2.3. Whole-Cell Bioconversion 

E. coli cells producing recombinant IacA, IacB and IacE proteins or their combinations were 

suspended in potassium phosphate buffer (10 mM, pH 7.7) supplemented with succinate (5 mM) to 

reach the 2× concentration of an initial culture and the IAA or derivative of IAA was added to a final 

concentration of 2 mM. Incubation of whole cells was performed with agitation (180 RPM, Innova44 

Shaker, Eppendorf) at 30 °C overnight. Cells were removed by centrifugation at 16000× g for 5 min 

and the supernatant was subjected to HPLS/MS analysis. 

2.4. Analytical Techniques 

Substrate consumption and formation of products during the bioconversion experiments was 

analyzed spectrophotometrically by PowerWave XS plate reader (BioTek Instruments, Inc, Winooski, 

VT, USA) or the samples were mixed with an equal volume of acetonitrile and subjected to HPLC/MS 

analysis, which was performed as described[41]. Bioconversion efficiency of IacA was calculated as 

described[42], except that absorbance area at 280 nm was used rather than 254 nm. Three independent 

experiments were performed for each substrate and bioconversion efficiency of IacA is presented as 

mean ± SD. 

IacE was purified by Ni-NTA affinity chromatography through C-terminal 6xHisTag as 

described in [41]. Enzymatic activity of purified IacE was monitored in reaction mixtures containing 

purified Ox-IAA, 1 mM of different cofactors (NAD+, NADP+, NADH or NADPH) and 1 μg of 

purified IacE. Reactions were incubated at 30 °C for different time intervals and analyzed with 

HPLC/MS as described above. 

Purification of Ox-IAA and DOAA was performed by using reversed-phase preparative fast 

performance liquid chromatography essentially as described earlier [43]. Subsequently, 13C and 1H 

NMR spectra of purified DOAA were recorded as described [42]. 

2-(3-hydroxy-2-oxoindolin-3-yl)acetic acid (DOAA). White solid. 1H NMR (400 MHz, 

DMSO-d6): δ = 1.89 (d, J = 14.9 Hz, 1H, CH), 2.28 (d, J = 14.9 Hz, 1H, CH), 6.76 (d, J = 7.6, 1H, 

CH), 6.89 (t, J = 7.5, 1H, CH), 7.14 (t, 1H, CH), 7.32 (d, J = 7.4, 1H, CH) 9.72 (s, 1H, CH) 10.12 (s, 1H, 

NH). 13C NMR (100 MHz, DMSO-d6): δ = 42.5, 74.3, 109.7, 121.8, 124.3, 128.7, 134.8, 141.4, 174.2, 179.3. 

2.5. Utilization of H218O 

Following an overnight induction of expression or co-expression of genes iacA, iacB and iacE in 

E. coli, cells were washed with potassium phosphate buffer and suspended in H218O, containing 2 

mM of IAA. For consumption of Ox-IAA, cells were suspended in H218O mixed with the solution of 

Ox-IAA (ratio 1:1). Bioconversion in H218O and analysis of reaction products was performed as 

described above. 

3. Results 

3.1. Identification of Caballeronia glathei DSM50014 as a biodegrader of IAA 

Caballeronia glathei DSM50014 was obtained from the DSMZ collection bank and was identified 

to possess a full set of iac genes (sequence accession number NZ_JFHC01000015.1, nucleotide 

positions 99054–113486, Figure 2). First, this strain was tested for the capability to assimilate IAA. 

The growth was visible on M9 minimal medium agar plates supplemented with 1 mM IAA after the 

incubation period of five days (Supplementary Figure S1) confirming the ability of C. glathei 

DSM50014 to use IAA as a sole carbon and energy source. 
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In order to test whether the assimilation of IAA occurred through Iac-mediated pathway, whole 

cells of C. glathei were tested for the ability to consume DOAA, an intermediate in the Iac-mediated 

degradation pathway. IAA-induced C. glathei cells consumed both IAA and DOAA at the faster rate 

compared to the uninduced cells (Figure 3A,B), suggesting that both IAA degradation in C. glathei 

DSM50014 was an inducible process and DOAA was an intermediate compound during the 

assimilation. On the other hand, the DOAA counterpart in the indole degradation process, 3-

hydroxyindolin-2-one, was not consumed by C. glathei DSM50014 as opposed to a natural indole-

degrader Acinetobacter sp. strain O153 (Figure 3C). The absence of absorbance spectra that could 

indicate possible conversion products showed that C. glathei cells fully assimilated IAA and DOAA. 

Taken together, these results confirmed that C. glathei strain DSM50014 followed an Iac-mediated 

degradation of IAA. 

 

Figure 3. The whole-cell bioconversion of indole-3-acetic acid, 1 mM (A), 3-hydroxyindolin-2-one (B) and 3-

hydroxy-2-oxindole-3-acetic acid (DOAA) (C). Bioconversion was performed at 30 °C overnight. Solid line–

negative control (no cells), dashed line–C. glathei DSM50014, dash-dotted line–IAA (indole-3-acetic acid)-

induced C. glathei DSM50014, dotted line–indole-induced Acinetobacter sp. O153. 

3.2. IacA- and IacE-Catalyzed Reactions in IAA Degradation 

To clarify the roles of individual Iac proteins, which were presumed to convert IAA into DOAA, 

iacA, iacE, and iacB genes were cloned to compatible plasmids and expressed in E. coli to obtain a 

bioconversion platform with different Iac protein combinations. IacA was annotated as a flavin-

dependent acyl-CoA dehydrogenase (ACAD) family protein, IacE as a short-chain 

dehydrogenase/reductase, and no function prediction could be obtained from the sequence of IacB 

[23]. IacG was annotated as a flavin reductase and should provide a reduced flavin for the initial 

oxidation of IAA. However, as E. coli possesses numerous flavin reductases, which were shown to 

complement similar heterologous bioconversion reactions [41], IacG was omitted from the 

construction of IAA-converting E. coli strain. IacA has been demonstrated to oxidize IAA, but the 

exact reaction mechanism has not been elucidated, possibly due to instability of reaction 

intermediates as has been the case with biological indole oxidation [30]. Thus, the attention was 

focused on testing whether Ox-IAA was an intermediate compound in IAA biodegradation, and if 

so, which enzymes were required for the conversion of Ox-IAA into DOAA. Bioconversion of IAA 

by using E. coli cells expressing IacAE proteins resulted in accumulation of three compounds (Figure 

4). The first compound with retention time of 5.2 min and molecular mass of 191 Da was also the 

major product during the conversion of IAA by IacA, assigning this peak as Ox-IAA. In both these 

reactions, a second product was also observed with a retention time of 5.5 min and molecular mass 
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Table S1. Cloning and expression of iacA, iacB, and iacE genes was performed following the general 

protocol described previously [41], except that the expression of IacE was induced with 0.1 mM IPTG 

and performed overnight at 16 °C. For protein co-expression, iacA was cloned to pET-28c(+) to obtain 

pET28-iacA. iacB and iacE were cloned to the MCS1 and MCS2, respectively, of pCDFDuet-1 to obtain 

pCDFDuet-iacB and pCDFDuet-iacE. 

2.3. Whole-Cell Bioconversion 

E. coli cells producing recombinant IacA, IacB and IacE proteins or their combinations were 

suspended in potassium phosphate buffer (10 mM, pH 7.7) supplemented with succinate (5 mM) to 

reach the 2× concentration of an initial culture and the IAA or derivative of IAA was added to a final 

concentration of 2 mM. Incubation of whole cells was performed with agitation (180 RPM, Innova44 

Shaker, Eppendorf) at 30 °C overnight. Cells were removed by centrifugation at 16000× g for 5 min 

and the supernatant was subjected to HPLS/MS analysis. 

2.4. Analytical Techniques 

Substrate consumption and formation of products during the bioconversion experiments was 

analyzed spectrophotometrically by PowerWave XS plate reader (BioTek Instruments, Inc, Winooski, 

VT, USA) or the samples were mixed with an equal volume of acetonitrile and subjected to HPLC/MS 

analysis, which was performed as described[41]. Bioconversion efficiency of IacA was calculated as 

described[42], except that absorbance area at 280 nm was used rather than 254 nm. Three independent 

experiments were performed for each substrate and bioconversion efficiency of IacA is presented as 

mean ± SD. 

IacE was purified by Ni-NTA affinity chromatography through C-terminal 6xHisTag as 

described in [41]. Enzymatic activity of purified IacE was monitored in reaction mixtures containing 

purified Ox-IAA, 1 mM of different cofactors (NAD+, NADP+, NADH or NADPH) and 1 μg of 

purified IacE. Reactions were incubated at 30 °C for different time intervals and analyzed with 

HPLC/MS as described above. 

Purification of Ox-IAA and DOAA was performed by using reversed-phase preparative fast 

performance liquid chromatography essentially as described earlier [43]. Subsequently, 13C and 1H 

NMR spectra of purified DOAA were recorded as described [42]. 

2-(3-hydroxy-2-oxoindolin-3-yl)acetic acid (DOAA). White solid. 1H NMR (400 MHz, 

DMSO-d6): δ = 1.89 (d, J = 14.9 Hz, 1H, CH), 2.28 (d, J = 14.9 Hz, 1H, CH), 6.76 (d, J = 7.6, 1H, 

CH), 6.89 (t, J = 7.5, 1H, CH), 7.14 (t, 1H, CH), 7.32 (d, J = 7.4, 1H, CH) 9.72 (s, 1H, CH) 10.12 (s, 1H, 

NH). 13C NMR (100 MHz, DMSO-d6): δ = 42.5, 74.3, 109.7, 121.8, 124.3, 128.7, 134.8, 141.4, 174.2, 179.3. 

2.5. Utilization of H218O 

Following an overnight induction of expression or co-expression of genes iacA, iacB and iacE in 

E. coli, cells were washed with potassium phosphate buffer and suspended in H218O, containing 2 

mM of IAA. For consumption of Ox-IAA, cells were suspended in H218O mixed with the solution of 

Ox-IAA (ratio 1:1). Bioconversion in H218O and analysis of reaction products was performed as 

described above. 

3. Results 

3.1. Identification of Caballeronia glathei DSM50014 as a biodegrader of IAA 

Caballeronia glathei DSM50014 was obtained from the DSMZ collection bank and was identified 

to possess a full set of iac genes (sequence accession number NZ_JFHC01000015.1, nucleotide 

positions 99054–113486, Figure 2). First, this strain was tested for the capability to assimilate IAA. 

The growth was visible on M9 minimal medium agar plates supplemented with 1 mM IAA after the 

incubation period of five days (Supplementary Figure S1) confirming the ability of C. glathei 

DSM50014 to use IAA as a sole carbon and energy source. 
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of 382 (absorbance maxima at 241 nm and 293 nm), which could be a dimer of Ox-IAA, but the exact 

structure of this compound remained unidentified. The third compound with retention time of 4.6 

min and molecular mass of 207 Da was only observed during the conversion of IAA by IacAE. It also 

possessed an absorbance spectrum resembling that of 3-hydroxyindolin-2-one, an intermediate 

compound (absorbance maxima at 254 nm and 291 nm) in indole biodegradation [41]. The latter 

product of IAA bioconversion was purified by using RP-FPLC. 1H and 13C NMR spectra 

(Supplementary Figure S19 and S20) corresponded to the ones published earlier [23], confirming that 

this compound was DOAA. E. coli with the combination of IacAB proteins did not produce DOAA, 

and reaction products profile was almost identical to that when using single IacA protein (Ox-IAA 

and the unidentified compound with 5.5 min retention time), except for a small peak at 6.9 min, which 

could not be identified. Also, no qualitative differences were observed between the bioconversion 

products of IacAE- and IacABE-carrying E. coli cells. The concentration of DOAA differed in these 

reactions, possibly because E. coli had to synthesize different sets of proteins. All these results 

confirmed that IacE catalyzed the second reaction after initial IAA oxygenation by IacA to obtain 

DOAA in E. coli system without the requirement of IacB. 

 
Figure 4. HPLC analysis of the bioconversion reaction mixture of IAA (1 mM) with E. coli whole-cells expressing 

different combination of IacA, IacB and IacE proteins. Formulas of the identified compounds are presented. 

Bioconversion reactions were carried out at 30 °C overnight.  
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The product of IacA-catalyzed IAA conversion, identified as Ox-IAA (retention time 5.3 min, 

molecular mass 191, absorbance maxima 241 nm and 293 nm) was also purified and tested as a 

substrate for both IacE- and IacB-expressing E. coli. Firstly, Ox-IAA was found to be unstable as it 

formed the product with unidentified structure as described above (retention time 5.5 min, molecular 

mass 382). In spite of that, Ox-IAA was converted to DOAA only in the presence of IacE (Figure 5) 

and the addition of IacB did not show any changes in the profile of the reaction of products. In 

addition, IAA-induced C. glathei DSM50014 cells were able to consume Ox-IAA completely (Figure 

5), but did not consume the product with retention time 5.5 min and unknown structure, strongly 

suggesting that the latter compound can be a dead-end product. These results further supported the 

notion that IacB was not involved in the production of DOAA, and suggested that Ox-IAA was an 

intermediate compound in IAA biodegradation rather than a dead-end product. 

 
Figure 5. HPLC analysis of the bioconversion reaction mixture of 2-hydroxyindole-3-acetic acid (Ox-IAA) with 

E. coli cells expressing different combination of IacB and IacE proteins or C. glathei DSM50014. Bioconversion 

reactions were carried out at 30 °C overnight.  

3.3. Substrate Scope of IacA and IacE Proteins 

To test the substrate scope of IacA and IacE, different derivatives of indole harboring different 

groups at the third position were tested as substrates with E. coli cells co-expressing IacA and IacE. 
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Among 11 tested derivatives, tryptamine, indole-3-acrycil acid and indole-3-carboxylic acid were not 

oxidized by IacA. The rest of the compounds such as 3-(2-hydroxyethyl)indole, ethyl-3-indole-

acetate, 3-(3-hydroxypropyl)indole, 3-indoleacetonitrile, indole-3-acetamide, indole-3-butyric acid, 

DL-indole-3-lactic acid and indole-3-propionic acid were oxidized to corresponding 2-oxo 

derivatives, albeit with different efficiency (Table 1, Supplementary Figure S5–S16). The two factors 

that govern the substrate scope of IacA could be the length of the carbon atom side chain, since the 

only substrate with less than two carbon atoms in the side chain (indole-3-carboxylic acid) was not 

oxidized, and the presence of the double bond in the side chain (indole-3-acrylic acid). Next, IacE was 

found to be capable of converting 3-(2-hydroxyethyl)indol-2-one, ethyl-(2-oxo-indol-3-yl)acetate, 3-

(3-hydroxypropyl)indol-2-one, 2-oxo-3-indoleacetonitrile, 2-oxindole-3-butyric acid and 2-oxindole-

3-propionic acid into corresponding DOAA homologs. Collectively, these results demonstrate a wide 

substrate scope of both IacA and IacE proteins. 

Table 1. Substrate scope of IacA and IacE. Products of the IacA-catalyzed reaction—homologs of Ox-

IAA, products of IacE-catalyzed reaction—homologs of DOAA. “+” indicates successful conversion, 

“−“ indicates no conversion, NA—not analyzed. Bioconversion efficiency of IacA is presented as mean 

± SD. 

Substrate Structure 
Activity 

IacA (Bioconversion Efficiency, %) IacE 

IAA 

N
H

OH

O

 

+ (34 ± 8) + 

IPA 

N
H

OH
O

 

+ (22 ± 5) + 

IBA 

N
H

OH

O

 

+ (21 ± 5) + 

Indole 
N
H  

+ (NA) − 

3-(2-hydroxyethyl)indole 

N
H

OH

 

+ (32 ± 7) + 

Ethyl-3-indole-acetate 

N
H

O

O

 

+ (19 ± 6) + 
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3-(3-hydroxypropyl)indole 

N
H

OH

 

+ (37 ± 8) + 

3-indoleacetonitrile 

N
H

N

 

+ (>90) + 

Indole-3-acetamide 

N
H

O

NH2

 

+ (28 ± 5) − 

Indole-3-lactic acid 

N
H

OH

OH
O

 

+ (43 ± 11) − 

Tryptamine 

N
H

NH2

 

− NA 

Indole-3-acrycil acid 

N
H

OH
O

 

− NA 

Indole-3-carboxylic acid 

N
H

OH
O

 

− NA 

3.4. Oxygen Incorporated into DOAA is Derived from Water 

To gain insight into the reaction mechanism of IacAE-catalyzed IAA conversion into DOAA, 

H218O was used to trace the origin of oxygen atoms incorporated during IAA oxygenation. The 

molecular mass of Ox-IAA remained unchanged when E. coli cells expressing IacA were used for 

bioconversion of IAA in H218O environment (Figure 6A). However, DOAA with molecular mass of 

209 was clearly observed in two cases: when E. coli cells expressing IacAE were used for 

bioconversion of IAA in H218O environment and with Ox-IAA and IacE-expressing E. coli cells in 

H218O environment (Figure 6B). Suspension of E. coli cells in H218O and solution of Ox-IAA in H216O 

were mixed in a volume ration of 1:1 for the experiments described in Figure 6C, explaining the 
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presence of [M+H]+ ions 208 and 210 with comparable intensities. Taken together, these findings 

demonstrated that the oxygen atom at C3 in DOAA had originated from water. 

 
Figure 6. Mass spectra of Ox-IAA and DOAA obtained by using E. coli cells expressing IacA and IacE in H216O 

environment and H218O environment. (A)—Ox-IAA from IAA + IacA, (B)—DOAA from IAA + IacAE, (C)—

DOAA from Ox-IAA + IacE. All mass spectra that are presented were recorded in positive ionization mode. 

4. Discussion 

4.1. Involvement and Role of IacB in IAA Biodegradation 

Recently, Cupriavidus pinatubonensis JMP134 cells carrying recombinant IacB, IacE or IacBE 

proteins were tested for ability to consume the products of IAA conversion by IacA (most likely Ox-

IAA), and strains carrying IacE and IacBE were confirmed to be able to produce DOAA, with the 

latter combination producing higher amounts of DOAA [23]. This led to the hypothesis that IacB 

might be an auxiliary or accessory protein for IacE [23]. In this report, similar amounts of DOAA were 

produced with IacE- and IacBE-expressing E. coli cells using Ox-IAA as substrate. Also, no DOAA 

production was observed with cells expressing IacB only, which was in agreement with the activity 

of IacB expressed in C. pinatubonensis JMP134. A conversion of Ox-IAA into DOAA with cells 

expressing IacE also dismissed the proposed second attack of IacA [23]. Also, bioconversion of IAA 

homologs into corresponding DOAA-like derivatives was achieved with IacAE proteins only, 

strongly suggesting that IacB does not participate in the first two reactions of IAA degradation. On 

the other hand, an endogenous protein with a similar function might be present in E. coli or C. 

pinatubonensis, complementing the absence of IacB in IacE-expressing cells. No proteins with 

significant sequence similarity to IacB could be detected in the genomes of E. coli and C. pinatubonensis 

by using blastp tool [44], and since no function can be deduced from the sequence of this protein, the 

role of IacB in IAA degradation remains unclear. 

4.2. The Role of Other Iac Proteins and Analogies with Indole Biodegradation 

A recently described mechanism for aerobic indole degradation [41,45] shows some similarities 

with an aerobic degradation of IAA. First of all, the two molecules share the same scaffold and also 

perform functions as signaling molecules, albeit in different organisms [1,10]. Most microorganisms 

with reported indole or IAA degradation capability belong to Proteobacteria, namely Pseudomonas, 

Acinetobacter, Burkholderia and related genera. The composition of genes involved in indole and IAA 

degradation (iif and iac, respectively) and their functions also appear to be similar. Both IifC and IacA 

are flavin-dependent oxygenases requiring a flavin reductase (IifD and IacG, respectively). However, 

these enzymes belong to different classes of flavin-dependent oxygenases: indole monooxygenase 

IifC is a member of the group E monooxygenases [30] while IacA possesses an ACAD fold and 

belongs to the group D  of flavin monooxygenases [46]. Remarkably, IacA enzymes from IAA-

degrading organisms form a separate branch from other group D flavin-dependent oxygenases 
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(Figure S22) and could possibly represent a new group of epoxidation-catalyzing enzymes in this 

group. It has been proposed that IifC converts indole to an unstable epoxide. Then, indole-2,3-

epoxide rapidly hydrolyzes to a diol, which is a substrate for the IifB dehydrogenase [27,41]. In the 

absence of the dehydrogenase, the epoxide spontaneously loses the water molecule, and the formed 

3-indoxyl dimerizes into indigo [41]. However, in the case of IAA and IacA, a mechanism of oxidation 

of the IAA is not clear. Based on experiments using H218O, it can be proposed that: i) IacA forms 

epoxide (Figure 7, reaction I), the latter in a non-enzymatic acid-catalyzed process, due to which the 

nucleophile attacks the more substituted carbon because it is this carbon that holds a greater degree 

of positive charge, is hydrolyzed to a diol, which, after spontaneous dehydration, forms Ox-IAA (in 

the case of a basic epoxide ring opening Ox-IAA would contain 18O originated from water, since the 

reaction occurs by an SN2 mechanism, and the less substituted carbon is the site of nucleophilic 

attack); ii) the primary product of IacA-catalyzed reaction is 2-hydroxy-IAA (Figure 7, reaction II), 

which tautomerizes into Ox-IAA. Also, it should be stressed that it would be impossible to 

distinguish between the two pathways if 18O2 is applied instead of atmospheric oxygen. 

 
Figure 7. Proposed pathways of IacAE-mediated conversion of IAA into DOAA. 1—IAA, 2—2,3-epoxyIAA, 3—

2,3-dihydroxyindoline-3-acetic acid, 4—2-hydroxyIAA, 5—Ox-IAA, 6—DOAA. 18O atom is marked in red. 

Comparing to catabolism of indole, a more complicated situation is observed at the next step of 

IAA degradation. The second reaction of indole and IAA biodegradation is catalyzed by a short chain 

dehydrogenase/reductase IifB and IacE, respectively. Since IifB performs the oxidation of 2,3-

dihydroxyindoline during indole biodegradation [30,41], an analogous function might be 

hypothesized for IacE as well. In such a case, IacA produces an epoxide, similarly to IifC[30], then, 

after spontaneous hydrolysis, IacE oxidizes a hydroxy group at C2 position of the formed indoline 

derivative to yield DOAA (Figure 7). Hence, the observed Ox-IAA should be a dead-end product of 

the IacA-catalyzed reaction (as 3-indoxyl/indigo in the case of IifC). However, Ox-IAA was fully 

consumed by IAA-induced C. glathei cells as well as by E. coli cells carrying IacE protein or by a cell-

free extract prepared from E. coli cells producing IacE protein and supplemented with NADH. 

However, all attempts to register a conversion of Ox-IAA in the presence of NAD(P)+ or NAD(P)H 

by the purified recombinant IacE protein have been unsuccessful. In addition, a spontaneous 

transformation of Ox-IAA to the unidentified product (Figure 5, retention time 5.4 min) is observed 

even in the absence of any enzymes. A similar process takes place with all Ox-IAA homologs 

containing a carboxylic group (i.e., 2-hydroxyindole-3-propionic acid and 2-hydroxyindole-3-butyric 

acid), suggesting an instability of such compounds under experimental conditions. However, the 

most remarkable feature of the IacE-mediated reaction is that the oxygen atom from water has been 

introduced into the product – DOAA (Figure 6). 

IacE possesses a Rossman fold domain, strongly indicating a redox function of this enzyme. 

Also, according to the SDRED database [47], IacE belongs to the HFAM1 family of the classical short-

chain dehydrogenases/reductases. All major structural motifs of this family can be identified in the 
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sequence of IacE (Supplementary Figure S21): four active site residues (Asn111, Ser139, Tyr153, and 

Lys157), NNAG motif, stabilizing the central β-sheet (Asn96, Asn97, Ala98, Gly99), a glycine-rich 

motif for the binding of NAD(P)H (9ThrGlyAlaAlaArgGlyLeuGly16) and PG motif (Pro193, Gly194). 

IacE also clusters with other NAD(P)+-dependent short chain dehydrogenases/reductases in a 

phylogenetic tree (Supplementary Figure S23). Thus, it is unlikely that IacE uses H2O directly to 

produce DOAA. A more plausible mechanism would be the spontaneous addition of water to Ox-

IAA forming a diol derivative, which could then be oxidized by IacE to produce a stable DOAA 

(Figure 7). 

A further conversion of DOAA in C. glathei cells might be related to indole catabolism where the 

conversion of 3-hydroxyindolin-2-one—a structural homolog of DOAA—is performed by IifA, a 

putative cofactor-independent oxygenase, composed of two domains [41]. Interestingly, both IacI 

from the proposed IAA degradation pathway in C. glathei and the C-terminal domain of IifA contain 

a SnoaL-fold domain. Therefore, it was hypothesized that IacI, possibly together with IacB, could 

perform the consecutive conversion of DOAA. However, neither bioconversion with recombinant E. 

coli cells co-expressing IacBI (Supplementary Figure S16) nor in vitro conversion with soluble 

fractions of E. coli lysates containing IacB and IacI (Supplementary Figure S17) resulted in the 

transformation of DOAA. One explanation might be that E. coli is not a suitable host for obtaining 

active Iac proteins other than IacAE, since all biotransformation reactions of DOAA were achieved 

with recombinant producers closely related to the original IAA-degrading organism [23,24,28]. So 

far, the metabolic gap between DOAA and catechol during IAA biodegradation as well as functions 

of other Iac proteins remains unfilled. 

4.3. Perspectives of the Bioconversion of IAA homologs 

The growth of IAA-degrading microorganisms, namely P. putida 1290, has been tested on IAA 

derivatives (IPA, IBA, indole-3-acetaldehyde, indole-3-acrycil acid, indole-3-lactic acid, indole-3-

pyruvic acid, naphthalene acetic acid) but no growth was observed, except for indole-3-acetaldehyde 

[21]. In spite of that, this report describes the conversion of some of these compounds to DOAA-like 

derivatives by using an E. coli-based bioconversion platform carrying IacAE protein combination. 

This implies that either IacAE proteins from different organisms have different substrate scope, or 

other Iac proteins of the degradation pathway do not accept DOAA-like derivatives as substrates 

thus preventing the complete assimilation of IAA homologs for growth. Furthermore, IacA was 

found to be able to oxidize eight out of 11 tested IAA derivatives, while IacE further converted 6 out 

of 8 Ox-IAA-like derivatives into DOAA homologs, suggesting a wide substrate scope, which could 

only be limited by the availability of substrates. It should be stressed that 2,3-dihydroxyindoline-3-

acetic acid (Figures 3 and 7) has two chiral centers at C2 and C3, hence this compound can exist in 

various enantiomeric and diastereomeric forms. To determine which one is a true substrate of IacE 

and which is an absolute stereostructure of the DOAA, additional studies have to be carried out. 

Both IPA and IBA are present in different environments. Yet, no organisms or enzymes with 

IPA- or IBA-degradation capability have been reported. By showing that the IacAE enzyme system 

can convert IPA and IBA to corresponding DOAA-like derivatives, this report suggests that IacAE 

could be a central part of such hypothetical pathway. From the practical point of view, these enzymes 

are attractive for the engineering of the artificial metabolic cascades converting 3-substituted carboxy 

derivatives of indole. Such products could be of special importance since N-heterocyclic compounds 

with DOAA scaffold exhibit important biological activities. For example, convolutamydines (4,6-

dibromo-3-hydroxyoxindoles), specifically a convolutamydine A, promoted the development of 

normal cell characteristics in a tumor cell line HL-60 [48]. DOAA is also a building block of plethora 

of biologically-active compounds: proteasome inhibitor TMC-95 [49], inhibitors of tubulin 

polymerization celogentins[50], medicinal plant-derived alkaloids paratunamides [51], and 

arundaphine [52]. Also, as IPA was shown to possess antitubercular activity [18], it could represent 

a perfect scaffold for a lead compound during the target-based drug optimization [53] and IacA or 

IacAE systems could be useful for the development of such compounds with improved 

antitubercular activity. Some of these compounds have been chemically synthesized, usually via enol 
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reactions [54], which often require the use of organic solvents, acids, and extreme conditions. 

Enzymatic synthesis of DOAA derivatives by using IacAE offers several advantages, including mild 

reaction conditions and, probably, enantioselectivity. 

5. Conclusions 

In this report, the ability of Caballeronia glathei strain DSM50014 to use indole-3-acetic acid as a 

sole carbon and energy source was demonstrated. The first enzyme in this process, a flavin-

dependent oxygenase IacA was shown to convert IAA into 2-hydroxyindole-3-acetic acid without 

the incorporation of oxygen from H218O, supporting the role of IacA as a hydroxylase rather than an 

epoxidase. The conversion of Ox-IAA into the central intermediate 3-hydroxy-2-oxindole-3-acetic 

acid was shown to be catalyzed by IacE and without the requirement for IacB. Furthermore, the 

oxygen atom incorporated into DOAA was derived from water. Also, IacA and IacE were shown to 

convert a wide range of indole derivatives, including biologically active compounds indole-3-

propionic acid and indole-3-butyric acid, into corresponding DOAA-like derivatives. 
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