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Abstract Histamine is present to various degrees in many
foods, and concentrations in fish samples are considered a
good indicator of freshness and hygienic food quality. Seeking
for innovative methods to quantify histamine in foods, we
used a synthetic gene designed on the sequence of histamine
oxidase from Arthrobacter crystallopoietes (HOD) as the
starting point in this study to develop a biosensor. HOD was
expressed in Escherichia coli cells with a yield of ~7 mg
protein/L of fermentation broth. Recombinant wild-type HOD
oxidized histamine and tyramine whereas it was inactive
toward putrescine and cadaverine (two amines present in fish
samples). The putative residues involved in substrate binding
were identified by an in silico docking procedure based on a
model of the structure of HOD: site-saturation mutagenesis
was performed on 8 positions. The most significant changes in
kinetic properties were observed for the P143M HOD: this
variant showed higher histamine affinity and lower substrate
inhibition by tyramine than wild-type enzyme. Biosensor
prototypes were produced using both the wild-type and the
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P143M variant HOD. These biosensors showed a good sen-
sitivity and selectivity with respect to biogenic amines present
in food specimens. Accordingly, the HOD-based biosensor
was successfully used to assess histamine in fish samples,
yielding values in good agreement with those obtained by
HPLC analyses but in a few seconds and at a significantly
lower cost per analysis.

Keywords Histamine - Amine oxidase - Biocatalysis -
Biosensor - Recombinant protein

Introduction

Histamine and other biogenic amines are present to varying
degrees in many foods, and their presence increases with
maturation (Bodmer et al. 1999). In order for biogenic amines
to form in food, free amino acids must be available,
decarboxylase-positive microorganisms present, and condi-
tions given that allow bacterial growth and decarboxylase
activity. In particular, histidine is generated from autolytic or
bacterial processes (Kung et al. 2012). Accordingly, high con-
centrations of histamine are found mainly in products of mi-
crobial fermentation, such as aged cheese, wine, and processed
meat, see (Maintz and Novak 2007). Histamine concentration
is considered a good indicator of fish freshness and of hygienic
food quality, too; it is also known as the causative factor in
scombroid poisoning, an allergy-like food poisoning (Arnold
and Brown 1978). An upper limit of 200 mg histamine/kg in
foods and of 2 mg histamine/L in alcoholic beverages has been
suggested (Maintz and Novak 2007). Histamine accumulation
may cause numerous symptoms, mimicking an allergic reac-
tion: approximately 1 % of the population shows histamine
intolerance, and 80 % of those individuals are middle aged
(Komericki et al. 2011). High-performance liquid chromatog-
raphy (HPLC) and also immunoenzymatic methods have
largely been used to determine levels of histamine, but these
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assays are time-consuming, complicated, and expensive.
Seeking for alternative analytical methods, enzymatic assays
based on histamine-oxidizing enzymes have been proposed.
In the past years, several groups tried to couple the enzy-
matic reactions on amines or amino acids with electrochemical
sensors in order to obtain simple and reproducible biosensors.
The biosensor procedure has certain advantages, such as low
cost, short analysis time, and simplicity of use such that it can
be performed outside of a scientific laboratory. As the most
notable example, a commercial TPQ-containing diamine oxi-
dase from porcine kidney (DAO, EC 1.4.3.6, 0.18 U/mg
protein) was recently employed to develop a biosensor for
amines using a screen-printed carbon electrode (Alonso-

NH,

=== HOD

Lomillo et al. 2010). The main limitations of this costly en-
zyme were the isolation from the natural source and the broad
substrate specificity, which does not discriminate between
different important amines. As the first step towards engineer-
ing the substrate specificity and kinetic efficiency of mamma-
lian DAO, the enzyme was successfully overexpressed in
Escherichia coli cells and purified (Rosini et al. 2012).
Unfortunately, the recombinant DAO was poorly active (spe-
cific activity of ~<I mU/mg protein on histamine) because it
was largely produced in an immature quinone form.

As an alternative, histamine oxidase (EC 1.4.3.6) has been
proposed: it catalyzes the oxidation of histamine to imidazole
acetaldehyde, ammonia, and hydrogen peroxide (Eq. 1):

/ﬁ/\CHO
HN + 02 + HZO —> HN N + NH3+ H202

\=N

=

The enzyme from Arthrobacter crystallopoietes KAIT-B-
007 (HOD) is a good candidate for this application because of
its thermostability and substrate specificity (Sekiguchi et al.
2004).

In this study, we used a synthetic gene (named /od)
designed on the basis of the primary sequence of histamine
oxidase from A. crystallopoietes (Sekiguchi et al. 2004) to
produce an enzyme active on histamine and with the proper-
ties required for a biosensor application. This goal was
achieved by using a combination of protein expression opti-
mization, molecular modeling, and site-saturation mutagene-
sis approaches: a recombinant, evolved HOD was generated
to develop a pilot biosensor to rapidly and inexpensively
quantify the amount of histamine in foods.

Materials and methods
Design and cloning of cDNA encoding for histamine oxidase

The synthetic cDNA encoding for the histamine oxidase from
A. crystallopoietes (hod) was designed by in silico back
translation of the amino acid sequence reported in the database
(GenBank accession no. BAE48148.1). In order to facilitate
the subcloning into the pET24b(+) plasmid (carrying the
resistance to kanamycin, Novagen) and into the pCold I
DNA plasmid (carrying the resistance to ampicillin, TaKaRa),
sequences corresponding to Ndel (CATATG) and Xhol
(CTCGAQ) restriction sites were added at the 5'- and 3'-ends
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of the cDNA, respectively. Synthetic cDNA was produced by
GeneArt (Life Technologies), after optimizing the coding nu-
cleotide sequence for expression in E. coli. The hod cDNA
(GenBank accession no. KF055450.1) was inserted in the
pET24b(+) or pColdl vectors using the Ndel and Xhol sites,
giving a 7.4-kb (pET24-HOD) or a 6.6-kb (pColdI-HOD)
construct. By using the two cloning-site strategy, six codons
(encoding for six additional histidines) were added to the 3'-
end or at 5'-end of the hod gene, respectively.

Strain and growth conditions

For protein expression, plasmids containing 7od cDNA were
transferred to the £. coli hosts BL21(DE3), BL21(DE3)pLysS
(resistant to chloramphenicol, 34 pg/mL final concentration),
BL21(DE3)Star, and Origami2(DE3) (resistant to tetracy-
cline, 12.5 pg/mL final concentration). Starter cultures were
prepared from a single recombinant E. coli colony in LB
medium containing appropriate antibiotics, under vigorous
shaking at 37 °C. These cultures were diluted to a starting
ODgoonm 0f 0.1 in the production media and then incubated at
37 °C on a rotator shaker at 200 rpm until protein expression
was induced by adding 1 mM IPTG. The following media
were used (Volonte et al. 2008): Luria-Bertani (LB, 10 g/L
bacto-tryptone, 5 g/L yeast extract, 5 g/L NaCl); Terrific Broth
(TB, 12 g/L bacto-tryptone, 24 g/L yeast extract, 8 mL/L
glycerol, 2.2 g/LL KH,POy, and 9.4 g/LL K,HPO,, correspond-
ing to 70 mM total phosphate concentration); Super Broth
(SB, 32 g/L bacto-tryptone, 20 g/L yeast extract, and 5 g/L
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NaCl); and M9 minimal medium (0.5 g/L NaCl, 1 g/L NH4Cl,
3 g/L KH,POq,, and 6.78 g/ Na,HPO,, corresponding to
68 mM total phosphate concentration, 2 mM MgSOy,,
0.1 mM CaCl,, and 10 g/L glucose). All optimization studies
were carried out in 300-mL baffled Erlenmeyer flasks contain-
ing 50 mL of liquid media. After inducing protein synthesis
with IPTG, the cells were incubated at different temperatures
with shaking (200 rpm) and then harvested at different times by
centrifugation at 8,000xg for 10 min at 4 °C. For HOD
chaperone coexpression, cells transformed with pET24-HOD
and pKJE7 or pG-Tf2 (carrying the resistance to chloramphen-
icol, TaKaRa) were grown in LB medium containing L -arabi-
nose (1 mg/mL) or tetracycline (2 ng/mL) to induce the chap-
erone expression, respectively (see Supplementary Material).

HOD purification and activity measurements

For protein purification trials, the cells transformed with
pColdI-HOD were grown in 2-L Erlenmeyer flasks containing
500 mL of SB medium to which 10 g/L. NaCl was added (SB3
medium). HOD expression was induced by adding 1 mM
IPTG at the stationary phase and cells were harvested after
18 h of growth at 15 °C; cells were stored at —20 °C. Cell
pellets were resuspended in lysis buffer (50 mM sodium
phosphate buffer, pH 7.2, 500 mM NaCl, 1 mM pepstatine,
and 10 pg/mL DNAse) and sonicated (5 cycles of 30 s each,
with a 30-s interval on ice). The insoluble fraction of the lysate
was removed by centrifugation at 39,000xg for 1 h at 4 °C.
The total protein concentration in the crude extract was quan-
tified by applying the biuret method. Crude extract was loaded
onto a HiTrap chelating affinity column (GE Healthcare) that
was loaded with metal ions (1 mL of 100 mM NiCl,) and
equilibrated with 50 mM sodium phosphate, pH 7.2, contain-
ing 500 mM NaCl (Fantinato et al. 2001). The column was
washed with this buffer until the absorbance value at 280 nm
was that of the buffer; the bound protein was eluted with the
same buffer containing 150 mM imidazole.

Substrate specificity of HOD was investigated by spectro-
photometrically determining the hydrogen peroxide produced
by the enzyme reaction on different compounds. This assay was
performed using a microtiter plate; each well contained 200 pL
of different amines (0.1, 1, or 10 mM, final concentrations),
0.3 mg/mL o-dianisidine, and 1 unit/mL horseradish peroxi-
dase in 100 mM potassium phosphate buffer, pH 7.2 at 37 °C.
The product of this enzymatic reaction has an extinction coef-
ficient of 13.4 mM ' cm™" at 450 nm: the increase in absor-
bance was followed by using a Sunrise plate reader (Tecan).

HOD activity was assayed by employing the same spec-
trophotometric method and 1 mM histamine. Each measure-
ment was performed by recording the absorbance at 450 nm
with a Jasco V-560 spectrophotometer, using cuvettes with a
1-cm optical path. The time course of the absorbance change
was recorded at 37 °C for up to 10 min. One HOD unit is

defined as the amount of enzyme that converts 1 pmol of
substrate/min at 37 °C. Kinetic parameters were determined
using a fixed amount of enzyme and different amine concen-
trations. The effect of temperature was investigated by mea-
suring the enzymatic activity on protein samples at different
temperatures (15-85 °C temperature range).

Circular dichroism spectra were recorded at 15 °C using a
Jasco J-810 spectropolarimeter and analyzed by means of Jasco
software (Caldinelli et al. 2005). The cell path length was 1 cm
for measurements above 250 nm and 0.1 cm for measurements
in the 190- to 250-nm region. Temperature-ramp experiment
was performed in the 20-90 °C range by using a software-
driven, Peltier-based temperature controller that allowed a tem-
perature gradient of 0.5 °C/min. CD signal was recorded at
230 nm using an HOD sample at 0.2 mg protein/mL.

SDS-PAGE electrophoresis and Western blot analysis

Proteins from total, soluble, or insoluble cell fractions were
separated by SDS-PAGE. For total cell extracts and insoluble
fractions after cell disruption, pellets were directly
resuspended in an appropriate volume of Laemmli sample
buffer. For Western blot analysis, proteins were transferred
electrophoretically onto a nitrocellulose membrane and HOD
was probed through binding to anti-His-tag mouse monoclonal
antibodies (His-probe, Santa Cruz Biotechnology) followed
by goat anti-mouse IgG peroxidase-conjugated antibodies as
secondary antibody (Santa Cruz Biotechnology) and detected
by a chemiluminescence method (ECL plus Western Blotting
Detection System, GE Healthcare). His-tagged D-amino acid
oxidase was used as positive control (Sacchi et al. 2004).

Site-saturation mutagenesis and screening for evolved HOD
variants

Site-saturation mutagenesis was carried out at different amino
acid positions by using the QuikChange site-directed muta-
genesis kit (Stratagene); the hod cDNA was subcloned into
the pColdl as template and a set of degenerated synthetic
oligonucleotides employed (Pollegioni et al. 2005). The tem-
plate DNA was eliminated by enzymatic digestion with the
Dpnl restriction enzyme, specific for methylated DNA; the
PCR products were used to transform JM109 E. coli cells.
Subsequently, the recombinant plasmids were transferred to
BL21(DE3)Star E. coli cells, and these clones were used for
the screening procedure. The introduction of the mutations
was confirmed by automated DNA sequencing.

The mutant libraries obtained from site-saturation mutagen-
esis were screened by means of a rapid colorimetric assay
based on the determination of hydrogen peroxide and by
means of an automated liquid-handler system (epMotion
5075, Eppendorf). To a saturated E. coli culture (1 mL, growth
in DeepWell plate, Eppendorf) 1 mM IPTG and 25 g/LL NaCl
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were added and the culture was then incubated at 15 °C for
18 h. The culture was centrifuged at 4,000xg for 2 min, and the
cell pellet was resuspended with 300 uL of 50 mM sodium
phosphate and 0.5 M NaCl, pH 7.2. Cell lysis was performed
by adding 50 pL of 1 N NaOH and was subsequently neutral-
ized with 50 uL of 1 M KH,PO,. The crude extracts were
centrifuged at 4,000xg for 40 min and then 175 pL of the
supernatant was transferred to two wells of a 96-well Elisa
plate. The activity was assayed on the crude extract by adding
50 puL of substrate solution (50 mM histamine, pH 7.2, 3.2 mg/
mL o-dianisidine, and 0.1 U/mL horseradish peroxidase in
100 mM potassium phosphate buffer, pH 7.2) and incubating
the plates at 25 °C for 18 h. After the incubation, the absorbance
at 440 nm was measured by a microtiter plate reader (Sunrise,
Tecan) and compared with cultures expressing the wild-type
HOD and untransformed cells as controls. The HOD variants
that outperformed the control were selected and used for se-
quencing, further analysis, and biochemical characterization.

Molecular modeling and docking analysis

Sequence alignments were generated by T-coffee software
(Notredame et al. 2000). The 3D model of HOD was built
using the Swiss-model server (Guex and Peitsch 1997;
Schwede et al. 2003), employing the entire structure of amine
oxidase from 4. globiformis (PDB code 1W6G, 646 residues,
55 % of sequence identity) as template (Juda et al. 2001). The
HOD model was validated using What Check (Hooft et al.
1996) and Verify 3D (Luthy et al. 1992) servers. The three-
dimensional structure of the substrate histamine was generated
using the PRODRG2 server (Schuttelkopf and van Aalten
2004). Automated ligand docking was performed by
Autodock Vina, a package based on a Montecarlo simulated
annealing approach (Trott and Olson 2010; Golden et al. 2013)
with a square grid box constructed to cover the region targeted
for active site and with the default setting of exaustiveness.

Histamine detection by HPLC

HPLC analyses were performed on a Merck Hitachi apparatus
equipped with a L-6200 pump and an L-4200 UV—Vis detec-
tor and fitted with a Phenomenex Luna C18(2) column
(length/internal diameter 250/4.6 mm, pore size 5 wm) under
the following conditions: eluent 50 mM acetate buffer, pH 5.2/
CH;O0H (90/10 vol/vol), flux 0.8 mL/min, detection at
340 nm. Solvents were of analytical grade. The different
amine solutions and the fish samples were derivatized with
the OPA-NAC reagent as described in (Zhao and Bada 1995).
Five grams of tuna (purchased at a fish market) were cut into
small pieces by scissors and 15 mL of 5 % trichloroacetic acid
was added. The sample was then homogenized and sonicated
(5 cycles of 30 s each, with a 30-s interval on ice); the
insoluble fraction was removed by centrifugation at

@ Springer

39,000xg for 20 min at 4 °C. The homogenate was then
transferred to a 100-mL volumetric flask and the jar rinsed
seven times with 15 mL of the extracting solvent (diethyl
ether). The supernatant was filtered using a 0.2-um filter
membrane, diluted as required, and treated as reported before.

Histamine detection by a biosensor

Platinum microelectrodes were prepared as reported in
(Vasylieva et al. 2011). The enzyme layer was deposited by
dipping the Pt tip of the electrode in the enzyme solution at a
HOD concentration of 60 mg/mL, 30 mg/mL bovine serum
albumin, and 10- to 40-mg/mL poly(ethylene glycol)diglycidyl
ether (PEGDE) for cross-linking (in 10 mM phosphate-
buffered saline, pH 7.4). To achieve selective detection, all
microelectrodes were coated with a layer of poly-m-
phenylenediamine (PPD). All measurements were performed
in 10 mM phosphate-buffered saline under a constant potential
of 500 mV versus an Ag/AgCl reference electrode.

Results
Purification and characterization of recombinant HOD

The synthetic cDNA encoding for histamine oxidase from 4.
crystallopoietes (Sekiguchi et al. 2004), whose codon usage was
optimized for protein expression in E. coli (GenBank accession
no. KF055450.1), was cloned in pColdl plasmid using the Ndel
and Xhol sites yielding the pColdI-HOD expression plasmid.
The expression of an active HOD in E. coli was demonstrated
by selection on a mineral medium agar plate containing his-
tamine as the only carbon source. As shown in Fig. 1, only the

b o

‘pColdt  |pColdI-HOD

Fig. 1 E. coli BL21(DE3)Star colonies transformed with pColdI or
pColdI-HOD plasmids were grown on a M9 mineral medium containing
histamine as the only carbon source
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E. coli (DE3)Star cell clones expressing HOD (induced with
1 mM IPTG and 25 g/L NaCl and incubated at 15 °C) grew on
selective plates.

Best conditions for laboratory-scale production of HOD
(see Fig. S1 and S2 in Supplementary Material) were identi-
fied as the use of E. coli BL21(DE3)Star cells transformed
with the pColdI-HOD plasmid, grown at 37 °C in SB3 medi-
um, added at the stationary phase of 25 g/ NaCl and 1 mM
IPTG, and collected after 24 h of incubation at 15 °C: about
7 mg/L of soluble HOD was obtained.

Recombinant HOD expressed using pColdI-HOD plasmid
contains a His-tag at the C-terminus; thus, it was purified by
using HiTrap chelating affinity chromatography. By employing
a single chromatographic step followed by 1 week of incuba-
tion at 4 °C (see below), recombinant HOD was isolated as a
single band at =75 kDa, with a >80 % yield and to a >90 %
purity (as judged by SDS-PAGE, see Fig. 2): =3 mg of purified
HOD/L fermentation broth was thus obtained. Intriguingly, at
the end of the purification procedure the enzyme sample
showed two close bands in SDS-PAGE analysis (at =81 and
75 kDa, see Fig. S3 left in the Supplementary Material), both
recognized by anti-His-tag antibody. Only the lighter form was
present after 1 week of incubation: it might originate from
cleavage of approx. 60 residues at the N-terminal end of
HOD (Fig. S3 right in the Supplementary Material).

The specific activity of freshly purified HOD on histamine
as substrate is 0.05 U/mg protein. A significant increase in
enzymatic activity was observed following the incubation at
4 °C for 1 week (up to 0.2 U/mg protein) although the content
in secondary and tertiary structure was not affected, as made
evident by comparing the circular dichroism spectra (Fig. S4 in
the Supplementary Material). The purified HOD completely
lost the activity when stored at —20 °C. The addition of 1 mM
CuSOy, 1 mM 2-mercaptoethanol, 10 % DMSO, or 0.1 % SDS
did not affect the enzymatic activity (data not shown).

The activity of pure HOD was assayed on L-histidine
(precursor of histamine) and several amines that could be

present in foods (benzylamine, histamine, tyramine, putres-
cine, and cadaverine) by the peroxidase/o-dianisidine spec-
trophotometric assay at three different substrate concentra-
tions (0.1, 1, 10 mM) and using a microtiter plate. The results
only confirmed HOD activity on histamine and tyramine (see
Fig. 3a), as reported in Sekiguchi et al. (2004). The apparent
kinetic parameters for these two amines are reported in
Table 1: a two-fold higher enzymatic activity was observed
on histamine. A substrate-inhibition effect was observed for
the wild-type HOD with histamine and, in particular, tyramine
(K;=0.3 mM, Table 1). Indeed, HOD was also active on two
monoamine neurotransmitters such as dopamine and seroto-
nin: the V ,./K , ratio was five- to seven-fold lower than with
histamine as substrate.

Protein engineering of HOD

Since the three-dimensional structure of A. crystallopoietes
HOD is unknown, a model of the protein was built by com-
parative modeling using the Swiss-model facility (Fig. 4a)
(Guex and Peitsch 1997; Schwede et al. 2003). Amine oxidase
from A. globiformis (PDB code 1W6G) was chosen as tem-
plate because of the high sequence identity (55 %) with HOD
(Juda et al. 2001). The binding mode of the substrate hista-
mine in the model of the HOD active site (shown in Fig. 4b)
was then simulated using Autodock Vina software (Trott and
Olson 2010; Golden et al. 2013). In the best solutions (the
ones possessing the lowest energy), histamine perfectly
matches the active site of HOD (Fig. 4b) and is bound in a
similar orientation as the inhibitor berenil in the active site of
human DAO (McGrath et al. 2009): the amidinium group,
deeply inserted into active site, interacts with the two carbox-
ylate oxygen atoms of the putative catalytic base Asp304 and
the substrate phenyl ring with Tyr308 (corresponding to
Asp373 and Tyr371, respectively, in human DAO); for the
latter enzyme, however, the preference for histamine was
explained by the electrostatic interaction of its imidazole
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10 mM

0.1 mM

¢ »

1mM

Benzylamine

’ Tyramine
.: Histamine

L-Histidine

Cadaverine

Putrescine

Fig.3 a Activity assay of pure HOD wild-type on several amines and L-
histidine on a microtiter plate. b Dependence of the activity values for the
reaction of wild-type HOD from the concentration of histamine. The data
points (average of at least three single experiments) are from fits based on

nitrogen with Aspl186. In addition to the tyrosine residue
reported above, the docking model of the HOD-histamine
complex identified further protein residues that could modu-
late the interaction with the substrate: Phell2, Aspll7,
Prol43, Leul44, Leul60, Arg312, and Gly386 (Fig. 4b).

On the basis of the in silico analysis, site-saturation muta-
genesis was independently performed at positions 112, 117,
143, 144, 160, 308, 312, and 386 using the QuikChange kit
and the wild-type hod cDNA as template. The activity of
HOD variants on histamine as substrate was screened on a
microtiter plate using the coupled peroxidase/o-dianisidine
spectrophotometric method (that assays H,O, produced by
HOD) and an automated liquid-handler system. For each
position, 200-250 clones were screened, a number that gives
a probability of 96 % that every single amino acid is intro-
duced (Pollegioni et al. 2005). The clones most active on

o

Activity (U/mg protein)

0' 1 1 1 1 I
0 50 100 150 200 250 300

Histamine (mM)

the modification of a classical Michaelis—Menten equation for a substrate-
inhibition effect. The colorimetric assay was based on the spectrophoto-
metric determination of the hydrogen peroxide produced by the HOD
reaction in the presence of different substrate concentrations, at 37 °C

histamine as identified through the screening procedure were
isolated and the substitutions were identified by automatic
DNA sequencing. Here, 13 HOD variants were expressed in
E. coli BL21(DE3)Star cells and purified by HiTrap chelating
chromatography (>90 % purity). All of the variants show an
expression yield similar to that of the wild-type HOD (in terms
of purified protein/liter of fermentation broth, see Table 1), the
only exception being the ones at positions 308 and 312, whose
production level was up to six-fold lower.

As shown in Table 1, among the HOD variants obtained by
site-saturation mutagenesis and purified to homogeneity, the
P143M HOD was identified because of a three-fold increase
in histamine affinity and a 1.5-fold increase in the specificity
constant (the V' ./K i, ratio between histamine and tyramine)
compared to wild-type HOD. The G386A variant possessed
similar kinetic properties on both substrates, with an increased

Table 1 Level of expression in E. coli BL21(DE3)Star cells and kinetic properties of wild-type and variants of HOD

Expression level Histamine Tyramine
(mg protein/L culture)*
Vinax (Umg) Ky (mM) VoK K3 (mM) Vinax U/mg) K., (mM) Vinax/Km - K (mM)

Wild-type  3.10 0.20+£0.005  0.30+0.03  0.70 75+9.8 0.10+0.02 0.05+0.01 2.0 0.3+0.09
F112G 3.05 0.01+0.001 0.73+£0.15  0.01 38+4.7 b.d.
F112L 2.10 0.03+0.001 1.06£0.22  0.02 77+11.1 b.d.
F112T 3.40 0.12+0.05 0.64+0.21  0.20 97+21.3 0.04+£0.002  0.14+0.04 0.3 44+0.5
D1171 1.50 0.06+0.005  0.63+0.19 0.10 105+20.0 b.d.
DI117L 3.50 0.12+0.04 0.64+0.23  0.20 27+4.9 b.d.
D117V 2.50 0.03+0.002  0.43+0.07  0.06 32+5.9 0.04+0.002  0.07+0.01 0.5 5.0+0.8
P143M 3.00 0.10+0.003  0.10+0.02  1.00 64+8.7 0.10£0.004  0.05+0.005 2.0 7.3+1.3
L144A 2.00 0.02+0.001 42404 0.005 / 0.02+0.001 0.06+0.005  0.03 /
G386A 2.40 0.07+0.001 0.27+0.02  0.03 84+7.1 0.07+0.002  0.06+0.01 1.2 3.1+04

Activity was assayed with the spectrophotometric method at 37 °C and pH 7.2

b.d. below detection
# Expression level of further HOD variants (mg protein/L culture): Y308A: 0.45; Y308S: 0.60; R312A: 0.45; R312G: 0.80
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Fig. 4 a Ribbon representation of a three-dimensional model of HOD
(helices are depicted in yellow, sheets in purple, and coils in pink). b
Results of histamine binding to the HOD active site by using the

K value on tyramine (up to ten-fold) in comparison to wild-
type HOD. Comparison of the kinetic parameters of wild-type
and variants of HOD at positions 112 and 117 indicates that
the decrease in kinetic efficiency on histamine and tyramine
was mainly caused by a dramatic drop in V., (up to 20-fold
for the F112G enzyme, the only exception being F112T
HOD), while for both substrates the K, parameters were
altered to a lesser extent (less than three-fold), see Table 1.
Notably, the P143M variant was inhibited by tyramine at
higher concentrations than wild-type HOD and showed a
70-fold lower V ,./K ratio for serotonin as compared to
histamine (while the activity on dopamine was unchanged).

Experiments on temperature dependence of the enzymatic
activity showed that HOD activity increased with temperature
up to 85 °C (= 1.6-fold in comparison with the activity deter-
mined at 37 °C, see Fig. S5 in the Supplementary Material).
Interestingly, the P143M HOD variant is comparatively more
active at low temperature than the wild-type counterpart (in
particular, at 15 °C it maintained =50 % of the activity deter-
mined at 37 °C); furthermore, it fully retained the activity after
treatment at 37 °C for 24 h or at 25 °C for 1 week (not shown).
Temperature-ramp experiments following the change in the
circular dichroism signal at 230 nm showed a higher melting
temperature for the P143M variant than for the wild-type HOD
(66.5 °C and 60.8 °C, respectively).

HOD-based biosensor and analysis of histamine in fish
samples

A biosensor based on a platinum microelectrode with a sensing
tip of 25 um in diameter and 100 pum in length was employed
(Pernot et al. 2008; Vasylieva et al. 2011). The platinum tip
was then covered by a layer of PPD and a membrane of
enzyme immobilized with PEGDE (Vasylieva et al. 2011).
Experiments performed on biosensors prepared with wild-
type HOD immobilized with PEGDE showed a response to
histamine of 12.7+7.0 pA/uM (n =8), with an apparent K,
value of 104417 uM (Table 2, n=6). The time to reach 10 to

b
-« S
N Tyr338 E;
Gly386

» Histamine ay144 :
v

Autodock Vina program. The substrate conformation possessing the
lowest docked energy is depicted in pink. The hydrogen bonds are
marked as dotted lines

90 % of the biosensor response was 1.5 s. The amperometric
response was linear with a histamine concentration of up to
about 20 uM. The selectivity of the biosensors was investigat-
ed in the presence of different, potentially interfering mole-
cules (7 =8): putrescine and cadaverine (0.1 mM final concen-
tration) generated a negligible response (1+0.7 % of the his-
tamine response for putrescine, not detectable for cadaverine).
When used in the biosensor, the P143M variant showed a
sensitivity of 9.8+6 uM, which is not significantly different
from that obtained with the wild-type HOD (n=8, p=0.28),
and a K, of 45+£6 uM for histamine. This lower K ,, value than
with wild-type HOD was in good agreement with the kinetic
parameters determined for the free enzyme form (Tables 1 and
2). In addition, the selectivity of the P143M HOD-based
biosensors showed a 0.7+0.2 % response to putrescine
(expressed as % of the histamine response), and cadaverine
was not detectable. The detection limit of the biosensor was
15 nM (determined as 3% rms noise). Both types of biosensors
responded to amine neurotransmitters: 163+90 % to dopamine
and 1943 % to serotonin.

The simultaneous resolution and quantification of biogenic
amines can be performed by HPLC separation and an OPA-
NAC derivatization procedure; histamine, histidine, tyramine,
putrescine, and cadaverine were resolved on the Luna C18
column in ~40 min by HPLC. The best result was obtained
using an acetate buffer at pH 5.2: Fig. S6a in the Supplementary
Material reports the calibration between the area responses to
the corresponding histamine amounts that were injected. The
detection limit for histamine is 15 ng, corresponding to 5 mg of
histamine/kg fish product; this value is significantly lower than

Table 2 Response of the biosensor developed using wild-type or P143M
HOD on histamine

HOD variant K (WM) Response (pA/uM)
Wild-type 10417 12.7+£7.0
P143M 45+6 9.8+1.6
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the regulation limit for histamine in fish products, correspond-
ing to 200 mg histamine/kg fish product (Maintz and Novak
2007). The histamine content determined for a fresh tuna sam-
ple and the same conserved at room temperature for 1 week at
25 °C showed an increase from 35 to 450 mg histamine/kg fish.
Interestingly, adding HOD to the tuna sample stored at 25 °C
fully eliminated the peak corresponding to histamine (20 mU of
wild-type HOD added to 0.75 mg of histamine for 10 min at
25 °C, Fig. S6b in the Supplementary Material). Furthermore,
the same increase in histamine concentration as detected by
classical HPLC analysis was also obtained by the HOD-based
biosensor (i.e., a 1.4-fold increase in histamine concentration
after 5 h at 25 °C).

Discussion
Biochemical properties

In this work, a thermostable HOD was expressed and purified
from E. coli cells. The enzyme, produced with an His-tag at the
C-terminus, was isolated by a single chromatographic step with
an overall yield of 3 mg protein/L of fermentation broth: this
figure is significantly higher than the yield of recombinant A.
globiformis HOD in E. coli previously reported (i.e., 1.2 mg/L
of fermentation broth) (Iwaki et al. 2002). Wild-type HOD
shows activity on histamine and tyramine (Table 1), whereas
it is inactive toward putrescine and cadaverine (two amines
present in biological samples, for example, in fish). The specific
activity of recombinant HOD purified in this work is almost
equal to ten-fold lower than the value reported by (Ito et al.
2009): a rationale for this is not straightforward, even though
we have to mention that the two assays differed in pH, ionic
strength and dye used. Diamine oxidases show classical inhi-
bition by substrate, in that their activity decreases at high
substrate concentration (Elmore et al. 2002). Such an inhibition
was observed also for the wild-type HOD with histamine and,
in particular, tyramine (K;=0.3 mM, Table 1) as substrate: this
represents a main drawback in the use of the enzyme as an
analytical tool. Interestingly, the P143M variant (see below)
was inhibited at higher concentrations than wild-type HOD by
tyramine. Indeed, both recombinant HOD forms show optimal
activity at high temperature and good storage stability (fully
retaining the enzymatic activity after 1 week at 25 °C).

Protein engineering

We built a model of the tertiary structure of HOD that was
based on the 3D structure of 4. globiformis amine oxidase
(Fig. 4a); by using this model and an in silico docking proce-
dure we could identify the putative residues involved in sub-
strate binding (Fig. 4b). In order to alter the kinetic properties
of HOD and gain deeper insight into its structure—function
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relationships, site-saturation mutagenesis was performed on
eight positions. Screening of the ensuing libraries on hista-
mine showed that substitution of Tyr308 or Arg312 was
associated with abolition of enzymatic activity in all cases,
this providing strong evidence for proposing a main role for
these residues in substrate binding (the previous) and in keep-
ing the overall active site arrangement (the latter residue).
Variants at positions 112, 117, 144, and 386 showed a de-
creased kinetic efficiency on both histamine and tyramine as
substrates (and no relevant variants were identified from
screening of the library for position 160), see Table 1.
Introduction of substitutions at positions 308 and 312 yielded
HOD variants expressed at lower levels than the wild-type one
(Table 1). These latter residues belong to a region with a low
intrinsic propensity to structural disorder, as identified using
the RONN and DisEMBL servers (Linding et al. 2003; Yang
et al. 2005): an increase in disorder, as a result of introducing
substitutions at such positions, should affect the solubility of
the resulting variant protein.

HOD is a thermostable enzyme with a quite rigid structure:
interestingly, positions 143 and 144 belong to a region with
higher propensity to disorder and resulted in variants with
altered kinetic properties. The P143M HOD variant shows a
higher histamine affinity and a higher specificity constant than
the wild-type enzyme does (see Table 1). The P143M HOD
also shows lower substrate inhibition by tyramine than the
wild-type enzyme, an effect that was completely abrogated for
the L144A variant on both histamine and tyramine. The K;
value for histamine of HOD is higher than that observed for rat
DAO, =70 vs. 30 mM, respectively (Elmore et al. 2002), and
significantly higher than the amount of this biogenic amine in
biological fluids, thus not affecting an assay based on HOD.
Indeed, the P143M variant distinguishes from the wild-type
HOD for a higher activity at temperature <30 °C and fora 6 °C
higher melting temperature. All together, these results suggest
an effect of the introduced substitution at position 143 on the
thermal dependence of protein dynamics that in turn affects its
stability and activity.

HOD-based biosensor

Histamine is not present in fresh fish while it is produced when
the fish has been contaminated with microorganisms. The food
industry generally favors the HPLC method for controlling fish
products since it provides information on the composition of the
biogenic amines. This is important as the presence of other
amines in addition to histamine might intensify symptoms in
the case of poisoning. When such extensive information is not
required and the cost per analysis is a limiting factor, an enzy-
matic assay of histamine is preferred. We addressed the problem
of identifying a suitable enzyme for such an application.
Histamine oxidase from A. globiformis showed a greater affin-
ity for tyramine than for histamine (Choi et al. 1995) and rat
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diamine oxidase showed higher V' ,,x on benzylamine and
tyramine than on histamine (Rosini et al. 2012). Nonetheless,
biosensors for histamine detection were developed using the
enzymes isolated from the natural source (Iwaki et al. 2002;
Wasoh et al. 2012). The capacity biosensor based on
immobilized commercial DAO showed a limited linear rela-
tionship between histamine concentration and frequency (50—
200 ppm range, corresponding to 0.45-1.8 mM) and required
300 s to reach the final change in dielectric properties (Wasoh
et al. 2012). On the other hand, the amperometric sensor based
on A. globiformis HOD responded to a number of bioamines in
addition to histamine, thus showing a limited specificity (Iwaki
et al. 2002). The problem of the limited specificity of DAO for
histamine was solved using an HOD assay combined with the
amperometric determination of hydrogen peroxide by a
peroxidase-modified carbon electrode, which enabled detection
at low operating potential (Hibi and Senda 2000). HOD from
the thermophilic 4. crystallopoietes was also proposed since it
showed remarkable activity on histamine whereas was inactive
toward putrescine, cadaverine, spermine, and spermidine
(Sekiguchi et al. 2004). Accordingly, an efficient flow injection
analysis device (lower detection limit of 1 pM) was produced
using HOD immobilized with chitosan beads (Ito et al. 2009):
the main limit was the elaborated device and the storage stabil-
ity of the reactor.

Here, we set up a prototype for a simple biosensor based on
recombinant HOD, both the wild-type and the P143M variant
obtained by site-saturation mutagenesis on selected positions
identified by a rational approach. The HOD-based biosensors
showed a good sensitivity and selectivity with respect to
biogenic amines present in a food specimen. The biosensor
employing the P143M HOD variant exhibited a higher affinity
for histamine than did the wild-type HOD. Furthermore,
P143M HOD showed less substrate inhibition by tyramine.
We should note that the cross-linking methods used to immo-
bilize enzymes on biosensors are likely to induce a slight loss
in enzyme substrate specificity (Vasylieva et al. 2013). In our
hands, biosensors prepared with wild-type or P143M HOD
cross-linked with PEGDE did not show any significant differ-
ence in sensitivity or in selectivity. The HOD-based biosen-
sors were successfully employed to analyze fish samples,
yielding increases in histamine values in good agreement with
those obtained by HPLC analysis but in only a few seconds vs.
7 and 12 min in (Hibi and Senda 2000; Iwaki et al. 2002), and
with a significant decrease in the cost per analysis. Indeed, the
detection limit was 0.5 mg/100 g wet tissue, ten-fold lower
than previous report (Hibi and Senda 2000).

In conclusion, the HOD-based biosensor provides an at-
tractive method to quickly estimate histamine content in food
preparations that do not contain high concentrations of dopa-
mine or serotonin. In particular, the biosensor can efficiently
detect changes in histamine concentration when the fish is
decaying.
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