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Abstract 
The presence of ochratoxin A (OTA) in food and feed represents a serious concern since it raises severe health implications. 
Bacterial strains of the Acinetobacter genus hydrolyse the amide bond of OTA yielding non-toxic OTα and L-β-phenylalanine; 
in particular, the carboxypeptidase PJ15_1540 from Acinetobacter sp. neg1 has been identified as an OTA-degrading enzyme. 
Here, we describe the ability to transform OTA of cell-free protein extracts from Acinetobacter tandoii DSM  14970 T, a 
strain isolated from sludge plants, and also report on the finding of a new and promiscuous α/β hydrolase (ABH), with close 
homologs highly distributed within the Acinetobacter genus. ABH from A. tandoii (AtABH) exhibited amidase activity 
against OTA and OTB mycotoxins, as well as against several carboxypeptidase substrates. The predicted structure of AtABH 
reveals an α/β hydrolase core composed of a parallel, six-stranded β-sheet, with a large cap domain similar to the marine 
esterase EprEst. Further biochemical analyses of AtABH reveal that it is an efficient esterase with a similar specificity pro-
file as EprEst. Molecular docking studies rendered a consistent OTA-binding mode. We proposed a potential procedure for 
preparing new OTA-degrading enzymes starting from promiscuous α/β hydrolases based on our results.

Key points
• AtABH is a promiscuous αβ hydrolase with both esterase and amidohydrolase activities
• AtABH hydrolyses the amide bond of ochratoxin A rendering nontoxic OTα
• Promiscuous αβ hydrolases are a possible source of new OTA-degrading enzymes
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Introduction

Ochratoxin A (OTA) is one of the most prevalent myco-
toxins that contaminate food and feed products around the 
world (Liuzzi et al. 2017; Marin et al. 2013). OTA can have 
a variety of noxious effects both in humans and in other 

animals (Gan et al. 2017), although it is best known for its 
nephrotoxic effects (Pfohl-Leszkowicz and Manderville 
2007). While a positive association between some mycotox-
ins, such as aflatoxin, and cancer has been verified (Claeys 
et al. 2020), the potential link between OTA exposure and 
cancer risk is not currently established and needs further 
epidemiological studies. Nonetheless, to avoid its toxic 
effects, the levels of OTA must be reduced as much as pos-
sible. Up to now, the most important measures to control 
OTA levels have focused on avoiding fungal growth and 
OTA production (Amézqueta et al. 2009). In this regard, 
biological approaches have increasingly been considered as 
an alternative to physical and chemical treatments (Abraham 
et al. 2022), and currently, it has been reported that micro-
organisms that adsorb and/or degrade OTA and even some 
practical procedures have been developed thereafter (Ndi-
aye et al. 2022). However, some reports describing micro-
bial OTA-degrading activity do not discriminate between 
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physical adsorption or enzymatic degradation. In this line, it 
is now generally accepted that whereas detoxification by lac-
tic acid bacteria mainly proceeds through adsorption of OTA 
to their cell walls (Del Prete et al. 2007), other organisms, 
including actinobacteria, bacteria, filamentous fungi, and 
yeast (Xu et al. 2022), transform OTA through hydrolysis 
of its amide bond to generate OTα and L-β-phenylalanine, 
virtually non-toxic compounds.

Only a handful of enzymes involved in the degradation 
of OTA have been isolated and characterized in detail. The 
first reported microbial (fungal) ochratoxinase was an Asper-
gillus niger amidase (Dobritzsch et al. 2014). Later, bacte-
rial proteins annotated as putative carboxypeptidases from 
Bacillus amyloliquefaciens ASAG1 (Chang et al. 2015), 
Bacillus subtilis CW14 (Hu et al. 2018; Xu et al. 2021), 
Lysobacter sp. CW239 (Wei et al. 2020), and Acinetobac-
ter sp. neg1 (Liuzzi et al. 2017) were described. Moreo-
ver, bacterial enzymes able to efficiently transform OTA 
have been identified in Alcaligenes faecalis DSM 16503 
(Zhang et al. 2019), and Stenotrophomonas sp. CW117 
(Chen et al. 2022; Luo et al. 2022). In this regard, we have 
recently reported that the salicylate 1,2-dioxygenase from 
Pseudaminobacter salicylatoxidans inactivates OTA acting 
as an amidohydrolase and proposed that metallocarboxy-
peptidases may be a rich source of potential OTA-degrading 
enzymes (Sánchez-Arroyo et al. 2023). In that study, with 
the aid of currently available, powerful molecular dock-
ing approaches, we proposed an OTA-binding mode and a 
catalytic mechanism of OTA hydrolysis, which is consistent 
with those from metalocarboxypeptidases. This very same 
in silico approach is being used here, combined with the use 
of AlphaFold2 (Jumper et al. 2021) for predicting the struc-
ture of AtABH. In this sense, the accuracy of the predicted 
models produced by this astonishingly powerful program 
(Pereira et al. 2021) is such that it has changed the scene of 
structural biology, and they are used for the generation of 
convincing hypotheses about interacting proteins (Tunya-
suvunakool et al. 2021) or structure solution by molecular 
replacement (McCoy et al. 2022; see Read et al. 2023).

Bacteria from the genus Acinetobacter are widely dis-
tributed in nature, being present in soils, freshwater, oceans, 
sediments, and contaminated sites (Jung and Park 2015). 
Acinetobacter species are metabolically versatile in that 
they possess numerous catabolic routes aimed at the deg-
radation of compounds from plants, such as routes for the 
degradation of various long-chain dicarboxylic acids and 
aromatic and hydroxylated aromatic compounds. For these 
reasons, the genus Acinetobacter has attracted significant 
attention both in the scientific and the biotechnological fields 
(Jung and Park 2015), particularly, the strains A. calcoace-
ticus NRRL B551 and A. calcoaceticus 396.1 since they 
are able to transform OTA (De Bellis et al. 2015; Hwang 
and Draughon 1994). However, the Acinetobacter genus 

includes both non-pathogenic and pathogenic species; for 
instance, the Acinetobacter baumannii-calcoaceticus com-
plex causes diverse human infections, the nosocomial ones 
affecting immunocompromised patients being especially rel-
evant (Blossom and Srinivasan 2008; Zarrilli et al. 2023). 
Hence, it does not seem to be the most adequate bacterial 
species for biotechnological applications in the food indus-
try. A comparable scenario is found for the Acinetobacter sp. 
neg1 strain: although it is also capable of degrading OTA 
(De Bellis et al. 2015), shows the closest match to A. gyl-
lenbergii (Fanelli et al. 2015), a haemolytic species isolated 
from human clinical specimens (Nemec et al. 2009) that has 
been described to be the origin of resistance to aminogly-
cosides of therapeutic importance in Acinetobacter strains 
(Yoon et al. 2016). Curiously, the recombinant variant of the 
carboxypeptidase PJ15_1540 from Acinetobacter sp. neg1 
exhibited a much lower OTA-degrading activity than that of 
the host strain (Liuzzi et al. 2017).

In this study, we analyzed the OTA-degrading abil-
ity of the bacterial species A. tandoii (Carr et al. 2003), a 
non-pathogenic species isolated from sludge plants, and 
identified a new α/β hydrolase in A. tandoii DSM  14970 T 
(AtABH) that degrades OTA by hydrolysing its amide bond, 
producing OTα and L-β-phenylalanine. Modelling of the 
structure of AtABH with AlphaFold2 and subsequent in sil-
ico molecular docking approaches permitted us to propose 
an OTA-binding mode to AtABH that reveals a substrate-
binding pocket with two hydrophobic sub-pockets around 
a catalytic triad. Further structural similarity searches show 
unexpected relationships of AtABH with esterases, which 
has been verified experimentally revealing that AtABH is a 
promiscuous α/β hydrolase with an efficient esterase activity 
and a second, ancillary amidohydrolase activity. Based on 
these findings, we propose a structure-based roadmap for 
finding OTA-degrading enzymes.

Materials and methods

Bacterial strains and OTA‑transformation assays

Acinetobacter tandoii DSM  14970 T type strain used in this 
study was purchased from the Leibniz Institute DSMZ-
German Collection of Microorganisms and Cell Cultures 
(DSMZ) and was routinely grown in TSB broth at 30 °C as 
recommended by DSMZ. Escherichia coli DH5α was used 
for DNA manipulations. E. coli BL21 (DE3) cells were used 
for protein expression in the pURI3-Cter vector (Curiel et al. 
2011). E. coli strains were cultured in Luria–Bertani (LB) 
medium at 37 °C and shaking. When required, ampicillin 
was added to the medium at 100 µg/mL.

A. tandoii DSM  14970 T cultures and cell-free protein 
extract were used to assay their ability to transform OTA. 
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For the bacterial culture assays, A. tandoii was grown in 
minimal salt medium (MM) (Shabtai and Gutnick 1985), 
ethanol-minimal salt medium (pH 7.5; 2.5% ethanol; MME) 
(Hwang and Draughon 1994; Shabtai and Gutnick 1985), 
and minimal salt medium with Bacto Peptone (0.5% w/v) 
(MMP) (De Bellis et al. 2015). Cultures were grown for 
6 days in the absence or in the presence of OTA (5 μM). 
Then, the cells were sedimented, and the supernatant was 
filtered (0.45 μm pore size; Sarstedt, Germany) and analyzed 
by HPLC for the presence of OTA as previously described 
(Sánchez-Arroyo et al. 2023).

The OTA transforming activity was also analyzed in cell-
free protein extract. For extract preparation, A. tandoii DSM 
 14970 T cells grown in TSB broth for 24 h were harvested 
by centrifugation (8000 × g for 15 min at 4 °C), washed with 
50 mM MOPS buffer, pH 7.0 containing 20 mM NaCl, and 
resuspended in the buffer used for cell rupture. Bacterial 
cells were disintegrated by using a French press at 1100 psi 
pressure (Amicon French pressure cell, SLM Instruments). 
Cell disruption steps were carried out on ice to ensure the 
low-temperature conditions required for most enzymes. To 
remove cell debris, the cell suspension was centrifuged at 
4 °C (12,000 × g for 20 min). To prepare the final protein 
extract, the clean supernatant was filtered with sterile fil-
ters of 0.45 μm pore size (Sarstedt, Germany). For OTA 
degradation assays, this protein extract was incubated in 
the presence of OTA (5 μM final concentration) overnight 
at 37 °C. Reactions were stopped by heating at 95 °C for 
5 min. Subsequently, samples were centrifuged at 14,000 × g 
for 5 min. The supernatants were filtered through 0.45 μm 
syringe filters (Millipore, USA) and diluted 1:1 in water/
acetonitrile/glacial acetic acid (89:10:1, v/v)], and analyzed 
by HPLC as previously described (Sánchez-Arroyo et al. 
2023). Controls without proteins were analyzed to evaluate 
the spontaneous degradation of OTA. Identification of the 
degradation product as OTα was carried out by comparing 
its retention time and spectral data with those of OTα from 
a commercial supplier (LGC Standard, UK).

Production and purification of an α/β hydrolase 
from A. tandoii

In the A. tandoii DSM  14970 T genome, the gene encod-
ing a putative α/β hydrolase in the locus Q340_RS0119210 
(AtABH) was amplified by PCR using primers 1965 (5′-AAC 
TTT AAG AAG GAG ATA TACATatgaaaccactgatccactttgcgca) 
and 1966 (5′-GCT ATT AAT GAT GAT GAT GAT GAT Gttgcct-
gaatcaactgcttaatcaa) (italics: nucleotides pairing the expres-
sion vector; lowercase letters: nucleotides pairing the gene 
sequence). The 795-bp purified PCR product was inserted 
into the pURI3-Cter vector as described previously (Curiel 
et al. 2011). The resultant recombinant protein variants have 
a six-histidine affinity tag in their C-termini. E. coli DH5α 

cells were used for preparing the plasmids that were then 
transformed into E. coli BL21(DE3) cells. Protein produc-
tion and purification of the His-tagged AtABH was carried 
out essentially as described before (Sánchez-Arroyo et al. 
2023). Briefly, E. coli cells carrying the recombinant plasmid 
pURI3-Cter-ABH were grown at 22 °C in LB medium and 
induced with 0.25 mM isopropyl-β-D-thiogalactopyranoside 
(IPTG) (Ackerley et al. 2004). The cell lysate obtained by 
disruption with a French press was centrifuged at 47,000 × g 
for 40 min at 4 °C to remove the insoluble fraction. AtABH 
was purified by IMAC using TALON superflow resin (Clon-
tech). The eluted His-tagged AtABH was dialyzed overnight 
at 4 °C against 50 mM sodium phosphate buffer, pH 7.0, 
containing 300 mM NaCl. The purity of the enzyme was 
checked by SDS-PAGE.

Enzymatic degradation of OTA, OTB, and 4MF

Degradation of the mycotoxins OTA and ochratoxin B 
(OTB) was followed by HPLC. Stock solutions of OTA and 
OTB at 1 mg/mL concentration were prepared by dissolv-
ing them in methanol and stored at − 20 °C. The enzymatic 
hydrolysis reactions were conducted essentially as described 
previously, with minor modifications (Sánchez-Arroyo et al. 
2023).

Conversely,  we also used the OTA analog 
N-(4-methoxyphenylazoformyl)-phenylalanine (4MF) 
(Bachem, Switzerland) as substrate, to compare the degra-
dation activity of purified AtABH with the commercial CPA 
(Sigma-Aldrich, Germany). Hydrolysis of 4MF was assayed 
as described (Sánchez-Arroyo et al. 2023).

AtABH activity on synthetic carboxypeptidase 
substrates

The specificity profile of AtABH was analyzed by using a 
set of synthetic carboxypeptidase substrates with different 
amino acid residues at their C-terminal position. We have 
classified the substrates tested into three different fami-
lies according to their chemical composition (Fig. S1 in 
the Supplementary information). Family I is composed of 
carbobenzyloxy-β-alanyl-L-alanine (ZAA); this compound 
is the only substrate containing a β-amino acid. Family 
II is composed of six potential carbobenzyloxy-derived 
substrates: carbobenzyloxy-L-alanine (ZA), carbobenzy-
loxy-L-alanyl-L-leucine (ZAL), carbobenzyloxy-L-ala-
nyl-L-phenylalanine (ZAF), carbobenzyloxy-L-isoleucyl-L-
phenylalanine (ZIF), carbobenzyloxy-L-phenylalanine (ZF), 
and carbobenzyloxy-L-phenylalanyl-L-isoleucine (ZFI). As 
can be observed, this family contains potential substrates 
with one (ZA, and ZF) or two (ZAL, ZAF, ZIF, ZFI) amino 
acids, together with the N-terminal carbobenzyloxy moi-
ety. Finally, family III is made up of the hippuryl-derived 
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compounds: hippuryl-phenylalanine (N-benzoyl-glycyl-
phenylalanine) (HF), and hippuryl-arginine (N-benzoyl-
glycyl-arginine) (HR). All these substrates were purchased 
from Sigma-Aldrich (Germany) and were manipulated as 
described previously (Sánchez-Arroyo, et al. 2023).

Esterase enzymatic assay

The esterase activity of AtABH was determined by a spectro-
photometric method using p-nitrophenyl esters of different 
chain lengths (Sigma-Aldrich) as substrates: p-nitrophenyl 
acetate (C2), p-nitrophenyl butyrate (C4), p-nitrophenyl 
caprylate (C8), p-nitrophenyl laurate (C12), p-nitrophenyl 
myristate (C14), and p-nitrophenyl palmitate (C16), as 
described previously (Esteban-Torres et al. 2013). Stock 
solutions (25 µM) of the p-nitrophenyl esters were prepared 
in acetonitrile-isopropanol (1/4, v/v).

The enzymatic reactions were done in 50 mM sodium 
phosphate buffer (pH 7.0) containing the substrate at 0.5 mM 
final concentration, and 30 µg of AtABH (3.8 µM). After 
10 min of incubation at 37 °C, the reaction was stopped by 
chilling on ice, and the amount of p-nitrophenol released was 
determined as described before (Esteban-Torres et al. 2013). 
Enzyme assays were performed in triplicate.

Molecular docking studies

Molecular docking was performed with the docking program 
AutoDock Vina (Forli et al. 2016) using UCSF Chimera 1.17 
(Pettersen et al. 2004) as interface. We used the predicted 
structure of AtABH with AlphaFold2 (Jumper et al. 2021) 
as the receptor. Before its use in docking assays, the PDB 
file from AlphaFold2 was processed with Phenix (Liebsch-
ner et al. 2019), first with phenix.process_predicted_model, 
and then with phenix.geometry_minimization. The final, 
minimized model of AtABH was checked with Molprobity 
(Williams et al. 2018) and it showed excellent stereochem-
istry. In this regard, as expected for a canonical nucleophile 
serine residue of α/β hydrolases such as AtABH, its pre-
dicted catalytic serine residue (Ser75) is an outlier in the 
Ramachandran plot (there are 3 outliers out of 262 amino 
acids). The other two outlier residues are Pro35 and Phe225, 
which are far from the active site of AtABH and therefore 
are not relevant in the docking assays. On the other hand, 
the atomic coordinates of OTA (PubChem CID: 442,530) 
and OTB (PubChem CID: 20,966) were taken from the 
PubChem database (https:// pubch em. ncbi. nlm. nih. gov/). 
The atomic coordinates for the OTA homolog 4MF were 
prepared with Chimera (Pettersen et al. 2004) by modifying 
those of OTA. The preparation of the structure of the recep-
tor for docking assays involved the addition of polar hydro-
gens and the merging of the charges, and the preparation of 
the ligand involved the addition of hydrogens and Gasteiger 

charges. Additional parameters were: search exhaustiveness 
of 8, a maximum energy difference of 3 kcal/mol, and the 
number of binding modes was 10. The molecular docking 
was done using a grid box search space with dimensions 
x = 15 Å, y = 15 Å, and z = 15 Å centered at the coordinates 
of the oxygen atom of the Ser75 side chain. Evaluation of the 
best-docked poses was carried out considering that the scis-
sile amide bond must be in close proximity and in the correct 
orientation to the nucleophile Ser75 side chain. UCSF Chi-
mera (Pettersen et al. 2004), COOT (Emsley et al. 2010), and 
PyMOL (Schrödinger and DeLano 2020) were used for the 
visualization of the structures, analysis of the interactions, 
and figure preparation.

Prediction of the structure of the carboxypeptidase 
PJ15_1540 from Acinetobacter sp. neg1 was also done with 
AlphaFold2 (Jumper et al. 2021). The resultant PDB file was 
processed with Phenix (Liebschner et al. 2019) as described 
above for AtABH. Structural similarity searches were done 
with the DALI Protein Structure Comparison Server (Holm 
2022) (http:// ekhid na2. bioce nter. helsi nki. fi/ dali/). Pairwise 
structural superpositions were done with FATCAT (Li et al. 
2020). Analyses of protein sequences for the presence of 
signal peptides were done with SignalP—6.0 (Almagro 
Armenteros et al. 2019) (https:// servi ces. healt htech. dtu. dk/ 
servi ces/ Signa lP-6. 0/).

Results

Ochratoxin transformation by A. tandoii DSM  14970T

We observe that A. tandoii DSM  14970 T was unable to grow 
in minimal-salts media devoid of carbon source, even in the 
presence of OTA. However, evident growth was detected 
when it was cultured in minimal media containing ethanol 
or peptone, regardless of the presence of OTA. Superna-
tants from these OTA-containing cultures were analyzed by 
HPLC for the presence of this mycotoxin. Although a slight 
reduction in OTA concentration with respect to controls was 
observed, the majority of OTA remained untransformed in the 
culture supernatant (data not shown), so it cannot be ruled out 
that the reduction observed could be due to degradation or a 
phenomenon of OTA adsorption to the bacterial cell walls.

Since the results obtained with bacterial cultures from A. 
tandoii DSM  14970 T were not conclusive, OTA degradation 
was assayed in a cell-free protein extract. As shown in Fig. 1, 
when protein extract from this strain was assayed, the OTA 
present in the reaction was hydrolysed, and the presence of 
OTα was detected in the A. tandoii protein extract reaction 
(Fig. 1). This result confirmed that A. tandoii DSM  14970 T 
hydrolyses the amide bond of OTA, producing the innocuous 
products OTα and L-β-phenylalanine.

https://pubchem.ncbi.nlm.nih.gov/
http://ekhidna2.biocenter.helsinki.fi/dali/
https://services.healthtech.dtu.dk/services/SignalP-6.0/
https://services.healthtech.dtu.dk/services/SignalP-6.0/
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OTA‑hydrolyzing activity of an α/β hydrolase from A. 
tandoii

With the aim to identify putative OTA-degrading enzymes 
from A. tandoii DSM  14970 T, we performed a protein 
search in the A. tandoii DSM  14970 T genome. In particu-
lar, we focused our attention on genes coding for hydro-
lases or lactamases since they have been predicted as good 
OTA-degrading candidates (Xu et  al. 2021). From the 
proteins annotated as hydrolases in the A. tandoii DSM 
 14970 T genome, the “α/β hydrolase” encoded in the locus 
Q340_RS0119210 (WP_026441294), herein referred as 
AtABH, was chosen to check its OTA-transforming activity 
because it is widely distributed in Acinetobacter species, 
including the Acinetobacter sp. neg1 strain (locus PJ15_
RS15480, WP_047432341) (Fig. S2 in the Supplementary 
information).

Hence, the gene encoding AtABH was cloned into the 
pURI3-Cter vector as described previously (Curiel et al. 
2011). The C-terminally His-tagged AtABH protein thus 
produced was purified by IMAC chromatography. Fig. S3 in 
the Supplementary information shows that the band of puri-
fied AtABH in SDS-PAGE corresponded to the molecular 
size expected for the enzyme (≈30 kDa). This final produc-
tion yield was 6.9 mg of AtABH per liter of culture.

Pure AtABH was incubated overnight in the presence of 
OTA or OTB (a nonchlorinated form of OTA), and then 
the reaction mixtures were analyzed by DAD-FL-HPLC. As 
shown in Fig. 2, both mycotoxins were hydrolysed, yielding 
the expected products. In particular, the molecular species 
with a retention time of 1.4 min (Fig. 2B) was identified as 
OTα since both the retention time and its spectral properties 

Fig. 1  Amidase activity of A. tandoii DSM  14970 T cell-free protein 
extract on OTA. HPLC chromatograms of A. tandoii extract incu-
bated at 37 ºC for 16  h in the presence of OTA (5  μM). A control 
reaction without extract is indicated (A). The fluorescence wave-
lengths were 340 nm for excitation and 436 nm for emission

Fig. 2  Amidase activity of 
Amidase activity of ABH from 
A. tandoii DSM  14970 T on 
OTA (A) and OTB (B). HPLC 
chromatograms of AtABH 
incubated at 37 °C for 16 h in 
the presence of OTA (B) and 
OTB (D) at 5 μM concentra-
tion. Control reactions without 
AtABH are indicated (A and C). 
The fluorescence wavelengths 
were 340 nm for excitation and 
436 nm for emission
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are identical to those from the commercial standard. There-
fore, AtABH behaves as an amidohydrolase since it hydro-
lysed OTA producing OTα and L-β-phenylalanine.

Analysis of the specificity profile of AtABH

To explore the hydrolase specificity profile of AtABH, we 
used three structural families of substrates (Fig. S1 in the 
Supplementary information), which permitted us to probe 
the effects on the hydrolase activity of different substituents 
at both the N- and the C-terminal sides around the scissile 
amide bond. In this regard, since OTA, OTB, as well as the 
OTA analog N-(4-methoxyphenylazoformyl)-phenylalanine 
4MF (not shown) are hydrolysed by AtABH and all of them 
contain a phenylalanyl moiety at their C-terminal end and 
an aromatic ring at the N-terminal end, it is expected that 
AtABH exhibited a preference for hydrophobic moieties 
at both the N- and C-terminal sides of the amide bond, a 
fact that is well supported by our modelling studies about 
the OTA-binding mode to AtABH (see below). The results 
obtained with the family composed of the substrates HF and 
HR (Fig. 3) agree well with this hypothesis since the pres-
ence in HR of a large, cationic moiety at the C-terminal side 
of the amide bond makes this compound a poorly hydro-
lysed substrate (3%) when compared to HF that presents a 
Phe residue (74%). Nonetheless, the presence of aromatic 
rings at both ends of the structure of a (putative) substrate is 
not a necessary condition for efficient hydrolysis as can be 
deduced from ZAA (100%) that contains only one aromatic 
ring at the N-terminal end, a C-terminal methyl group and a 

β-alanyl bridge in the central part of the molecule (Fig. S1 in 
the Supplementary information). Yet, the combined absence 
of a central bridge and a C-terminal Phe, as in ZA, was cru-
cial for hydrolysis since this compound was not hydrolysed 
(Fig. 3). Since all the rest of the compounds from the ZA 
family were efficiently hydrolysed (excluding ZIF, which 
has a rigid Ile residue within the central bridge), it can be 
deduced that, for members of this family, the presence of 
both a central bridge and a C-terminal aromatic/aliphatic 
residue are sufficient conditions to define a good substrate 
for AtABH. As indicated below, these results are in agree-
ment with the in silico model of the structure of AtABH 
that predicts a substrate-binding pocket composed of two 
hydrophobic sub-pockets around its canonical catalytic triad.

In silico structural model of AtABH

In agreement with the genomic annotation of the locus 
Q340_RS0119210 from A. tandoii DSM  14970  T, the 
predicted structure of AtABH obtained with AlphaFold2 
(Jumper et al. 2021) indicates that this enzyme belongs to 
the α/β hydrolase superfamily of enzymes (Heikinheimo 
et al. 1999; Nardini and Dijkstra 1999; Ollis et al. 1992). 
The predicted structure of AtABH indicates that when com-
pared to the canonical α/β hydrolase fold, whose core struc-
ture is based on an eight-stranded mostly parallel β-sheet, 
AtABH lacks the first two, N-terminal canonical β-strands, 
and therefore its structural core is a parallel, six-stranded 
β-sheet (Fig. 4a). The catalytic machinery of AtABH sup-
ported by this structural framework, as it is typical in the 
α/β hydrolases (Rauwerdink and Kazlauskas 2015), is based 
on a catalytic triad made up of residues Ser75, Asp99, and 
His244 (Fig. 4b). The nucleophile Ser75 is situated in a 
Gly-Xxx-Ser-Xxx-Gly canonical sequence motif (73-Gly-
His-Ser-Leu-Gly-77), which is predicted to adopt a sharp 
turn, known as nucleophile elbow, between strand β3 and 
helix α3. Conversely, His244 and Asp99 are located in the 
β9-α12 and the β4-α4 connecting loops, respectively. The 
large insertion between the β4 and β5 strands forming the 
cap domain of AtABH is made up of the segment between 
residues Asp99 and Pro209 that, as shown in Fig. 4a, config-
ures the walls of the substrate binding pocket of the enzyme.

OTA‑binding mode

Following the same experimental procedure that we have 
recently used for the analysis of the OTA-binding mode 
to the salicylate 1,2-dioxygenase from Pseudaminobacter 
salicylatoxidans (Sánchez-Arroyo et al. 2023), we ana-
lyzed the binding mode of OTA, OTB, and 4MF to the 
predicted structure of AtABH. The grid box search space 
was centred around the residue Ser75, whose identification 
as the nucleophile was straightforward since, as indicated 

Fig. 3  Substrate profile of A. tandoii ABH amidase activity on car-
boxypeptidase synthetic substrates harbouring different substitutions 
around the scissile amide bond. The substrates are HF, HR, ZAA, 
ZA, ZAL, ZAF, ZF, ZIF, and ZFI (see Fig.  S1 in the Supplemen-
tary information for structural details). The error bars represent the 
standard deviation estimated from the three independent assays. The 
observed maximum activity was defined as 100%. Colour code is as 
in Fig. S1
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above, a catalytic triad defines the catalytic machinery of 
α/β hydrolases (Fig. 4b). The catalytic triad residues of 
AtABH (Ser75, Asp99, and His244) are situated at the 
bottom of a crevice (Fig. 4c) where the three substrates 
get access. The combined analysis of the docked poses 
of these three substrates permitted us to infer a consistent 
substrate-binding mode that places their corresponding 
scissile amide bonds in close proximity to the Ser75 side 
chain. As expected, the binding of OTA (Fig. 4b and c) 
and OTB (Fig. 4d) is almost identical: the (3R)-5-chloro-
8-hydroxy-3-methyl-1-oxo-3,4-dihydroisochromene moi-
ety of OTA (OTB lacks the 5-chloro substituent) is sand-
wiched between the side chains of the two pairs of residues 
Pro127, Phe192, and Pro101, Phe220, respectively, and it 
reaches a sub-pocket formed by the side chains of Ile103, 
Phe 111, Thr126, and Thr195. On the other hand, the 
aromatic ring of the Phe residue of OTA (or OTB) occu-
pies another sub-pocket where it interacts with the Val13, 
Leu153, and Met245 side chains. Finally, the binding 
of 4MF places its amide bond in the same position and 
orientation observed for OTA or OTB, and its two aro-
matic rings occupy the two sub-pockets indicated above 
(Fig. 4e). The carboxylate moiety occupies the same loca-
tion in all three cases and protrudes toward the solvent.

Structural similarity searches

Once an OTA-binding mode compatible with the predicted 
structure of AtABH has been determined, we carried out 
structural similarity searches using the DALI server (Holm 
2022) with the aim of finding other potential OTA-hydro-
lysing enzymes, structurally similar to AtABH. The results 
show that the hits with the highest Z-score values (see 
Table 1) not only presented the conserved α/β hydrolase fold 
but also very similar cap domains (Fig. 5).

Esterase activity in AtABH

Based on the structural similarity found between AtABH 
and the marine esterase EprEst (Zhu et al. 2021) (PDB 
entry: 7c4d; see Table 1) and also in the fact that many 
α/β hydrolases have multiple catalytic activities (Bauer 
et al. 2020), we consider the potential esterase activity of 
AtABH using different p-nitrophenyl (pNP) esters of vari-
ous acyl chain lengths (C2 to C16) as substrates. Substrate 
specificity was assayed after a 10-min incubation at 37 °C. 
Our results indicate that AtABH hydrolysed water-soluble 
p-NP esters, with a marked preference for the shortest sub-
strates C2 > C4 >  > C8 (Fig. 6), and remarkably, also p-NP 

Fig. 4  Predicted model of the structure of AtABH with AlphaFold2 
and in silico molecular docking of ochratoxin A OTA, OTB, and 
4MF (see Fig.  S1 in the Supplementary information for structural 
details). The structure of AtABH (A) shows an αβ hydrolase fold 
formed by a parallel, six-stranded β-sheet (β-strands in yellow) sur-
rounded by α-helices (in red) with a large cap domain (blue ribbon). 
The cap domain is comprised of the segment between residues Asp99 
and Pro209 and is shown as blue ribbon. The OTA-binding mode (B, 
C) reveals that its amide bond is situated in close proximity to the 

nucleophile Ser75 that together with Asp99 and His244 made up the 
catalytic triad of AtABH (green sticks). The substrate-binding pocket 
is formed by a crevice (C) which has two hydrophobic sub-pockets 
around the nucleophile Ser75, where the two ends of the substrates 
bind. OTB (D) and 4MF (E) binding modes are almost identical to 
the one of OTA (B). Amino acid side chains that form the substrate-
binding pocket are shown as blue sticks model. OTA, OTB, and 4MF 
are shown as yellow, orange, and grey sticks, respectively
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myristate (C14) and p-NP palmitate (C16), long-chain, 
water-insoluble esters. Therefore, AtABH behaves as an 
esterase since it hydrolysed monomeric, water-soluble esters 
and as a lipase since hydrolysed aggregated, water-insoluble 
esters (Fojan et al. 2000).

Discussion

A great variety of microorganisms have been reported to be 
able to transform OTA (Wang et al. 2022), among others 
some Acinetobacter species such as two strains from the Aci-
netobacter calcoaceticus species, namely, A. calcoaceticus 

NRL B551 and A. calcoaceticus 396.1 (De Bellis et al. 2015; 
Hwang and Draughon 1994) and also the strain Acinetobac-
ter sp. neg1 (De Bellis et al. 2015), that shows the closest 
match to A. gyllenbergii (Fanelli et al. 2015). Regarding A. 
calcoaceticus NRRL B-551, previous studies revealed that 
it did not grow in minimal-salts medium containing OTA, 
indicating that this strain was unable to use OTA as a sole 
carbon source (Hwang and Draughon 1994). However, 
when ethanol was added to the minimal-salts medium to 
provide a carbon source, it was able to grow and degrade 
OTA at 0.1 μg/mL/h at 30 °C (Hwang and Draughon 1994). 
Similarly, when peptone was used as the carbon source 
in the minimal-salts medium, A. calcoaceticus 396.1 and 

Table 1  Structurally similar 
proteins to AtABH determined 
with DALI

1 lali, number of aligned residues; 2%id, sequence identity to AtABH

Protein Z-score rmsd (Å) lali1 %id2 Catalytic triad residues Cap domain

AtABH – – – – Ser75/His244/Asp99 Asp99-Pro209
2y6v 20.6 2.8 242 17 Ser145/His323/Glu169 Glu169-Arg284
7dbl 20.1 2.8 242 22 Ser139/His365/Asp163 Asp163-Arg315
7c4d 19.4 3.1 230 13 Ser85/His242/Asp109 Asp109-Pro205
1m33 19.1 2.7 210 14 Ser82/His235/Asp207 Ala106-Pro198

Fig. 5  Analysis of the structural similarity between the cap domains 
of AtABH and its close homologs as determined with DALI. The cap 
domains of the αβ hydrolase Lpx1 from Saccharomyces cerevisiae 
(cyan ribbon model, A; PDB entry: 2y6v), the acyl-CoA hydrolase 
MpaH from Penicillium brevicompactum (magenta ribbon model, B; 
PDB entry: 7dbl), the marine esterase EprEst (yellow ribbon model, 
C; PDB entry: 7c4d), and the carboxylesterase BioH from E. coli 

(orange ribbon model, D; PDB entry: 1m33) are shown superim-
posed to the cap domain of AtABH (blue ribbon model). Structural 
differences are indicated with a red star. The corresponding structure-
based sequence alignment is shown for each structural superposition. 
Conserved amino acids are shown with white, bold characters and red 
background and similar residues as red, bold characters
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Acinetobacter sp. nov. strains also degrade OTA in aerobic 
conditions and at moderate temperatures (De Bellis et al. 
2015). Since these OTA-transforming Acinetobacter spe-
cies are related to clinical environments, in this work we 
focused our attention on the non-pathogenic strain A. tandoii 
DSM  14970 T with the aim to evaluate its OTA-degrading 
capacity. Here we showed that cell-free protein extracts of A. 
tandoii DSM  14970 T were competent in OTA degradation 
(Fig. 1), in contrast to bacterial cultures, which rendered 
inconclusive results.

In this sense, previous studies identified the carboxy-
peptidase PJ15_1540 from the Acinetobacter sp. neg1 strain 
as an enzyme exhibiting hydrolytic activity against OTA. 
Although the recombinant variant of PJ15_1540 produced 
in E. coli BL21 (DE3) cells hydrolysed OTA, it was poorly 
efficient since it degraded a low percentage of the OTA pre-
sent in the cell lysate (Liuzzi et al. 2017); in fact, the activity 
of this enzyme was much lower than that of the host strain. 
In this sense, PJ15_1540 is annotated as a D-alanyl-D-ala-
nine carboxypeptidase and therefore potentially involved in 
the synthesis and remodelling of the peptidoglycan (Egan 
et al. 2020). In agreement with this, it has a signal peptide 
(residues Met1-Ala19), and the prediction of its structure 
with AlphaFold2 (Jumper et al. 2021) reveals an architec-
ture based on an N-terminal D,D-carboxypeptidase domain, 
and an elongated C-terminal region (Fig. S4 in the Supple-
mentary information), typical of penicillin-binding proteins 
(PBPs). In fact, the most structurally similar proteins are 

PBPs (Table S1 in the Supplementary information). A dis-
tinct characteristic of the proposed structure for PJ15_1540 
is the presence of a large, amphipathic C-terminal helix 
(Fig. S4 in the Supplementary information), a structural 
motif involved in the association of PBPs with the mem-
brane. We consider that this characteristic could make 
PJ15_1540 and other similar carboxypeptidases sub-optimal 
enzymes for biotechnological applications aimed at the deg-
radation of OTA since it compromises their solubility. In 
fact, we think that the presence of this motif may explain the 
much lower OTA-degrading activity observed for recombi-
nant PJ15_1540 versus the host strain (Liuzzi et al. 2017).

Likewise, similar carboxypeptidases from other sources 
such as Bacillus amyloliquefaciens ASAG1 (Chang et al. 
2015), Bacillus subtilis CW14 (Hu et al. 2018; Xu et al. 
2021), and Lysobacter sp. CW239 (Wei et al. 2020) also 
exhibited a low OTA-degrading activity. Conversely, the 
presence of OTA-degrading activity in a cp4 carboxypepti-
dase knock-out Lysobacter sp. CW239 strain (Qian et al. 
2021) as well as in an amidohydrolase NA deficient Steno-
trophomonas sp. CW117 strain (Chen et al. 2022) suggests 
that some strains could contain multiple enzymes for OTA 
degradation. In agreement with this idea, proteins possess-
ing amidohydrolase (Chen et al. 2022; Dobritzsch et al. 
2014; Luo et al. 2022; Zhang et al. 2019) or carboxypepti-
dase activity (Chang et al. 2015; Hu et al. 2018; Liuzzi et al. 
2017; Wei et al. 2020; Xu et al. 2022) have been described 
elsewhere to be able to hydrolyse the amide bond present in 
the OTA molecule.

Although A. tandoii DSM  14970 T possesses a close 
homolog of the carboxypeptidase PJ15_1540 from the Aci-
netobacter sp. neg1 strain (Q340_RS0101740), that may 
contribute to the observed OTA hydrolysis exhibited by pro-
tein cell extracts of A. tandoii DSM  14970 T, we identified 
AtABH as an α/β hydrolase that hydrolyses OTA (Fig. 2).

The predicted structure of AtABH (Fig. 4) shows that 
it belongs to the α/β hydrolase superfamily of enzymes 
(Heikinheimo et al. 1999; Nardini and Dijkstra 1999; Ollis 
et al. 1992). The members of this superfamily exhibit an 
inner structural core based on an eight-stranded mostly par-
allel β-sheet surrounded on both sides by α-helices, which 
is decorated with additional structural elements. Typically, 
one such additional element is an insertion, highly variable 
both in size and in structure, between canonical β6 and β7 
strands (β4 and β5 in AtABH) that configures the so-called 
cap domain (Alvarez et al. 2014; Bauer et al. 2020), and that 
together with other connecting loops between β-strands of 
the central β-sheet, is key in modulating the entrance of sub-
strates into the binding site of the enzyme. In this regard, the 
observed hydrolytic activity of AtABH against OTA, OTB, 
and 4MF reveals that the conformation and dynamics of this 
cap domain are compatible with the binding of these sub-
strates. Considering this point, we raised the hypothesis that 

Fig. 6  Substrate profile of A. tandoii ABH esterase activity on chro-
mogenic substrates (p-nitrophenyl esters) with different acyl chain 
lengths (C2, acetate; C4, butyrate; C8, caprylate; C12, laurate; C14, 
myristate; C16, palmitate). The figure shows the relative specifici-
ties obtained toward different substrates. The error bars represent the 
standard deviation estimated from the three independent assays. The 
observed maximum activity was defined as 100%



 Applied Microbiology and Biotechnology         (2024) 108:230   230  Page 10 of 12

searching for α/β hydrolases with cap domains similar to that 
of AtABH maybe a good starting point for a roadmap aimed 
at finding novel OTA-degrading enzymes.

The molecular docking studies with OTA, OTB, and 4MF 
provide a consistent binding mode common to the three sub-
strates. This binding reveals the presence of two hydropho-
bic sub-pockets around the catalytic triad of AtABH. This 
result explains well the specificity profile of the enzyme. 
This latter specificity can be explained assuming that each 
end of the substrates (N- and C-terminal) binds to a hydro-
phobic sub-pocket, with their amide bond being located in 
close proximity to the nucleophile Ser75. Efficient binding 
would result from a balance between the binding of each 
end of the substrate to a hydrophobic sub-pocket and the 
structure of the internal bridge of the molecule between the 
N- and C-terminal ends. These requirements would not be 
satisfied by ZA which lacks an internal bridge and a C-ter-
minal large hydrophobic or aromatic residue, HR which has 
a C-terminal large cationic residue, and ZIF that most prob-
ably does not satisfy steric requirements around the nucleo-
phile due to the internal, rigid aliphatic side chain of an Ile 
residue (Fig. 3). As a whole, these structural results support 
the binding of the mycotoxins and carboxypeptidase sub-
strates, and in particular, reveal that the conformation of the 
cap domain permits these substrates to get access into the 
binding pocket of AtABH that is configured by two hydro-
phobic sub-pockets. Interestingly, the structure of this cap 
domain is similar to the one from the esterase EprEst (PDB 
entry: 7c4d; see Table 1) as deduced from structural similar-
ity searches (Fig. 5). This finding is somehow supported by 
the unexpected esterase activity of AtABH and in particular 
its dependence on the p-NP ester chain length that clearly 
paralleled the one observed for EprEst (Zhu et al. 2021).

These functional results revealing that AtABH has both 
amidohydrolase and esterase activities, indicate that AtABH 
is a promiscuous enzyme (Aharoni et al. 2005; Hult and 
Berglund 2007; Kourist et al. 2008), which is a relatively 
common characteristic of members from the αβ hydrolase 
superfamily most probably supported by the high versatility 
of the catalytic triad as catalytic machinery (Kourist et al. 
2008; Rauwerdink and Kazlauskas 2015). In this sense, tak-
ing into account the time scales of the amidohydrolase and 
esterase reactions, and in the absence of kinetic analyses, it 
can be claimed that AtABH is operatively much more effi-
cient as esterase than amidohydrolase, in agreement with the 
observation that promiscuous enzymes exhibit a main, native 
activity and a second much less efficient one (Aharoni et al. 
2005). Thus, we can consider AtABH as an esterase with an 
ancillary amidohydrolase activity.

In summary, our biochemical and structural results 
indicate that AtABH is a promiscuous αβ hydrolase with 
a primary esterase activity and a secondary, less efficient 

amidohydrolase activity that endows AtABH with OTA-
degrading capacity. The predicted substrate-binding 
pocket of AtABH reveals two hydrophobic sub-pockets 
around the nucleophile Ser75, which explains its speci-
ficity profile. Also, the prediction of the structure of the 
carboxypeptidase PJ15_1540 from Acinetobacter sp. neg1 
reveals a C-terminal amphipathic α-helix, most probably 
involved in the association with the membrane, which may 
explain previous results reporting low activity. Finally, 
we propose the following procedure for preparing OTA-
degrading enzymes: (i) identification of promiscuous αβ 
hydrolases with OTA-degrading activity; (ii) prediction 
of their structures with AlphaFold2, followed by molecu-
lar docking studies to determine a plausible OTA-binding 
mode; (iii) identification and selection of proteins with 
similar cap domains and substrate-binding pockets; (iv) 
optimization of OTA-degrading activity through structure-
guided preparation of protein variants.
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