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Palm tree peroxidases are known to be very stable enzymes and the peroxidase from the Chamaerops
excelsa (CEP), which has a high pH and thermal stability, is no exception. To date, the structural and
molecular events underscoring such biochemical behavior have not been explored in depth. In order to
identify the structural characteristics accounting for the high stability of palm tree peroxidases, we
solved and refined the X-ray structure of native CEP at a resolution of 2.6 A. The CEP structure has an
overall fold typical of plant peroxidases and confirmed the conservation of characteristic structural el-
ements such as the heme group and calcium ions. At the same time the structure revealed important
modifications in the amino acid residues in the vicinity of the exposed heme edge region, involved in
substrate binding, that could account for the morphological variations among palm tree peroxidases
through the disruption of molecular interactions at the second binding site. These modifications could
alleviate the inhibition of enzymatic activity caused by molecular interactions at the latter binding site.
Comparing the CEP crystallographic model described here with other publicly available peroxidase
structures allowed the identification of a noncovalent homodimer assembly held together by a number
of ionic and hydrophobic interactions. We demonstrate, that this dimeric arrangement results in a more
stable protein quaternary structure through stabilization of the regions that are highly dynamic in other
peroxidases. In addition, we resolved five N-glycosylation sites, which might also contribute to enzyme

stability and resistance against proteolytic cleavage.
© 2015 Elsevier B.V. and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.
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1. Introduction intermediate enzyme forms, and is known as the Poulos—Kraut

mechanism, which plays a key role in several metabolic responses

Peroxidases (EC 1.11.1.7; donor: hydrogen peroxide oxidore-
ductase) are heme proteins that catalyze the oxidoreduction of a
broad variety of peroxides. Most commonly, peroxidases catalyze
the oxidation of organic substrates, while reducing H,0, to water.
This process involves multiple-reactions and a number of
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of all peroxidases [ 1]. Peroxidases are important for many biological
responses and processes, such as defense against pathogenic mi-
croorganisms, cell wall formation, and lignification [2].

The peroxidase superfamily includes animal and non-animal
peroxidases, and the latter are generally subdivided into three
classes, all sharing a similar three-dimensional fold despite their
low amino acid sequence identity [3,4]. Class I includes intracellular
enzymes, such as plant ascorbate peroxidases, yeast cytochrome c
peroxidases and bacterial catalases. Class Il is composed of secreted
peroxidases encoded exclusively by fungal organisms, including
lignin peroxidase and Mn®*-dependent peroxidases. Finally, Class
Il consists of secreted plant peroxidases with molecular weights
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between 28 and 60 kDa [3,5]. The Class Il plant peroxidases
perform a number of functions, e.g.: lignin and suberin formation,
the cross-linking of cell wall components, and the synthesis of
phytoalexins [6].

It is generally accepted that only Class I enzymes are able to form
multimers (dimers and tetramers) while the enzymes of other
classes are monomeric and glycosylated. At the same time, multi-
merization is a very common feature of many mammalian peroxi-
dases that exert their functions as dimers [7,8]. Despite the
physiological importance of this phenomenon, little information is
available about the multimerization of plant peroxidases. A dimeric
structure for recombinant horseradish peroxidase has been re-
ported previously in micellar systems [7] and water solutions [9],
but it has not been observed for the native enzyme. Dimerization
affects enzyme stability, activity and the immobilization of physical
surfaces [9]. The absence of dimeric quaternary structures of native
peroxidase was explained in terms of the high degree of its glyco-
sylation. Heavy glycosylation and enzyme dimerization were also
proposed to be the molecular events accounting for the greater
stability of palm tree peroxidases [10,11]. Once the peroxidases
from the leaves of tropical plants, such as palm trees, were shown
to have high stability, it became crucial to study the quaternary
structure of these enzymes. The high stability of the palm tree
peroxidases makes them ideal for biotechnological applications
and of direct interest to the industry. That is why it became crucial
to establish their structure as it impacts immobilization. However,
the increased stability of proteins is frequently not a consequence
of a single mechanism but instead involves a combination of several
factors, including disulfide bond formation, multimerization and
glycosylation [10,12].

Structurally, peroxidases are mainly composed of a-helices and
can be divided into two domains: one containing the heme group,
and the other with a ferriprotoporphyrin prosthetic group, both
located inside of a hydrophobic pocket [13].

Class I peroxidases are not glycosylated, whereas the second and
third classes are glycosylated peroxidases with 2—8 N-linked gly-
cans known to contribute to the protein stabilization [ 14]. Similarly,
Class I peroxidases do not contain any disulphide bonds or calcium
ions. However, all cysteine residues present in Class II and III en-
zymes form disulfide bonds, conferring those enzymes higher ri-
gidity. Class Il peroxidases also show two calcium-binding sites that
have important structural and functional roles. Despite the differ-
ences between the peroxidase subfamilies, their similar 3D fold is
preserved [13].

To date, several peroxidases from tropical palm-trees — Elaies
guineensis, Roystonea regia, Trachycarpus fortunei and Chamaerops
excelsa (T. fortunei) — have been isolated and characterized [ 15—18].
These are structurally and functionally stable enzymes that exhibit
higher thermal stability within a broad pH range and in the pres-
ence of denaturing agents in comparison to the well-studied
horseradish peroxidase (HRP), soybean seed-coat peroxidase
(SBP) and anionic peanut (Arachis hypogaea L.) peroxidase. It has
been demonstrated that CEP is a highly stable enzyme over a pH-
range of 2.5—10.0, with no noteworthy changes in enzymatic ac-
tivity [19,20]. Since enzymes that tolerate extreme pH and tem-
perature conditions are important for various biotechnological
applications, the commercial use of such peroxidases is of major
interest, especially in the biocatalysis industry. Indeed, assays using
modified electrodes of adsorbed anionic royal palm tree peroxidase
(RPTP), anionic sweet potato peroxidase (SPP) and cationic horse-
radish peroxidase (HRP-C) as biosensors for the detection of
hydrogen peroxide revealed that the RPTP-based electrodes are
more sensitive and exhibit a wider linear range and a higher storage
stability [21]. Accordingly, the unique catalytic and stability profile
of these palm peroxidases is testimony to their potential as

biocatalysts and biosensors for other biotechnological applications
[22—24].

Although the three-dimensional structures of a considerable
number of peroxidases have been determined, to date only a few of
those belong to Class Il plant peroxidases: horseradish [25], peanut
[26], barley [27], thale cress [28], soybean [29] and royal palm tree
[15]. Despite this, the exact structural features responsible for the
improved properties of the palm tree peroxidases as compared to
other plant peroxidases remain obscure.

In the present work, we solved the three-dimensional X-ray
crystallographic structure of a Class Il plant peroxidase isolated
from the leaves of the palm tree C. excelsa (CEP) and compared it to
other available peroxidase structures. Additionally, the new qua-
ternary structure identified for CEP and for royal palm tree perox-
idase (RPTP) [15] offers possible explanations for their high thermal
stability. Our results provide new insights into the structur-
e—function relationships of plant peroxidases and their quaternary
structures.

2. Materials and methods
2.1. Enzyme purification

CEP was purified from the palm tree C. excelsa as described
previously [30]. Briefly, leaves (1820 g) from a three-year-old palm
tree were milled and homogenized in 7.28 1 distilled water for
22—-24 h at room temperature. Excess material was removed by
vacuum filtration and centrifugation (10, 000 g, 277 K for 15 min).
Pigments were extracted by phase separation over approximately
20 h at 277 K after the addition to the supernatant of solid PEG at
14% (w/v) and solid ammonium sulfate at 10% (w/v). Two phases
were formed after the addition of ammonium sulfate: an upper
polymer phase (dark brown in color) containing pigments, phenols,
polyphenols, oxidized phenols and PEG, and a lower aqueous phase
(yellow in color) containing peroxidase. Each phase consisted of
50% of the initial volume. These phases were separated and the
phase containing peroxidase activity was centrifuged. The clear
supernatant containing peroxidase activity was titrated with
ammonium sulfate to a conductivity value of 232 mS cm~! and
applied on a phenyl-Sepharose column (1.5 x 35 cm) equilibrated
with 100 mM phosphate buffer, pH 6.5, with 1.7 M ammonium
sulfate, with the same conductivity as the sample. The enzyme was
eluted with 100 mM phosphate buffer, pH 6.5, plus 0.2 M ammo-
nium sulfate at a flow rate of 1 ml min~. 15-ml fractions were
collected and those showing peroxidase activity were dialyzed
against 5 mM Tris buffer, pH 9.3, for 72 h with constant stirring at
277 K. These fractions were membrane-concentrated (Amicon,
10 kDa cutoff) to 15 ml and applied on a TSK-Gel DEAE-5PW column
(1 x 30 cm) equilibrated with 5 mM Tris buffer, pH 9.3. Elution was
carried out with a linear 0—300 mM Nacl gradient in the same
buffer at a flow rate of 1 ml min~ The fractions with peroxidase
activity were collected, membrane-concentrated (Amicon, 10 kDa
cutoff) and applied on a Superdex-200 column equilibrated with
5 mM Tris buffer, pH 9.3. Elution was carried out in the same buffer
at a flow rate of 1 ml min~". Finally, the peroxidase was dialyzed
against distilled water and freeze-dried.

Protein purity and quality were analyzed by native and dena-
turing polyacrylamide gel electrophoresis (PAGE), using gel con-
centrations in a gradient of 8%—25% and 15% SDS, respectively, as
well as by UV-—visible spectrophotometry (RZ = Agps/
Asgo = 2.8—3.0). Analysis of the oligomeric state and polydispersity
of the enzyme at three different concentrations was carried out by
dynamic light scattering (DLS), using the Zetasizer uV (Malvern
Instruments Ltd.). Measurements of as minimum of 13 data points
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at 293 K were taken in triplicate from enzyme solutions of 2.5, 5
and 10 mg ml~ 1,

2.2. Crystallization and data collection

The lyophilized purified peroxidase, isolated from C. excelsa
palm tree, was re-suspended in 50 mM Tris buffer at pH 8.0 to a
final concentration of 10 mg ml~. Crystals were obtained using the
hanging-drop vapor diffusion technique in 0.17 M ammonium
sulfate, 0.085 M Tris, pH 8.0, 17% PEG MME 2000 and 15% glycerol,
as previously described [30]. The diffraction data were collected at
the MX2 beamline [31] of the Brazilian National Synchrotron Lab-
oratory (LNLS, Campinas, Brazil) using a Marmosaic225 detector
and monochromatic synchrotron radiation with a wavelength of
1.4586 A. The data, which extended to a resolution of 2.6 A, were
integrated and scaled with the XDS program [32]. The crystals
belonged to the P212¢21 space group, with unit cell parameters of
a=702A b=1007 A, c =132.3 A [30].

2.3. Molecular replacement, model building and structure
refinement

The crystallographic structure was determined by molecular
replacement (MR) with the Phaser program [33], using the atomic
coordinates of the royal palm tree R. regia peroxidase (RPTP, PDB id
3HDL) [15] as template. With 87% of sequence identity, the search
model was manipulated prior to MR rotation and translation
functions in order to remove non-bonded atoms, covalently
attached carbohydrates, and the heme group.

The 2F, — F. electron density map calculated from the unique
solution of the top rotation and translation searches revealed a
clear and contiguous electron density for the protein and active site
molecules not included in the search model. Model building and
refinement was carried out using Coot [34]. Cycles of restrained
refinement with the Refmac5 [35] were initially carried out using
overall temperature factors and later with isotropic atomic tem-
perature factors. Water molecules were added using Arp/wArp [36]
and the stereochemical quality of the model was validated with the
MolProbity program [37]. The statistics of the refined structures are

Table 1
Data collection and refinement statistics. Values in parenthesis refer to the outer
shell.

Data collection Peroxidase
Wavelength/beamline 1.4586/MX2, LNLS
Space group P212124

Unit cell dimensions (A)
Resolution (A)

70.18; 100.65; 132.31
80.11-2.60 (2.69—2.60)

Number of unique reflections 29,525 (5779)
Mosaicity (°) 0.5
Multiplicity 43 (4.3)
Completeness (%) 90.1 (91.8)
Rumerge * (%) 10.1 (55.3)
Wilson B-factor (A?%) 43.82
Mean I/a(I) 10.54 (3.83)
Refinement
Rwork/Rfree b (%) 2]8/246
R.m.s. deviations

Bond lengths (A) 0.021

Bond angles (°) 1.760
Ramachandran outliers (%) 0
PDB ID 4USC

? Rmerge = Y hkl 371 [li(hkl) — <I(hkl)>|/3>"hkl S7i |li(hkl), where <I(hkl)> is the
mean I(hkl) over symmetry-equivalent reflections.

" Reactor/Riree = S hkl |Fobs — Featcl/>"hkl |Fops|, where Fops and Feac are the observed
and calculated structure factors respectively. Reee Was calculated using 5% of the
total reflections, which were chosen randomly and omitted from the refinement.

given in Table 1. The visualization and all representations of the
structures were carried out using PyMol (The PyMOL Molecular
Graphics System, Version 1.2r3pre, Schrodinger, LLC).

3. Results and discussion
3.1. Structure determination

Crystal plates grew after approximately 24 h and reached their
maximum size after one week [30]. Despite having a rather thin
plate-shaped morphology, these crystals were found to be suitable
for X-ray data collection. The crystals of native CEP belonged to the
P212121 space group, had a solvent content of 42% and diffracted to
2.6 A resolution. The final Reyctor and Rree for the refined structure
were 21.8 and 24.6% respectively. The quality of the final model was
checked using the MolProbity server [37]. Crystallographic pa-
rameters are summarized in Table 1.

3.2. Overall three-dimensional structure

The final model shows two molecules of the enzyme per
asymmetric unit, assembled in a homodimer consisting of 303
residues per monomer, giving total molecular weight of 50 kDa.
Each monomer contained one heme prosthetic group and two
calcium ions, which were presumably co-purified together with the
native protein. The heme group, bound non-covalently to an inner
binding cavity of peroxidase, has a clear electron density and is
surrounded by highly conserved amino acid residues, essential for
maintaining it properly aligned and functional [38]. Each protein
chain has 7 clearly defined N-glycosylation sites. Furthermore,
molecules of glycerol, sulfate and polyethylene glycol were also
modeled in the asymmetric unit cell.

The overall fold CEP is typical of the Class Il peroxidase family
[15,25,26,29]. It comprises 15 a-helices that form a structural
scaffold (Fig. 1A), with two small helices inserted between the B and
C helices. Similar to other Class Il peroxidases, CEP also contains
two short anti-parallel f-strands. The structure is split into two
distinct domains, distal and proximal, each of which contains a
calcium-binding site. Ca®* ion is coordinated through an extensive
hydrogen-bonding network. The following residues were found to
form this network: D43, D46, D48, D50, S52, E64 and one water
molecule (w2) in the distal domain, and S170, D223, T226, V229
and D231 in the proximal domain (Fig. 1B) respectively. The pres-
ence of these ions is an important feature of peroxidase structures
since they are responsible for the formation of a functional active
site conformation and their loss severely impacts enzyme activity
[39—41]. The heme group is inserted between the distal and
proximal domains, between the B and F helices.

Four disulfide bonds (Cys11-Cys91, Cys44-Cys49, Cys97-Cys299
and Cys176-Cys208) are highly conserved among all members of
Class IIl peroxidases and ensure the stabilization and integrity of
the enzyme's structure. In particular, the Cys176-Cys208 disulfide
bond stabilizes a long insertion between the F and G helices, which
is a characteristic feature of Class IIl peroxidases [25].

The chains of the two molecules in the asymmetric unit overlay
very closely with a Root Mean Square Deviation (RMSD) of 0.142 A
(over 282 residues, considering C-alphas only). The positions of the
heme groups and calcium ions are conserved. The importance of
the conservation of these structural elements for the structure and
function of peroxidases, and their critical role in the thermal and
chemical stabilities of these enzymes have been highlighted pre-
viously [42,43].
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Proximal
H169

Fig. 1. Three-dimensional representation of the X-ray crystal structure of CEP. A. A schematic diagram of CEP, with the helices shown in orange and labeled according to Patterson
and Poulos (1995). There are also four sulfide bonds, displayed in stick and yellow, those ensure protein structure stabilization. The heme group (black stick) is located between the
distal and proximal domains. B. Close-up views of distal and proximal calcium-binding sites, where the seven bonds that generate the coordination of the ions (green spheres) are

represented with dashed black lines, and the residues responsible for this with sticks.

3.3. Molecular mechanisms of the peroxidase activity

Peroxidases participate in broad range of reactions occurring in
the living processes, such as the protection of tissues from patho-
genic microorganisms, suberization, auxin catabolism, defense,
stress etc. [44]. However, in chemical terms peroxidases convert
toxic H0O, into water molecules. The molecular catalysis mecha-
nism commences with the binding of H,0, to the high-spin ferric
heme ion of he resting peroxidase, followed by heterolytic cleavage
of the peroxide oxygen—oxygen bond under the influence of highly
conserved histidine and arginine residues in the active site [45—47].
The methodological analysis of the kinetic mechanism of the H,0,-
assisted CEP-catalyzed oxidation of reducing substrates was
investigated using initial rate measurements, in which the con-
centrations of both the H,0O, and the substrate were varied sys-
tematically, and the results were analyzed assuming steady-state
conditions. This investigation demonstrates that these enzymes act
according to a ping-pong Bi—Bi reaction mechanism of substrate
inhibition, following the Michaelis—Menten saturation kinetic
model. This mechanism was found to be similar in both palm tree
enzymes, CEP and RPTP [48].

In the absence of substrate, or when the enzymes are exposed to
high concentration of hydrogen peroxide, this latter can act as a
suicide substrate of peroxidases that converts Compound II into a
highly reactive peroxy-iron(Ill) porphyrin-free radical named
Compound III [49]. This mechanism is known as suicide inactiva-
tion of peroxidases by H»0, [50] and for several peroxidases,
including CEP, the kinetics of suicide inactivation by H;0, is time
dependent with saturation [38].

A dimeric quaternary structure is thought to be essential for a
fully functional active site, since the active site is formed by amino
acid residues from both subunits. The dimeric structure has also
been shown to be involved in the stabilization of the tertiary
structures of individual subunits as well as to provide a non-
substrate ligand-binding site at the dimer interface [51]. These re-
sults indicate that the peculiarities of the CEP active site are
involved not only in the improvement of catalytic efficiency but
also in the prevention of H,0, inactivation. In sum, CEP is the most

active of all peroxidases known at present and a very robust
enzyme that exhibits extraordinary resilience against inactivation
by H,0,. These observations prompted us to perform a detailed
structural analysis of CEP and its dimerization.

3.3.1. Structural alignment of CEP with homologous peroxidases

In order to identify possible differences between several Class III
plant peroxidases that may be responsible for their unique prop-
erties, we initially performed an amino acid sequence alignment
with structurally characterized homologous peroxidases from
other organisms (Fig. 2), including R. regia (royal palm tree (RPTP),
PDB id: 3HDL [15]), Arabidopsis thaliana (thale cress (ATP A2), PDB
id: 1PA2 [28]), Raphanus sativus (radish (RSP), PDB id: 4A5G),
Glycine max (soybean (SBP), PDB id: 1FHF [29]), Armoracia rusticana
(horseradish (HRP-C), PDB id: 1AT] [25]), Arachis hypogala (peanut
(PNP), PDB id: 1SCH [26]) and Hordeum vulgare (barley (BP1), PDB
id: 1BGP [27]).

The sequence alignment confirmed the high level of conserva-
tion between the CEP and RPTP palm peroxidases (86% of sequence
identity) and a medium level of identity with other Class IIl plant
peroxidase sequences (sequence identity around 40%).

Overall, the more significant variations in the amino acid iden-
tity were concentrated in the vicinity of the peptide segment be-
tween the F and H helices, comprising the inserted F' and F” helices.
These additional helices are one of the main characteristics that
distinguish Class Il peroxidases and this region has been described
as being responsible for substrate recognition and binding
[13,15,52,53]. Even for the two palm tree peroxidases, which have a
high level of amino acid sequence identity, the region between the
F and H helices appears more variable in comparison to the rest of
the structure (Fig. 2 — red square).

The positions of the secondary structural elements are
conserved (Fig. 3) with RMSDs of about 1 A, considering the Cao
position of each structure. The most variable regions observed in
the 3D structures of the enzyme encompass the auxiliary helixes
and loops between the F and H helices as well as the loop between
residues Ser57 and Ala63 (Fig. 3).
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Fig. 2. Multiple alignments of amino acid sequences of Class Il peroxidases. Relevant residues are indicated with different colors.
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Fig. 3. Stereo view of the three-dimensional structure of several Class III peroxidases. Superimposed Co. trace of CEP and high-sequence identity peroxidases. The “Loop 1" and
“Loop 2" indicated are the most variable loops found in the structures and they are composed of residues Ser57-Ala63 and Asn185-Val192, respectively.
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3.3.2. Enzyme active site

The active site and heme pocket of CEP resembles that observed
in other plant peroxidases, with the iron atom in the central heme
plane. The structure of CEP has been solved with the heme group in
a balance between its resting state and the hydroperoxide complex
state, which is manifested as a refined occupancy of peroxide
bound to a heme group equal to 30%.

Correct orientation of the heme group is critical for peroxidase
catalysis and is provided through interactions with surrounding
residues. In the structure of CEP, the residues involved in heme-
group stabilization are Arg38, Arg75, Val173, His175 and Ser178
(Fig. 4). All of these residues, except R38, form hydrogen bonds
directly with the side chain of heme propionates, whereas a water
molecule mediates the interaction of Arg38 with the latter moiety.
According to the Poulos—Kraut mechanism for peroxide catalysis
[45], the Arg38 and His42 residues are key molecular components
in the heterolytic cleavage of the peroxide O—O bond. Arg38 aids in
the charge stabilization of the peroxidase:H,0, complex, and His42
acts as a transitory proton acceptor [15]. Another important inter-
action is that occurring between the iron atom of the heme group
and His169, which promotes the coordination of this metal atom.
This residue is also involved in a hydrogen bond formation with
Asp248, responsible for endowing the proximal histidine ligand
with a more imidazole-like character [26,54].

In addition to polar interactions, several hydrophobic in-
teractions are also involved in the maintenance of the prosthetic
group, which including the residues Phe41, Phe45, Phe143, Phe152
and Phe275 (Fig. 4). The first phenylalanine cited (Phe41) has
already been described to have functions related to the perox-
igenase activity of enzymes because of the p-stacking interaction
with the heme porphyrin ring promotes a restricted access of the
iron atom [15,55].

Superposition of the amino acid residues in the close vicinity of
the heme groups at the active sites of CEP and RPTP shows that they
are virtually identical (Fig. 4), thus failing to provide structural
insight into the observed differences in their catalytic activity.
Accordingly we analyzed the channel that provides access to the
heme pocket in more detail.

3.3.3. Substrate access channel — exposed heme edge

It is well known that substrates interact with peroxidases
through the exposed heme edge, which includes the channel that
connects the molecular surface and the distal heme pocket. For this

reason, it is accepted that the residues of this region modulate the
substrate specificities of peroxidases (Fig. 5A) [13,52,53,56,57].

There is a significant sequence divergence in the amino acid
residues that line-up the substrate access channel, thus introducing
differences in both the specificity and activity of peroxidases [38].
For the CEP structure, the channel is aligned by the following res-
idues: Ala68, Pro69, Leu135, Ile138, Pro139, Ala140, Pro141, Thr142,
Phe143, Phel77, Ser178, Phel79 and Arg214, (Fig. 2 — residues
highlighted in cyan), located mainly at the loop between the D’ and
E helices and at the F’ helix. All the prolines are highly conserved in
all the plant peroxidase sequences analyzed, but the identity of
other residues shows considerable variations. Residues Ala68,
Ala140, Thr142 and Phe177 of the CEP molecule are substituted,
respectively, by 11e68, Ser140, Leul42 and Ser177 in the RPTP
structure (Fig. 5B). The most significant modifications are induced
by the Ala68 to Ile68 and Phe177 to Ser177 substitutions. The first
modification is located at the upper side of the channel entry,
which broadens into the CEP binding channel as a result of the
smaller side chain of the Ala68 residue present as compared to that
of 1le68 of RPTP (Fig. 5C). By contrast, the Phe177 to Ser177 sub-
stitution is located at the opposite margin of the tunnel, thus
decreasing the opening of the CEP channel at this location (Fig. 5D).
Accordingly, the morphology of the channel, which guarantees
access of the substrates to the heme group, is very different be-
tween CEP and RPTP and this seems to have a strong influence on
the specificity and activity of the enzymes.

It is also noteworthy that the Ala140 residue in CEP is replaced
by a serine residue (Ser140) in the RPTP molecule. In the latter
structure, the Ser140 side-chain hydroxyl group forms a water-
mediated hydrogen bond with the oxygen atom of the MES buffer
molecule, which is additionally bound to RPTP by a long-range
interaction between its sulfuric oxygen atom and the Arg214 res-
idue. In the structure of RPTP, the MES molecule is positioned close
to a potential secondary substrate-binding site, as has also been
reported in SBP:TRIS and HRP-C:ferulic acid complexes [29,58]. The
presence of buffer molecules bound to peroxidases suggests that
these substances could be potential inhibitors of peroxidase enzy-
matic activity [15]. No buffer molecules are observed in the same
region of the CEP structure. One possible explanation is that the
serine to alanine substitution at position 140 eliminates the po-
tential hydrogen bond with the buffer molecule. Furthermore, the
Ser177 of RPTP is replaced by a phenylalanine in the CEP structure.
The bulkier side chain of phenylalanine would cause steric hin-
drance with the MES molecule. Therefore, both the loss of the

b H42—2

F152 H175

Fig. 4. Stereo view of structural features of the CEP active site and superposition with the RPTP active site. Surrounding the heme prosthetic group (ball, stick and black) there are
key catalytic residues shown in stick representation. Heme environment of CEP and RPTP, exhibiting several conserved aromatic residues that form a hydrophobic cluster. The
interactions between the heme propionyl and protein backbone are indicated as dashed black lines. CEP is represented in orange and RPTP in cyan.
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Fig. 5. Channel that connects the molecular surface and the distal heme pocket. A. Surface representation of the CEP structure, with a black arrow specifying the substrate access
channel and the exposed heme edge. B. Stereo representation of superimposed residues of heme exposure of CEP (orange) and RPTP. All replaced residues are shown with the
respective color of each protein. Comparative views of the distal heme exposure of C. CEP and D. RPTP. The black arrows indicate the most significant modifications in the protein

cavity, caused by residue mutations between both proteins, CEP and RPTP.

hydrogen-bonding interaction due to the Ser144 to Ala144 substi-
tution and the presence of a bulky side chain occupying the volume
of the additional binding site interfere with the interactions be-
tween the enzyme and potential small-molecule inhibitors, and
consequently eliminate the enzymatic inhibition caused by them.

3.3.4. Glycosylation pattern

After the isolation and purification of the CEP from leaves of
C. excelsa (in its native form), the SDS-PAGE analysis revealed a
major protein band migrating at about 50 kDa. Since the theoretical
molecular weight of the enzyme is 45 kDa, the higher experi-
mentally observed molecular weight indicates that the enzyme has
been glycosylated [3,30]. The presence of glycosylation sites was
confirmed by high-resolution protein structure determination. The
electron-density map clearly showed that CEP has five N-linked

glycans at the positions of Asn8, Asn127, Asn185, Asn267 and
Asn298, pointing away from the protein surface (Fig. 6A).

It has been reported that glycosylation increases the solubility of
peroxidase in water solutions and improves peroxidase stability
against proteolysis [59], but the details of how the glycosylation
pattern influences the conformation and activity of peroxidases are
largely unknown.

Here we compared the glycosylation pattern of the CEP and
RPTP molecules (Fig. 6B). Although most of attached glycan chains
were found in the same conserved positions, the degree of glyco-
sylation varies, revealing a different number, and sometimes type,
of inserted glycosides (Fig. 6C). For example, one of the longest
glycan chains found in the CEP crystal structure was determined to
be GlcNAc-GIcNA-Man, covalently attached to Asn298, while RPTP,
at the same residue, displayed even longer chain comprising Man-
[Man]Man-GlcNAc-[Fuc]GIcNAc (Fig. 6D). Not only does RPTP have
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Fig. 6. Schematic representation of N-linked glycan chains found in the native CEP protein. A. X-ray structure of CEP showing the glycan chains attached to five asparagine residues
and B. Comparison to the RPTP structure and its glycosylation. The sugar residues covalently attached to the protein chains are shown in stick representation. C. Schematic drawing
of the glycosylation pattern of CEP (top) and RPTP (bottom). D. Detailed view of the CEP and RPTP protein surface around N298. The electron-density map (2F, — F.) contoured at
1.00 shows the oligosaccharide GlcNAc-GIcNAc-Man attached to CEP (orange) and the oligosaccharide Man-Man-[Xyl]Man-GlcNAc-[Fuc]GlcNAc attached to RPTP.

a greater number of N-glycosylation sites decorated with longer
glycan chains compared to CEP, but it also displays additional sites
of N-glycosylation that are not found in CEP (Fig. 6). Both CEP (five
N-glycosylation sites) and RPTP (nine N-glycosylation sites) are
heavily glycosylated enzymes, which is consistent with the carbo-
hydrate content found for other plant peroxidases studied, such as
HRP-C, SBP and PNP, which display seven, five and three glycan
chains, respectively [59].

Even considering the inherent difficulties involved in the com-
parison of glycosylation patterns, CEP and RPTP appear to have
more glycan chains attached to the protein structure than some
other homologous peroxidases. The heavy glycosylation of CEP

might be important for protecting the enzyme from inactivation
and ensuring its activity and stability [60,61].

3.4. Peroxidase dimerization

Previous biophysical experiments, including size-exclusion
chromatography [19], DLS studies [30], analytical ultracentrifuga-
tion and high-sensitivity differential scanning calorimetry [10],
have consistently demonstrated that both CEP and RPTP form di-
mers in solution. In order to investigate the molecular basis of their
dimerization, we carried out a structural analysis of all possible
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quaternary structures present in the CEP crystal and their potential
molecular interfaces.

The homodimer observed in the asymmetric unit cell of the CEP
crystal involves the formation of symmetric interfaces between two
protein chains, where the contacts are arranged around the 2-fold
NCS dimer axis. This dimer configuration was predicted to be the
most feasible one by the PDBePISA package, an interactive tool for
the investigation of macromolecular interfaces [62] revealing a
large interface area of the molecular contact between the mono-
mers (Fig. 7A). The interface area is approximately 780 A? and
comprises an interaction among 15 residues of each protein
molecule: Ser197, Ser198, Ser199, Tyr200, Asp202, Leu203, Thr206,
Lys207, Ser221, lle224, lle225, Pro227, Leu240, Thr241 and Leu242
(Fig. 7B). The majority of interactions is non-polar (42 non-bonded
contacts), but also involve four hydrogen bonds between Ser197-
[le224 and Asp202-Lys207 (two hydrogen bonds from each pair
of residues) (Fig. 7C). The surface of contact is quite distant from the
active site and does not block the entrance to the heme-binding
pocket.

In addition to the CEP dimer found in the asymmetric unit of the
crystal, detailed analysis of the crystallographic symmetry allowed

A.

Chain A

s

us to model another possible dimer configuration. This alternative
configuration results in a much more modest interface, with an
area of 291 A% and 317 A? for chains A and B, respectively. Conse-
quently, fewer non-polar and polar interactions occur between
chains.

Next, we compared these putative homodimers with all possible
dimer arrangements existing in the crystal structure of the highly
homologous enzyme, RPTP, which, as well as CEP, has also been
implicated in dimer formation [10,30,48]. It is important to note
that RPTP was crystallized in a different crystal form (space group
P342) with a monomer of enzyme in the asymmetric unit and with
completely different cell dimensions [15]. Remarkably, in spite of
the different space groups of the CEP and RPTP crystals, the first
dimer conformation of the CEP structure (dimer 1) described co-
incides with one of the homodimers of RPTP, identified through
careful analysis of potential dimers generated by crystallographic
symmetry operations of the corresponding crystal form. No other
currently available plant peroxidase 3D structure presents either of
the two putative dimeric assemblies of CEP.

The dimerization of CEP and RPTP has a direct influence on the
mobility of the amino acid residues involved in the formation of the

P227 1225
; L240

S2218 Rioo4  WiD42

/

K207 s Y200 1241

e S197

T206

S198
202

Fig. 7. CEP homodimer. A. Larger interface area of contact among the monomers (chain A and chain B interface are colored in orange and yellow, respectively). B. Residues involved
in the interface interactions. C. Magnified stereo diagram of the CEP dimer 1 with the hydrogen bonds indicated by dashed lines.
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dimer interface. The sequence alignment showed that all the resi-
dues involved in the interface (Fig. 2 — orange square) are located in
the most variable region of protein sequence, in the peptide
segment between the F and H helices, mainly comprising residues
of the F” helix. Most of these residues are conserved between CEP
and RPTP, but are highly divergent between CEP and other en-
zymes. The non-conservation of the interface residues, including
those involved in H-bond formation, is probably the main reason
why the other peroxidases do not assemble in similar dimeric
quaternary structures.

To check how dimer formation could provide stabilization for
the CEP crystal, we performed an analysis of the B-factors of the
peroxidase structures, which reflects the mobility, flexibility and
conformational disorder of the enzymes. Consistently, the most
variable region in the sequence alignment also showed the highest
B-factors for all protein structures, except for the CEP and RPTP
(Fig. 8A). This difference in mobility is clearly due to the dimer-
ization interface, which decreases the mobility of residues 190 to
240 in both CEP and RPTP structures (Fig. 8B). We infer that the

Normalized mean B-factors (all residues)
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reduced dynamics and conformational flexibility of the residues at
the dimerization interface would account for the stabilization of
the CEP structure stabilization, previously identified in enzymatic
studies of the peroxidases [38,48].

Although most previous works have proposed that native gly-
cosylated peroxidases would not be able to form dimeric structures
[7,8], and that only recombinant and non-glycosylated enzymes
would tend to dimerize, our structural analysis for the first time
reveals the molecular details of the dimerization of the heavily
glycosylated native palm tree peroxidases CEP and RPTP, which has
been suggested to be one of the reasons for their improved stability
and robustness [10,19].

The connection between the dimerization process and peroxi-
dase activity and stability are still poorly understood. Earlier calo-
rimetric studies of ascorbate peroxidase have shown that
dimerization contributes substantially to protein structure stability
[63]. Whereas previous studies addressing recombinant horse-
radish peroxidase have shown that dimeric and monomeric forms
of the enzyme display differences in enzyme activity and altered
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Fig. 8. Graphs of B-factor residues from the crystallographic structures. These graphs provide information about the conformational mobility of A. the entire structure and B. the

residues that comprise the dimeric interface of CEP.
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substrate specificity [7,53], this could be explained in terms of a
restriction of the access of the substrate to the active site of the
enzyme imposed by the dimeric form [9]. However, according to
crystallographic models the possible dimeric structures of horse-
radish [9,25] and palm tree peroxidases have notable conforma-
tional differences. The dimer interface of CEP (and RPTP) does not
overlap with the region of the active site and the substrate access
channel. Thus, we advocate that the oligomerization of palm three
peroxidases may promote a gain in the stability of the enzymes
without compromising their catalytic activity.

4. Conclusions

Native peroxidase was successfully extracted and purified from
the leaves of the palm tree C. excelsa, crystallized, and its structure
was solved by protein crystallography. Consistent with other Class
Il peroxidases, the structure confirmed that CEP is N-glycosylated
and revealed that CEP has a typical peroxidase fold.

Detailed structural analysis revealed a possible dimeric assem-
bly, conserved amongst the plant palm peroxidases CEP and PRPT
but absent in other known peroxidase structures. Such homodimer
would account for the reduced mobility of the highly variable re-
gion between the H and F helices and might explain the improved
stability of the latter enzymes.

Comparative analyses of the high-resolution X-ray structures of
CEP and RPTP revealed important differences in the morphology of
the opening of the active site, guaranteeing substrates' access to the
heme group. The size and form of the entrance is related to the
protection of the enzyme from inactivation by substrate radicals
generated at the heme pocket and to the inhibition of the enzyme
by small-molecule ligands (e.g., buffer molecules).
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