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Abstract

Pseudomonas putida W619 is a soil Gram-negative bacterium commonly used

in environmental studies thanks to its ability in degrading many aromatic

compounds. Its genome contains several putative carbohydrate-active enzymes

such as glycoside hydrolases and lytic polysaccharide monooxygenases

(PMOs). In this study, we have heterologously produced in Escherichia coli and

characterized a new enzyme belonging to the AA10 family, named PpAA10

(Uniprot: B1J2U9), which contains a chitin-binding type-4 module and showed

activity toward β-chitin. The active form of the enzyme was produced in E. coli

exploiting the addition of a cleavable N-terminal His tag which ensured the

presence of the copper-coordinating His as the first residue. Electron paramag-

netic resonance spectroscopy showed signal signatures similar to those

observed for the copper-binding site of chitin-cleaving PMOs. The protein was

used to develop a versatile, highly sensitive, cost-effective and easy-to-apply

method to detect PMO's activity exploiting attenuated total reflection-Fourier

transform infrared spectroscopy and able to easily discriminate between differ-

ent substrates.
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1 | INTRODUCTION

Polysaccharide monooxygenases (PMOs) are copper-
dependent redox enzymes currently divided into eight
families of auxiliary activity (AA) enzymes (AA9–AA11
and AA13–AA17) in the Carbohydrate-Active EnZYmes

database (http://www.cazy.org/).1,2 Since their discovery
in 2010,3 an increasing number of PMOs from diverse
organisms has been identified, encompassing a broad
substrate specificity which includes chitin, cellulose,4

hemicelluloses,5,6 starch,7 and even homogalacturonan.8

PMOs thus carry out oxidation of recalcitrant biopoly-
mers in an O2 and electron-dependent process, helping
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chitinases and cellulases9–11 and reducing the required
amount of enzymatic cocktails for industrial degradation.
For this reason, these enzymes have attracted extensive
research focused on their fundamental chemical and
biochemical properties, in the view of industrial exploita-
tion.12,13 The active site of these enzymes is solvent-
exposed and contains a mononuclear copper ion coordi-
nated by an N-terminal histidine along with the side
chain of a second histidine, generating a T-shaped config-
uration known as the histidine brace (Figure 1).14,15

Despite substantial effort in the investigation of the
physico-chemical properties of PMOs active-site and
numerous studies focused on their activity, some aspects
of their reaction mechanism remain unclear.4,9 Further-
more, the insoluble nature of these biopolymers hinders
the use of routine biochemical analysis methods, which
typically require homogenous conditions. Recent studies
showed that PMOs utilize either O2 or H2O2 as co-
substrates16–18 and the quantification of H2O2 has been
often used to indirectly determine PMO activity.19 Alter-
natively, activity measurements rely on the identification
of soluble oligosaccharides which are released following
the PMO activity on the complex biomasses, such as in
the case of the kinetic analysis made on a 14C-labelled
substrate,17 while other methods are based on the spec-
troscopic quantitation of a colored pyrocatechol–Ni2+

complex17,20,21 or a dimer product named coe-
rulignone.22,23 Traditionally, PMOs activity is analyzed
by modern liquid chromatography and mass spectrome-
try methods, however continuous developments in
research on PMOs and other carbohydrate-active redox
enzymes will require an expanded repertoire of screening
methods able to detect a wider range of products.24 While
these homogeneous assays may be used as a probe for
PMO activity, they do not give information on the reac-
tion kinetics with native, heterogeneous PMO substrates.
Nevertheless, the use of the natural substrate is funda-
mental to prevent protein deactivation, which has been
shown to affect the results of the assay.25–27 Despite the

availability of numerous studies focused on enzyme pro-
duction processes, sensitive, cost-effective and easy-to-
apply method to detect PMO activity and to discriminate
between substrates has yet to be developed. In this con-
text, we describe here a simple, versatile, and sensitive
assay for the assessment of PMO activity and substrate
specificity using attenuated total reflection-Fourier trans-
form infrared (ATR-FTIR) spectroscopy.

A new bacterial enzyme active on chitin, that is, the
monomeric putative PMO from P. putida W619 (PpAA10
hereafter), was produced in Escherichia coli, character-
ized with spectroscopic and mass spectrometry tech-
niques and used as model system in order to develop and
test the above-mentioned activity assay.

2 | RESULTS AND DISCUSSION

2.1 | Production and purification of
PpAA10

The successful cloning of the expression vector into
E. coli DH5α cells and the subsequent transformation of
E. coli BL21(DE3) cells were confirmed by colony PCR.
Figure S1a shows the results of DNA gel electrophoresis
where a band between 750 and 1,000 base pairs (bps) can
be observed, corresponding to the expected length of
927 bps of the PpAA10-pLATE52 construct. The recombi-
nant PpAA10 protein was then produced on a large scale
and purified by affinity chromatography. SDS-PAGE of
the eluted protein (Figure S1b, lane 3) shows a high
degree of purity, since only one band at 25 kDa is visible,
which is consistent with the expected molecular mass of
PpAA10 (see below). The same figure (lanes 1 and 2)
depicts the digestion of PpAA10 by the WELQut®

enzyme, necessary to obtain the active form of the pro-
tein. The assay reveals the dependence of the cleavage
efficiency on the chosen conditions and confirms the
expected molecular weight of 21.9 kDa of the mature

FIGURE 1 (a) Scheme of the

copper histidine brace highlighting the

T-shaped coordination geometry in the

Cu(I) state (R = Me or H, depending on

the PMO family considered). (b) X-ray

structure of the Cu(II) resting state of

the Enterococcus faecalis AA10 PMO

(PDB 4ALC) showing the Cu(II) resting

state coordination geometry, with the

two exogenous H2O ligands (red

spheres) and several distal residues

conserved in the AA10 family
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PpAA10 after the cleavage. The presence of a single band
in the sample prepared with a ratio WELQut® enzyme/
protein of 1:50 (Figure S2b, lane 2) demonstrates that the
final sample is pure and homogeneous. The bands from
the above-mentioned gel were extracted, digested with
trypsin and analyzed via ESI-MS/MS spectrometry. Theo-
retical molecular masses of the undigested and digested
PpAA10 estimated with Expasy ProtParam tool, are
25,014.84 and 21,908.40 Da, respectively. Peptide mass
fingerprint was carried out with MASCOT search engine,
which yielded 44%–86% coverage for different sequences.
In particular, tryptic peptides from the mature form of
PpAA10 after His-tag removal, showed a sequence cover-
age of 69% thus confirming the identity of the protein
(Figure S2). The MS/MS of the 398.7202 m/z spectrum
([M + 2H+]) corresponding to a molecular mass of
759.4239 Da for the N-terminal peptide HGSIASPK con-
firmed His as the first amino acid.

2.2 | Electron paramagnetic resonance
spectroscopy

CW X-band electron paramagnetic resonance (EPR) spec-
troscopy in frozen solution was performed to investigate
the electronic structure of the Cu(II) active site of
PpAA10. Initially, a spectrum collected at pH 7.0 revealed
the presence of a mixture of two contributions and
intense superhyperfine features in the gx/gy region of the
spectrum (B �320 mT). However, when the pH was
lowered to 5.0, a single rhombic signal (gx < gy < gz) was
obtained without resolved superhyperfine coupling

(Figure 2a). For this species, herein referred as Species
1, accurate determination of the EPR parameters was
only possible for the gz and Cu jAzj values (gz = 2.257;
jAzj = 123 � 10�4 cm�1) but not for those of the gx/gy
region. However, a good fitting of the experimental spec-
trum was obtained with gx = 2.02, gy = 2.11,
jAxj = 73 � 10�4 cm�1 and jAyj = 28 � 10�4 cm�1 and
with the inclusion of the three nitrogen ligands coupling,
with an isotropic coupling (Aiso

N) of about
12 � 10�4 cm�1. These EPR parameters are consistent
with a distorted square pyramidal geometry in which the
SOMO has a prevalent d(x2 – y2) character, with a certain
degree of d(z2) mixing., as previously reported for other
AA10 PMOs.30–32

To evaluate a possible role of pH in the formation of
the second species, herein denoted as Species 2, a pH
titration in the range 5.0–9.5 was performed. Upon
increasing the pH, Species 1, with predominant rhombic
character, progressively converted into Species 2, charac-
terized by axial features, suggesting a change in the over-
all Cu coordination geometry (Figure 2b). The relative
amounts of the two contributions at each pH value are
reported in Table S1, revealing a pKa of 6.6–6.8 (see
Figure S3 for a graphical representation). Species 2 shows
axial EPR parameters consistent with a square planar
geometry with little d(z2) mixing. An jAzj value of
187 � 10�4 cm�1 and a gz value of 2.233 were accurately
simulated for the spectrum acquired at pH 8.5 (Figure 2C
and Figure S4). The spectrum reveals also a strong “over-
shoot” feature in the gx/gy region, which is the conse-
quence of the combination of a very large jAzj value and
a low gz value. Again, a good fitting of the experimental

FIGURE 2 (a) X-Band

(9.28 GHz, 170 K) CW EPR spectrum

(black) and simulation (red) of

PpAA10 at pH 5.0. (b) X-band CW

EPR spectra of PpAA10 at different

pH values. (c) X-band CW EPR

spectrum (black) and simulation

(red) of PpAA10 at pH 8.5. Enzyme

concentration was 0.21 mM in a

10 mM sodium acetate, 10 mM MES,

10 mM HEPES, 10 mM TRIS, 10 mM

CHES, and 200 mM NaCl multi-

buffer solution
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spectrum was obtained with gx = 2.04, gy = 2.05,
jAxj = 20 � 10�4 cm�1, jAyj = 17 � 10�4 cm�1 and
including the coupling of two nitrogen ligands with an
isotropic coupling of about 12 � 10�4 cm�1 and with a
Cl� ion with an isotropic coupling of about
15 � 10�4 cm�1 (Figure 2c and Figure S4). The intense
superhyperfine coupling pattern in the gx/gy region
allowed a more reliable estimation of the ligand super-
hyperfine coupling values with respect to the low pH spe-
cies; the obtained values are consistent with the values
reported in literature for sp2 nitrogen atoms33 and Cl�

ligands.34 On the other hand, an alternative fit of the sup-
erhyperfine features of equivalent quality could be
obtained including a third N ligand atom in place of the
Cl�, but only if an Aiso

N of �15 � 10�4 cm�1 was allowed
in the simulation. However, this value is significantly
higher with respect to the typical nitrogen couplings
(Aiso

N of 11–12 � 10�4 cm�1) observed in LPMO enzymes
and therefore difficult to justify with the available experi-
mental data.32,35 The EPR parameters of both PpAA10
forms fall in the range reported in the literature for other
AA10s containing a type II copper center (Table S2).
Interestingly, in the Peisach�Blumberg plot36 (Figure S5)
chitin-active AA10s are clustered around PpAA10 and
share a conserved phenylalanine near the copper center,
which is expected to be present also in PpAA10 from
sequence analysis (Figure S6). Moreover, the distorted
geometry of Species 1 is consistent with the coordination
of one or two water molecules residing out of the plane
defined by the histidine brace (Figure 1b), as shown for
other AA10s by spectroscopic and structural stud-
ies.30-32,35 The formation of Species 2 may arise from two
processes: the replacement of a copper-coordinating
water molecule by a Cl� ion from the buffer, or the
deprotonation of a Cu(II)-bound water molecule to give
an hydroxide ion ligand or the coordination to the
Cu(II) of a distal residue, triggered by a protein confor-
mational change. The only distal residue that could act as
a ligand for Cu(II) is the Glu36; however, in the available
AA10 PMO X-ray structures, this residue is generally
positioned too far away from the metal to form a bond
(�5 Å) without a significant structural change of the
enzyme structure.

The presence of multiple species in the resting state
EPR spectrum of another AA10 LPMO (Streptomyces
lividans AA10E, or SlAA10E) at pH 7.0 was also reported
by Chaplin et al.37 They suggested that the second species
could arise from a chloride ion from the buffer solution
binding to the Cu(II) on the basis of its gz = 2.23, which
they found similar to the one determined for another
AA9 PMO with a Cl� acting as the exogenous ligand on
Cu(II).34 The gz and jAzj values determined for Species
2 in PpAA10 are similar to those reported for the minor

species of SlAA10E, as reported in Table S2, therefore
supporting the chloride ligation hypothesis. However, a
detailed investigation of the pH dependence of the
Cu(II) coordination sphere is beyond the scope of this
work and it will be the subject of more detailed future
studies.

2.3 | MALDI-TOF assays

PMOs break down glycosidic bonds of polysaccharides
with an oxidative mechanism, producing soluble oligo-
saccharides with different degrees of polymerization and
specific chain-end modifications.38 From its sequence
similarity with other members of the AA10 family,
PpAA10 was expected to be active on chitin. Therefore,
α- and β-chitin were employed as substrates for this
assay. The protein showed clear activity on β-chitin with
the formation of C1-aldonic acids identified in the matrix
assisted laser desorption Ionisation coupled to a time of
flight analyser (MALDI-TOF) mass spectrum as the
mono- or di-sodium adducts, although smaller peaks for
the mono-sodium unopened lactone were also identified
(Figure 3). No enzymatic activity on α-chitin was
detected.

2.4 | ATR-FTIR spectroscopy assay

The MALDI-TOF analysis of the products from the enzy-
matic activity demonstrated that PpAA10 is a PMO able
to oxidize β-chitin and to produce soluble oxidized oligo-
saccharides. Therefore, this enzyme was used as a model
system to develop a new activity assay based on ATR-
FTIR spectroscopy, to detect the release of these oligosac-
charides in the solution. Figure S7 summarizes the key
steps involved in the sample preparation and reaction
products analysis (see Section 4 for the details of the pro-
cedure). Briefly, β-chitin was incubated with the enzyme
and ascorbic acid (AA; used as reducing agent) for 24 h,
then the excess of insoluble substrate was removed from
the reaction mixture by centrifugation. A sample of the
supernatant solution was then deposited on the ATR
crystal and dried with air, before recording the IR
spectrum.

As a preliminary step, the spectrum of β-chitin powder
was collected to identify the spectral fingerprints of this
polysaccharide and therefore be able to compare it with
the spectra of the digested samples. Figure 4a shows the
spectra of β-chitin (black line), the digestion supernatant
(blue line) of the reaction mixture prepared with β-chitin,
PpAA10 and AA, together with two supernatants from
the control samples: one obtained without addition of
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PpAA10 to the reaction mixture (AA supernatant; red
line) and the other without addition of β-chitin (PpAA10
supernatant grey line). The IR spectrum of β-chitin can be
analyzed considering two different regions of the spec-
trum, namely the “sugar fingerprint” region (1,500–
950 cm�1), which is fundamental for the identification
and the structural characterization of polysaccharides,
and the region of the functional groups (2,500–
3,600 cm�1), which gives information on the crystallinity
of the sample. The fingerprint region contains bands
assigned to sugar ring C C and C O vibration modes
(1,109 and 1,064 cm�1, respectively), as well as the anti-
symmetric stretching of C1 O C4 moiety of the glyco-
sidic linkage in chitin (1,154 cm�1).39–41 Other
characteristic peaks include the C═O stretching (amide I
1,637 cm�1) and the C N stretching modes, together with
the N H bending (amide II 1,545 cm�1) of the chitin
acetylamide group.42 A further band of CH2 scissoring at
1,430 cm�1 is known as a marker of crystallinity.40

Finally, the bands between 3,400 and 3,270 cm�1 are
attributed to O H and N H stretching, respectively of
the C═O----H N or C═O----H O moieties for the intra-
sheet hydrogen bond in crystalline chitin.42,43 The spec-
trum of the digestion supernatants shows the same finger-
print features (the bands at 1,154, 1,109, and 1,064 cm�1),

which are consistent with the presence of oligosaccha-
rides produced by the lytic action of PpAA10 on β-chitin
(Figure 4a, blue line), in agreement with the MALDI-TOF
results presented above (Figure 3). Indeed, the shape of
the fingerprints peaks of β-chitin and its oligosaccharides
are expected to be conserved upon digestion, despite some
changes in the 3,200–3,400 cm�1 region due to alteration
of the hydrogen bonding network with respect to crystal-
line β-chitin.41 The absence of the water solvent allows a
clear visualization of the sugar spectral bands, however
the intense band at 3300 cm�1 can be attributed to the
small amount of water retained within the samples after
the drying step, which also hampers a detailed analysis of
the region 3,200–3,400 cm�1 of the spectrum. These oligo-
saccharides are composed of N-acetyl-glucosamines
(NAGs) units with different degree of polymerization,
which are among the most abundant soluble degradation
products of β-chitin digested by PMOs.3 The bands at
1,637 cm�1 and 1,545 cm�1 can therefore be assigned to
the acetyl groups of NAGs, in particular to C═O and
N H vibrations, respectively. The presence of the latter
band indicates that no deacetylation of NAG occurred
during digestion.42 Furthermore, the band at 1,730 cm�1

can be assigned to the C═O stretching of the hydrogen-
bonded carboxylic acid groups ( COOH) of aldonic acid

FIGURE 3 MALDI-TOF spectrum of reaction products of PpAA10 activity on β-chitin from squid pen. DPn stands of degree of

polymerization; DPnal aldonic acid; DPn�2 aldonolactone form (measured molecular weight in Da). Reaction products are detected as

sodium adducts. DP4�2 + Na+ (852.5), DP4al + Na+ (869.5), DP4al + 2Na+ (891.5), DP5�2 + Na+ (1,054.5), DP5al + Na+ (1,072.9),

DP5al + 2Na+ (1,098.6), DP6�2 + Na+ (1,257.7), DP6al + Na+ (1,275.7), DP6al + 2Na+ (1,297.6), DP7�2 + Na+ (1,460.8), DP7al + Na+

(1,478.7), DP7al + 2Na+ (1,500.8), DP8�2 + Na+ (1,663.9), DP8al + Na+ (1,681.9), and DP8al + 2Na+ (1704.9). The inset shows an expansion

of the DP6 region of the mass spectrum, highlighting the three main reaction products
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moieties, generated in the oligosaccharides by the oxida-
tive action of the enzyme (Figure 4a, blue line).35,44 This
feature is characteristic of the oxidized oligosaccharide
and therefore a marker of the PMO activity. Conversely,
in case of C4-specific PMOs activity we would not expect
the band at 1,730 cm�1 due to the conversion of the
ketoaldose into a gemdiol aldose lacking of any carbon-
ylic or carboxylic groups. Finally, the spectra obtained
for the control samples AA and PpAA10 supernatants
(Figure 4a, red and grey traces, respectively) only dis-
play low intensity and broad bands, which do not
show the sugar features of the digested samples. Alto-
gether, these observations indicate that chitin degrada-
tion by PMOs can readily be monitored by ATR-FTIR
spectroscopy.

In order to corroborate the bands assignment in the
digested sample, ATR-FTIR measurements were also per-
formed on control solutions containing NAG3 and NAG6

chito-oligosaccharides (Figure 4b). The spectra of both
oligosaccharides feature the same pattern in the sugar
fingerprints region, with the bands at 1,157, 1,113, and
1,064 cm�1 that are superimposable with those found in
the spectra of the digested supernatants. On the other
hand, here the carboxylic acid C═O stretching
(1,730 cm�1) is not present, as these native oligosaccha-
rides are not oxidized at position C1 of the ring. More-
over, the spectra of the native oligosaccharides differ
from that of the solid β-chitin particularly in the 3,200–
3,400 cm�1 region. In fact, chitin crystal structures reveal
that the chitin chains are organized in sheets where they
are tightly held by a number of intra-sheet hydrogen
bonds.45 Therefore, in solid chitin the vibration bands at
3,200 cm�1 and 3,400 cm�1 for N H and C═O
stretching, respectively, are attributed to full inter-
molecular C O----H N or C═O----H O intra-sheet
hydrogen bonding.42,43 Conversely, the action of PpAA10
produces a blend solution of oligosaccharides (digested
samples) (DP4–DP8 from MALDI-TOF analysis,
Figure 3) that gives rise to a different pattern of bands at
3200 and 3,440 cm�1 similar to the ones for NAG3/6, most
probably due to the vibrations of the free O H and N H
groups. Because of this variability, in order to discrimi-
nate which substrate a specific PMO enzyme is active on,
it is more appropriate to observe the fingerprint region of
the spectrum, which unambiguously allows the identifi-
cation of the different oligosaccharides.

As a demonstration of the applicability of this
method, the activity of PpAA10 was also tested on cellu-
lose and starch as polysaccharide substrates. The spectra
of the digested supernatants (Figure 5a) show that the
enzyme is active only on β-chitin, since the
corresponding spectrum is the only one that contains the
sugar fingerprint bands. The same method was also
applied to the Aspergillus Oryzae PMO from the AA11
family (AoAA11), characterized elsewhere and with
known chitinolytic activity.46 The spectrum obtained
after an overnight reaction at 50�C, shown in Figure 5b,
reveals sugar fingerprints typical of soluble oligosaccha-
rides only in the presence of β-chitin.

Next, a scale up of the reaction on a complex polysac-
charide matrix was performed. Squid pen was washed
and ground, then used as a substrate without being sub-
jected to any aggressive treatment or purification step. A
reaction batch in the presence of PpAA10 was set up
together with a control reaction in which commercial
β-chitin was used, while the duration of the digestion
was extended to 48 h. As shown in Figure 5c, the two
spectra share the same IR spectral features, which are
indeed comparable with those of the experiments
described above, further confirming the robustness of the
proposed ATR-IR based approach.

FIGURE 4 (a) ATR-FTIR spectrum of β-chitin powder (black

line), AA supernatant (red line), PpAA10 supernatant (grey line)

and the digestion supernatant (blue line). IR bands are labeled in

the picture; of particular interest is the glycosidic bond vibration

band at 1,154 cm�1. (b) ATR-FTIR spectrum of 1 mM NAG3 (blue

line), 1 mM NAG6 (red line), and digested supernatant (black

dotted line) in water plus 1 mM ascorbic acid. The IR bands due to

the glycosidic bond are highlighted in the inset
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Finally, a comprehensive set of control samples was
prepared as well, in order to confirm the significancy of
the obtained results. Spectra of the supernatants obtained
after overnight digestion at 50�C without the addition of
substrate and without the addition of PpAA10 are sum-
marized in Figure S8. Here it can be seen that when the
protein is not active on a specific substrate, the finger-
prints region is lacking the “three bands pattern” (1,157,
1,113, and 1,064 cm�1), matching the features of the
supernatant spectrum obtained without the addition of
substrate, which is also similar to the spectrum of the
sole protein PpAA10 that did not undergo incubation at
50�C (Figure S9). Similarly, to the experiment with
PpAA10, control samples were also prepared for reac-
tions carried out with AoAA11 and the resulting spectra
are depicted in Figure S10.

3 | CONCLUSIONS

In this work, we characterized a novel chitin-active PMO
enzyme belonging to the AA10 family from the bacte-
rium P. putida. This enzyme was exploited as a model
system to develop a simple but sensitive assay for PMOs
activity and substrate specificity based on the detection of
soluble oligosaccharides as reaction products with ATR-
FTIR spectroscopy. Although being limited to the

detection of the soluble fraction of the products, this
methodology profitably supports the standard PMO activ-
ity assays. Indeed, because of its simplicity and cost-effec-
tiveness, it can be used as a first screening test to
determine possible substrates for the PMO under investi-
gation before moving to more accurate, though time-con-
suming, chromatographic or mass spectrometry methods.

4 | MATERIALS AND METHODS

4.1 | Chemicals, materials, and
microorganism strains

Oligonucleotide primers and synthetic genes were pur-
chased from Eurofins (Germany) and IDT (Integrated
DNA Technologies, Inc.), respectively. All PCR reactions
were performed using a Phusion™ High-Fidelity DNA
Polymerase (ThermoFisher). Chemicals were purchased
from Merck (Germany), Sigma-Aldrich (USA), or
Thermo Scientific (USA), if not stated otherwise.
Escherichia coli DH5α and BL21(DE3) strains (New
England Biolabs) were used for the cloning step and to
produce the recombinant PpAA10, respectively. β-chitin
from squid pen was purchased from Chitin France,
NAG3 (Triacetylchitotriose), and NAG6 (Hexacetyl-
chitohexaose) were purchased from Megazyme.

FIGURE 5 (a) ATR-FTIR spectra of the supernatants obtained after overnight digestion at 50�C of β-chitin (red), cellulose (green), and

starch (black) by PpAA10 in water in presence of 1 mM ascorbic acid. (b) ATR-FTIR spectra of the supernatants obtained after overnight

digestion at 50�C of β-chitin (red), cellulose (green), and starch (black) by AoAA11 PMO in water in presence of 1 mM ascorbic acid.

(c) ATR-FTIR spectra of the supernatants obtained after 48 h digestion at 50�C of β-chitin (red), and squid pen from a complex matrix (grey)

by PpAA10 in water in presence of 1 mM ascorbic acid and of chitinase from Streptomyces griseus

SERRA ET AL. 7



4.2 | P. putida AA10 sequence analysis

The target protein (PpAA10) was identified in the CAZy
database1 among the nearly 5,877 uncharacterized bac-
terial AA10 PMO sequences. The protein sequence
(UniProt ID: B1J2U9) is 211 amino acids in length.
While the function of the first 18 residues of the
sequence remains unknown, the amino acids 19–206
were classified by InterPro automatic annotation as a
chitin-binding domain belonging to the PMO_10
Pfamily (PF03067). Moreover, a multiple alignment of
the residues 19–211 with other characterized AA10s rev-
ealed that the histidine in position 19 corresponds to the
catalytic histidine 1 of the mature protein. The align-
ment (Figure S6) has been calculated with the Clustal
Omega bioinformatic tool.

4.3 | Gene construction and protein
production in E. coli

The nucleotide sequence of PpAA10 was taken from the
annotated genome of P. putida—strain W619 available in
the GenBank database (NC_010501.1). In order to obtain
an active PpAA10, the constitutive signal peptide was
excluded for avoiding incorrect post-translational
processing and an N-terminal cleavable His-tag sequence
was added for improving the yield and facilitating the
purification of the protein.28,29 Considering the impor-
tance of the His1, α-aminogroup and side-chain for the
copper-binding and catalysis, its cleavability was strate-
gic. Thus the gene construct coding for the mature form
of the protein, suitable for Ligation Independent Cloning
(LIC) with the aLICator® system (ThermoFisher), was
designed by adding specific 50 and 30 sequences overhang-
ing the pLATE52 vector which includes a 6xHis coding
sequence at the N-terminal. The following primers for
PCR amplification were used: Primer forward: 50—GGTT
GGGAATTGCAACATGGTTCGATTGCGAGCCCA—30;
Primer Reverse: 50 - GGAGATGGGAAGTCATTAC
TTGGCAACGAAATTGAGATCG—30. The LIC method
was applied to generate a PpAA10-pLATE52 plasmid,
which was then used to transform an aliquot of compe-
tent DH5α E. coli cells. Positive colonies were identified
by colony-PCR and grown overnight at 37�C in a shaking
incubator at 250 rpm. A minipreparation of plasmid DNA
was carried out to extract and purify the PpAA10-pLATE52
vector. The resulting construct (Figure S11) was used to
transform BL21(DE3) E. coli cells. The PpAA10 protein
was produced in BL21(DE3) E. coli cells in a 4 � 1 L of LB
culture, shaking at 250 rpm and 37�C. Once the sample
reached an OD600 of 0.8, protein expression was induced
by adding isopropyl β-D-1-thiogalactopyranoside (IPTG) to

a final concentration of 0.5 mM, and lowering the shak-
ing speed to 200 rpm and the temperature to 25�C. The
cells were harvested after 18 h by centrifugation at 4500g
for 20 min at 4�C. The cell paste was then resuspended in
three volumes of 50 mM Tris–HCl pH 8.0, 200 mM NaCl,
30 mM Imidazole (Buffer A) and eventually sonicated on
ice with a Microson Ultrasonic cell disruptor for 45 min.
The His-tagged protein was loaded on a 5-ml HisTrap FF
Crude (Amersham Bioscience) column equilibrated in
Buffer A, then collected by gradient elution with 50 mM
Tris–HCl pH 8.0, 200 mM NaCl, 300 mM Imidazole
(Buffer B). Peak fractions were concentrated to 2 mL by
means of an Amicon Ultrafiltration apparatus with a
10 kDa molecular weight cutoff membrane filter. The
concentrated protein was loaded on a Superdex 75 col-
umn equilibrated with 50 mM Tris–HCl pH 7.5, 150 mM
NaCl for size-exclusion chromatography. Protein concen-
tration was determined by measuring the A280 nm with an
extinction coefficient of 47,440 M�1 cm�1 and a molecu-
lar weight of 25,014.84 Da for His-tagged PpAA10 (theo-
retical parameters were calculated with the ExPASy
ProtParam tool).

4.4 | Cleavage with WELQut® protease
and copper loading

In order to remove the histidine tag and the
pLATE52-specific N-terminal sequence, different condi-
tions for protein cleavage with a WELQut® Protease were
tested. Finally, large-scale cleavage of PpAA10 was car-
ried out with a 1:50 WELQut®/PpAA10 ratio at 23�C for
3 h. The sample was then passed on a 5-ml HisTrap FF
Crude (Amersham Bioscience) column to remove the
WELQut® protease and the residual uncleaved PpAA10.
The efficiency of the reaction was assessed by SDS-PAGE,
while protein concentration was determined by measur-
ing the A280 nm with an extinction coefficient of
41,900 M�1 cm�1 and a molecular weight of 21,908.4 Da
(theoretical parameters were calculated with the ExPASy
ProtParam tool). Finally, the protein was copper loaded
by adding three equivalents of CuSO4�5H2O, for 1 h at
room temperature. The mixture was then applied to a
G25 Sephadex column material to remove the Cu in
excess. The eluted protein was used for further analysis.

4.5 | EPR spectroscopy

Continuous wave (CW) X-band EPR spectra of PpAA10
samples in frozen solution were acquired on a Bruker
micro EMX spectrometer operating at �9.30 GHz and
170 K, with a modulation amplitude of 4 G and microwave

8 SERRA ET AL.



power of 10.02 mW. EPR spectra were collected at differ-
ent pH values and protein concentrations, before and after
addition of substrate. The PpAA10 concentration was
0.21 mM in 50 mM TRIS buffer, 200 mM NaCl, pH 7.0.
For the titration experiments, the buffer was exchanged to
a “multibuffer” solution containing sodium acetate, MES,
HEPES, TRIS, and CHES (10 mM each), 200 mM NaCl
and the pH adjusted with small additions of 1 M HCl or
1 M NaOH solutions. The pH was monitored directly into
the protein sample solution using an InLab® micro pH
electrode from Mettler Toledo connected to a Radiometer
Analytical ION450® pH-meter calibrated by standard
buffer solutions at pH values of 4.01, 7.00, and 10.01. Spec-
tral simulations were performed using the software Eas-
yspin 5.2.18 integrated into MatLab 2017a.47

4.6 | Activity assays

PpAA10 was incubated with β-chitin. Protein activity was
assessed by analyzing oxidized products with MALDI-TOF
mass spectrometry. One hundred microliter digestion reac-
tions were set up with 0.2% w/v substrate, 1 μM PpAA10,
10 mM ammonium acetate pH 6.0 and 1 mM
AA. Reaction tubes were incubated overnight at 30�C,
shaking at 250 rpm. The solid substrate was then removed
by centrifugation for 5 min at 14,000 rpm at 4�C and the
supernatant was collected for subsequent analysis. Sam-
ples for MALDI-TOF analysis were prepared by mixing
1 μl of the supernatant liquid with an equal volume of a
solution of 10 mg/ml 2,5-dihydroxybenzoic acid in 50% v/v
acetonitrile, 0.1% v/v trifluoroacetic acid directly on a
SCOUT-MTP 384 target plate (Bruker). The spotted sam-
ples were then allowed to dry on the bench for 10–15 min
before performing the mass spectrometry measurements
on an Ultraflex III MALDI-TOF instrument (Bruker).

4.7 | ATR-FTIR spectroscopy

Reaction samples were prepared by suspending 1 mg of
β-chitin in 100 μl of an unbuffered aqueous (Milli-Q®)
solution containing 1 mM AA and 1 μM PpAA10. Reac-
tion tubes were incubated at 50�C and 250 rpm over-
night. The digested suspension was then centrifuged at
14,000 rpm for 5 min to separate the unreacted solid
β-chitin. An aliquot of 4 μl of the supernatant, which
contains the oligosaccharides produced by digestion of
β-chitin by PpAA10 (digested supernatant hereafter),
was loaded on the crystal and air dried for 5 min to
eliminate water. In addition, two control samples were
prepared following the same procedure as above: one

was obtained without addition of PpAA10 to the reac-
tion mixture, thus containing only AA, as chitin is insol-
uble in water; and the other one without addition of
β-chitin, containing PpAA10 and AA, but not the
processed substrate. ATR-FTIR spectra were collected
using a Perkin Elmer Spectrum TWO UTR-FTIR with
PerkinElmer® Spectrum IR software, version 10.6.0.893.
To improve the signal-to-noise ratio for each spectrum,
32 interferograms with a spectral resolution of ±4 cm�1

were averaged. Background spectra, which were col-
lected under identical conditions, were subtracted from
the sample spectra.48–50
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