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Feruloyl esterases are enzymes of industrial interest that catalyse the hydrol-
ysis of the ester bond between hydroxycinnamic acids such as ferulic acid and
sugars present in the plant cell wall. Although there are several structures of
biochemically characterized feruloyl esterases available, the structural deter-
minants of their substrate specificity are not yet fully understood. Here, we
present the crystal structure of a feruloyl esterase from Fusarium oxysporum
(FoFaeC) at 2.3 A resolution. Similar to the two other tannase-like feruloyl
esterases, FoFaeC features a large lid domain covering the active site with
potential regulatory role and a disulphide bond that brings together the serine
and histidine of the catalytic triad. Differences are mainly observed in the
metal coordination site and the substrate binding pocket.

Enzymes
E.C.3.1.1.73.

Databases

The sequence of FoFaeC has been deposited with UniProt with accession code
AOA1TD3S5H0_FUSOX and the atomic coordinates of the three-dimensional structure
with Protein Data Bank, with PDB code: 6FAT.

Keywords: biocatalysis; feruloyl esterase; Fusarium oxysporum; tannase
family; X-ray crystallography

Ferulic acid esterases (FAEs) [E.C. 3.1.1.73, also
known as feruloyl esterases and cinnamic acid hydro-
lases] are carboxylic acid esterases that hydrolyse the
ester bonds between hydroxycinnamic acids or their
dimers, and sugars present in the plant cell wall. They
display significant variations in their amino acid
sequence and biochemical characteristics, rendering
their classification in subfamilies quite complicated.
Initially, FAEs were categorized into four types (A, B,
C and D), based on the construction of a

Abbreviation
FoFaeC, Fusarium oxysporum feruloyl esterase type C.

neighbourhood-joining phylogenetic tree combined
with substrate specificity data. The members of each
subfamily displayed sequence homology and exhibited
common preferences towards mono- and diferulates,
as well as substitutions on the phenolic ring and link-
age position on the arabinose moiety [1,2]. However,
as the number of characterized FAEs increased, the
ABCD classification ceased to cover the wealth of
putative FAEs encoded in microbial genomes. Conse-
quently, an updated phylogenetic analysis of published

1738 FEBS Letters 594 (2020) 1738-1749 © 2020 Federation of European Biochemical Societies

858017 SUOWILLIOD A 111D 3ot [dde 8Ly Aq peusenob ke sajole YO ‘8SN JO S3INJ 0§ A%eud18UIIUO /8|1 UO (SUOIPLOD-PUR-SLLBYLIOD A8 | 1M AlRIq 1 jBU1|UO//SdNY) SUORIPUOD pue Swie | 8u) 89S *[2202Z/2T/ET] Uo AriqiTauliuo (1M ‘38819 aueiyooD Aq 9//ET'89rE-E/8T/200T OT/I0P/L00" A3 |IM Alelq Ul [UO'SGRY//:SdNY Woly pepeojumod ‘TT ‘0202 ‘89rEEL8T


https://orcid.org/0000-0002-5663-1421
https://orcid.org/0000-0002-5663-1421
https://orcid.org/0000-0002-5663-1421
https://orcid.org/0000-0003-0078-5904
https://orcid.org/0000-0003-0078-5904
https://orcid.org/0000-0003-0078-5904
https://orcid.org/0000-0003-0079-5950
https://orcid.org/0000-0003-0079-5950
https://orcid.org/0000-0003-0079-5950
https://orcid.org/0000-0001-8147-9030
https://orcid.org/0000-0001-8147-9030
https://orcid.org/0000-0001-8147-9030
mailto:
mailto:
mailto:
http://www.chem.qmul.ac.uk/iubmb/enzyme/E/C/3/1/1/73.html
http://www.chem.qmul.ac.uk/iubmb/enzyme/E/C/3/1/1/73.html
http://crossmark.crossref.org/dialog/?doi=10.1002%2F1873-3468.13776&domain=pdf&date_stamp=2020-04-16

M. Dimarogona et al.

fungal genomes resulted initially to the division of
FAEs into seven [3] and then to 13 subfamilies (SF1-
SF13) [4]. This analysis revealed that FAEs have
evolved from highly divergent enzyme families, involv-
ing tannases (SF1-4 and SF9-11), acetyl xylan
esterases (SF5 and SF6), lipases (SF7) and lipase—cho-
line esterases (SF8, SF12-13). The characterized mem-
bers of each subfamily display distinct biochemical
features, suggesting that this classification could actu-
ally reflect the different specificities of each FAE sub-
group. In the ESTHER database [5], where o/
hydrolases are classified according to their sequence
homology, FAEs are found in five different families,
including antigen85c, esterase_phb and tannase from
Block X and Lipase_3 from Block L. Over 1000 puta-
tive fungal FAEs have been predicted by similarity-
based genome mining. Out of these, a set of 27
enzymes were selected to be investigated for their FAE
activity, out of which, 20 exhibited similar activities to
the ones previously shown [6].

Type A esterase from Aspergillus niger (FAEA, FAE-
IIT or AnFaeA) is one of the most extensively studied
fungal FAEs. Its crystal structure has been determined
in complex with ferulic acid or feruloylated oligosaccha-
rides, showing that it is the ferulic acid part of the sub-
strate that is oriented towards the core of the catalytic
site interacting with the residues in the vicinity [7-9].
The structural features comprising the catalytic triad,
that is Ser—His—Asp, the lid region shielding the active
site and the oxyanion hole lying in the vicinity have
been identified. The 3D structure of a type B esterase
from Aspergillus oryzae was determined by Suzuki et al.
[10]. It is the first crystal structure of a feruloyl esterase
from the fungal tannase superfamily (Block X), a group
that mainly involves tannases, which hydrolyse tannins
to release gallic acid, and FAEs of fungal origin.
AoFaeB maintains most of the structural characteristics
of serine proteases including AnFaeA. The major differ-
ences it exhibits are located at the lid domain. A metal
binding site has been revealed (calcium ion), the tight
coordination of which seems to enhance the lid domain
stability in the closed conformation [10]. A type C feru-
loyl esterase also from A. niger has been identified with
a rather broad specificity and catalysed the hydrolysis
of methyl 3.,4-dimethoxycinnamate, ethyl ferulate,
methyl ferulate (MFA), methyl p-coumarate (MpCA),
ethyl coumarate, methyl sinapate (MSA) and methyl
caffeate (MCA; Fig. S1) [11]; however, its crystal struc-
ture is not yet known. Most recently, the 3D structure
of a type D feruloyl esterase from Streptomyces cinna-
moneus (rR18) was determined at high resolution from
a chimeric construct of two homologous strains (R18
and TH2-18) [12].

The 3D structure of Fusarium oxysporum feruloyl esterase

Type C feruloyl esterase from Fusarium oxysporum,
FoFaeC, is an enzyme of significant biotechnological
interest that shows broad pH stability and consider-
able synergistic effect when applied together with xyla-
nolytic enzymes on lignocellulosic biomass [13,14]. It is
active against MCA, MSA, MpCA and to a lesser
extent against MSA [13]. Recently, a protein engineer-
ing approach was employed to increase activity of
FoFaeC against MSA, revealing amino acids that
influence its biochemical characteristics [15]. Similar to
AoFaeB, FoFaeC is categorized into the fungal tan-
nase superfamily (Block X). In this work, we present
the three-dimensional structure of FoFaeC. Compar-
ison of our structure with the other available tannase-
like FAE structures revealed alterations in the residues
forming the substrate binding cleft, despite the overall
conserved fold that could explain their kinetic proper-
ties. These differences are discussed, contributing to
carving our understanding in structure—function rela-
tionships of these enzymes.

Materials and methods
Experimental procedures
Expression and purification of recombinant FoFaeC

Recombinant FoFaeC was prepared in Pichia pastoris as
described previously [13]. Purification was performed using
a metal ion affinity chromatography column (Talon; Clon-
tech Laboratories Inc., a Takara Bio Company, Mountain
View, CA, USA) equilibrated with 20 mm Tris/HCI buffer
containing 300 mm NaCl (pH 8.0). The column was first
washed with 60 mL buffer, and then, a linear gradient from
0 to 100 mm imidazole in 20 mm Tris/HCI buffer contain-
ing 300 mm NaCl (60 mL, pH 8.0) was applied at a flow
rate of 2 mL-min~'. The purified samples were assessed by
SDS/PAGE. A single band corresponding to a molecular
mass of 62 kDa was observed, indicating that the protein
was suitable for crystallization trials.

Crystallization and data collection

Purified FoFaeC was concentrated to 25 mg-mL ™" in 20 mm
Tris/HCI pH 8.0 buffer and submitted to crystallization trials
using the sitting drop vapour diffusion technique. A large
number of crystallization conditions were screened in 96-well
MRC crystallization plates (Molecular Dimensions, Cam-
bridge, UK) with the aid of an OryxNano crystallization
robot (Douglas Instruments Ltd, Hungerford Berkshire, UK)
installed at NHRF, using commercially available crystalliza-
tion kits. Crystals of FoFaeC appeared in various PEG-based
conditions and diffracting crystals were obtained in 30% (v/v)
PEG400, 0.1 m Tris/HCl pH 8.5 buffer at 16 °C. X-ray
diffraction data were collected at 100 K using the synchrotron
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radiation source at PETRA III, EMBL-Hamburg beamline
P14 (A = 1.2395 A, oscillation range 0.2°). Prior to data col-
lection, the crystals were flash-cooled to 100 K in the nitrogen
stream. A complete data set was collected at 2.3 A from a sin-
gle crystal. Data processing was performed with XDS [16] fol-
lowed by data integration and scaling with AIMLESS [17] as
implemented in the CCP4 programme suite [18]. X-ray
diffraction data analysis showed that FoFaeC crystals were
grown in spacegroup P2, with unit-cell dimensions
a=675A, b=875A, ¢=106.6 A, B=106.2° and two
molecules in the asymmetric unit. Data collection statistics for
FoFaeC are presented in Table 1.

Structure determination, refinement and analysis

The structure of FoFaeC was determined by molecular
replacement with PHASER [19] using the crystal structure of
AoFaeB determined at 1.5 A resolution (PDB code 3WMT)
[10] as starting model. FoFaeC and AoFaeB share 49%
sequence identity for 89% coverage. Iterative cycles of model
building and refinement were performed with COOT [20]
and PHENIX [21]. Validation of the final refined model, the
metal binding sites and the glycosylation sites was performed
with MolProbity [22], CheckMyMetal (CMM) [23], NetN-
Glyc [24] and pdb-care web servers [25], respectively. The
CATH database of domain structures server [26] was used
for the structural classification of FoFaeC folding. The sec-
ondary structure elements were identified with DSSP [27,28],
and the topology diagram of the structure was extracted
using PDBsum (http://www.ebi.ac.uk) [29] on the EBI server
(Fig. S2). All structural figures were generated with Chimera
[30]. The refined model and structure factors are deposited to
the Protein Data Bank with accession code 6FAT.

Results and Discussion

Sequence analysis

Recombinant FoFaeC is composed of 563 amino acids.
According to the NetNGlyc 1.0 [24] and NetOGlyc 4.0
[31] servers, there are six predicted N-glycosylation sites,
involving residues Asnl01, Asn151 and Asn362, followed
by Asn66, Asnlll and Asn324, and four possible O-gly-
cosylation sites, involving Thr68, Thr75, Thr505 and
Thr506. FoFaeC is a type C feruloyl esterase [13] and
belongs to subfamily SF2 of the phylogenetic classifica-
tion [4], which is related to tannases. In addition, it
belongs to the fungal tannase family of ESTHER data-
base [5]. A BLAST search against the PDB database [32]
showed that the closest homologues with known struc-
ture were the A. oryzae feruloyl esterase C, AoFaeC
(PDB code 6G21) sharing 53% sequence identity for
89% sequence coverage and 4oFaeB (PDB code 3SWMT)
sharing 49% sequence identity for 89% sequence cover-

age (Fig. 1).

M. Dimarogona et al.

Table 1. Diffraction data and refinement statistics for FoFaeC
structure. Values in parentheses are for the outermost shell.

Data collection and processing statistics

Crystallization condition

Beamline

Wavelength (A)

Space group

Unit-cell parameters (A)

No. of molecules per asymmetric unit
Resolution (A; outermost shell)

No. of observations

No. of unique reflections
Completeness (%)

Rmerge” (%)

</l o>

CCip°

Multiplicity

Wilson B value (A?)

Refinement statistics and model quality

No. of reflections
Residues included

No. of protein atoms

No. of heteroatoms
Solvent molecules
Calcium ions
Glycan chain A

Glycan chain B

H/Rfree

R.m.s. deviation in
Bond lengths (A)

Bond angles (°)

MolProbity analysis®
Ramachandran favoured/outliers (%)
Poor rotamer outliers (%)

Average B (A?) for protein residues
Overall
Backbone atoms
Side chain atoms

Average B (A? for heteroatoms
Solvent molecules
Calcium ions
Glycan chain A

Glycan chain B

0.1 m Tris/HCI pH 8.5,
30% (v/v) PEG400
P14 (EMBL-Hamburg,
PETRA 1l1)

1.23951

P2,

a=675, b=2875,
c=1066A o=y=
90°, B = 106.2°

2

87.47-2.30 (2.37-2.30)
202 531 (17 193)

52 149 (4515)

98.4 (98.2)

9.6 (82.4)

9.5 (1.7)

99.6 (63.5)

3.9 (3.8)

29.1

49 493

Chain A: (36-543),
Chain B: (36-543)
7913

357 (HOH)

2 (CA)

98 (7 NAG),33 (3 BMA),
22 (2 MAN)

98 (7 NAG), 22 (2 BMA),
143 (13 MAN)

0.207/ 0.235

0.007
1.072

97.7/0
0.1

35.5
35.3
35.6

32.0

31.8

53.6 (NAG), 60.7 (BMA),
59.7 (MAN)

44.9 (NAG), 38.9 (BMA),
41.5 (MAN)

@ Rerge = Zhki Silithkl) — <Ihk>|/Zpq i (K, b CCy is the correla-
tion coefficient between two random half data sets, © calculated
using MolProbity (http://molprobity.biochem.duke.edu/).

The next hits in the BLAST output displayed no
homology to FoFaeC, demonstrating the uniqueness
of the overall fold of the three esterases. Since AoFaeC
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Fig. 1. Sequence alignment of
characterized FAEs that belong to the
fungal tannase family of ESTHER
database: FoFaeC, AoFaeB
(XP_001818628) and AoFaeC
(XP_001819091) from Aspergillus oryzae;
AnFaeB (UniProt Q8WZI8) from
Aspergillus niger, TsFaeC from
Talaromyces stipitatus (AJ_505939);
AN1772.2 from Aspergillus nidulans; and
ScFaeD1 (XP_003027549.1) and ScFaeD2
(XP_003027556.1) from

Schizophyllum commune. The secondary
structure elements are shown for FoFaeC
structure, with a-helices, 31p-helices and f-
strands being denoted «,  and f3,
respectively. The figure was prepared
using ESPRIPT [33].
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structure was not available when the diffraction data
for FoFaeC were collected, we used the AoFaeB struc-
ture as starting model and solved the structure of
FoFaeC by molecular replacement.

Analysis of the FoFaeC crystal structure

The crystal structure of FoFaeC was determined at
2.3 A resolution using the AoFaeB structure (PDB
code 3WMT, 1.5 A resolution) [10] as starting model
from crystals grown in spacegroup P2, with unit-cell
dimensions a=67.5A, b=875A, c=106.6 A,
B = 106.2° and two molecules in the asymmetric unit
(Table 1, Fig. 2). Out of the 563 amino acids, a total of
508 were modelled in the density, while the N- and C-
termini ones, comprising residues (1-35) and residues
(544-564) were excluded from the structure due to
insufficient density. The geometry of the residues was
checked by MolProbity [22]; all lay in allowed regions
of the Ramachandran plot except Lys527, which is
located in a flexible loop with rather poor density.

FoFaeC is a serine-type hydrolase, and its three-di-
mensional structure has an o/f-hydrolase fold with a
three-layer (foff) sandwich architecture and a Ross-
mann topology, bearing a twisted f-sheet, intercalated
between two layers of o-helices (Fig. 2). This folding
deviates from the canonical o/ hydrolase fold that
comprises a f-sheet of eight strands and two clusters
of o-helices bilaterally (four and two a«-helices) [34].
The secondary structure elements are derived by PRO-
MOTIF [35] as implemented in PDBsum [29], which is
presented in detail in Figs S2 and S3. The overall
structure is stabilized by six disulphide bonds, that is
Cys41-Cys88, Cys76-Cys127, Cys200—Cys453,
Cys269-Cys287, Cys296-Cys304 and Cys516-Cys538.
FoFaeC is monomeric in solution, as confirmed with
gel filtration (data not shown). In the crystal, however,
it appears as a dimer (Fig. 2), the packing of which in
the unit cell is shown in Fig. S4.

Residues Ser201, His452 and Asp 412 form the cat-
alytic triad. Ser201 lies at the interface of two sec-
ondary structure elements, a f-strand and an o-helix
(S8 and H7) forming the characteristic ‘nucleophile
elbow’ of the o/f hydrolase fold with Ramachandran
angles in the allowed region [34]. His452 belongs to
the ‘histidine loop’ region (connecting f-strand S13
and 3¢ helix, h21) that ensures the residue is oriented
in a suitable position to facilitate the hydrogen bond
interactions formed with both Ser201 and Asp4l12,
through its dual action as an acid/base. Asp412 is
located between a f-strand and an o-helix (S12 and
H19) and complements the organization of the active
site (Figs 2 and 3 and Fig. S3).

M. Dimarogona et al.

Two calcium ions with an octahedral geometry were
included in the structure as suggested by both the
2F s — Feale and Fopg — Foge electron density maps in
the lid domains of the dimer and confirmed by the ser-
ver CheckMyMetal [23] (Fig. S5). Although calcium
was not part of the crystallization conditions, it
appears as a natural ligand of the enzyme, in accor-
dance with previous studies [10]. The identity of the
bound ion was further confirmed by ICP-SFMS
(Fig. S6). The two calcium ions are coordinated by six
oxygen atoms in each monomer, out of which, three
belong to aspartic residues (Asp270 ODI1; Asp274
ODI1; Asp278 ODI), two come from the backbone
oxygen atom of Val276 and I1e280, and one from a
water molecule (Wat30 O and Wat87 O for monomers
A and B, respectively; Fig. 4).

Additional density was observed next to Asn6o6,
Asnl01, Asnl51 and Asn362, indicating that these resi-
dues were indeed glycosylated in both monomers, in
accordance with what was suggested by NetNGlyc [24].
Details on the glycosylation sites are shown in Fig. 5.

Comparison of FoFaeC with other known feruloyl
esterase structures

A search for FoFaeC structural homologues using
DALI server [36] indicated that the closest structural
homologue of FoFaeC (chain A) is AoFaeC (PDB
code 6Q21, chain A), with a Z-score of 61.1 and
rm.s.d 1.2 A, followed by AoFaeB (chain A) with a
Z-score of 56.3 and r.m.s.d. 1.1 A. The third closest
structural homologue is a mono-(2-hydroxyethyl)
terephthalate (MHET) esterase (PDB code 6QG9,
chain A), with a Z-score of 41.2 and r.m.s.d. 2.6 A.
The rest of the structures that were enlisted in the cat-
alogue generated by DALI server had a significantly
lower Z-score (< 18.5). Although all structures follow
the same «/f hydrolase fold, only the three ones
exhibiting the highest structural similarity share a
rather extended °‘lid domain’. The ‘lid” lies at the
entrance of the catalytic site limiting the access of the
substrate (Fig. 7b), unlike the rest of the known FAEs
deposited to Protein Data Bank, where the corre-
sponding site is fully or partially exposed (forming a
groove) to the solvent.

Characterized FAEs that belong to the fungal tan-
nase family of the ESTHER database involve 4oFaeC
(XP_001819091) and AoFaeB (XP_001818628) from
A. oryzae [37], AnFaeB (UniProt Q8WZIS) from
A. niger [38], TsFaeC from Talaromyces stipitatus
(AJ_505939) [39] and AN1772.2 from Aspergillus nidu-
lans [40] (Fig. 1). Even though these esterases belong
to the same family and share sequence homology, they
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lid domain

Fig. 2. The overall structure of FoFaeC determined at 2.3 A resolution. The two monomers follow the o/p hydrolase fold with three layers
of (faff) sandwich architecture folded in a twisted f-sheet (shown in light and dark green for chains A and B) surrounded by two layers of a-
helices (shown in purple and red). Each monomer has its own lid domain depicted in blue and turquoise that shields the active site of the
enzyme. The catalytic triad residues (shown in gold) and the disulphide bonds formed are indicated. Two calcium ions, which were
identified in the structure, and the glycosylation sites of the enzyme are also presented.

Fig. 3. Close view of the FoFaeC active site with the 2Fyps — Feale
electron density map contoured at 1o level. The catalytic triad
residues Ser201, His452 and Asp412 and their hydrogen bond
interactions (depicted as solid black lines) formed are indicated.

seem to differ as far as their specificity on methyl
esters of cinnamic acids is concerned. More specifi-
cally, AoFaeB, AnFaeB and A4n1772.2 cannot hydrol-
yse MSA. The other members of the family are active
on all esters; however, AoFaeC and FoFaeC display
significantly reduced activity against MSA. TsFaeC, a

Fig. 4. The coordination of the calcium binding site FoFaeC
determined at 2.3 A resolution is shown along with the
2Fops — Foalc cONtoured at 1o level.

true type C feruloyl esterase, displays similar activity
against MFA, MpCA, MSA and slightly lower against
MCA. As indicated by Suzuki et al. [10], most of the
residues forming the substrate binding pocket are
highly conserved among the aforementioned enzymes,
and small differences could be the reason for this
observed variation. Sinapinic acid is the bulkiest
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Fig. 5. (Top) Detailed view of FoFaeC N-glycosylation sites presenting the type of the links formed between the sugars. (Bottom) The
carbohydrate atoms are depicted in ball-and-stick representation and for chain A (A, C) and chain B (B, D) following the colour code from
Fig. 2 for the two monomers. The glycans are attached to the amide nitrogen of Asn66, Asn101, Asn151 (A, B) and of Asn362 (C, D).

cinnamic acid with two methoxy and one hydroxyl
groups on its phenolic ring, and a more congested
active site could impede the accommodation of its side
chain.

A more detailed structural comparison was per-
formed between FoFaeC and AoFaeB structures, the

latter being the first tannase-like feruloyl esterase that
its three-dimensional structure revealed the presence of
the novel lid domain and the disulphide bond in the
vicinity that brings together Ser and His residues of
the catalytic triad [10]. Overall, the crystal structures
of both FoFaeC and AoFaeB are quite similar with
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Fig. 6. (A) Superposition of FoFaeC crystal structure (shown in green) on AoFaeB (cyan) using the secondary structure elements. The
catalytic site and the calcium binding sites are indicated. Close-up view of (B) substrate binding pocket (the catalytic triad residues are

highlighted in pink for FoFaeC) and (C) the calcium binding site.

minor changes mainly observed in loop regions away
from the catalytic sites of the two enzymes (Fig. 6a).
Changes were also observed in the amino acids form-
ing the substrate binding pocket, as estimated by
Suzuki et al. [10]. In specific, docking studies showed

that the phenolic group of the substrate is held in a
hydrophobic pocket surrounded by residues Phe232,
Leu235, Thr236, Tyr348, Phe354, Tyr356 and Ile419
of AoFaeB [10]. In the case of FoFaeC structure, there
is an alanine (343) in the place of Tyr348 and a
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Fig. 7. (A) Superposition of the rR18 (shown in purple) and Aspergillus niger (shown in blue) feruloyl esterase crystal structures onto
FoFaeC (shown in grey). The catalytic site residues for FoFaeC are indicated (in yellow) and ferulic acid bound at the active site for rR18 and
A. niger (shown in mauve and cyan, respectively). The ligand coordinates for rR18 have been obtained as described in [12]). Residues (140—
154) lining the R18 loop are highlighted in pink. (B) Surface representation of FoFaeC structure (shown in grey) and A. niger (shown in silver
blue). The molecular surface of FoFaeC highlights the additional domains present in FoFaeC structure.

glutamine (234) instead of Thr236 (Fig. 6b) Antono-
poulou et al. [15] managed to increase FoFaeC activity
against MSA by employing a protein engineering
approach; their double-mutant F230H/T202V opened
up the binding pocket, allowing the accommodation of
MSA and resulting in a fivefold improvement in cat-
alytic efficiency compared to wild-type. Changes
between FoFaeC and AoFaeB structures were also
observed in the coordination of the calcium ion and in
residues in the vicinity (Fig. 6¢). One of the residues
participating in the metal coordination through its
backbone oxygen varied from alanine to valine in
FoFaeC, while the interaction with Asp272 O is miss-
ing. Interestingly, the geometry of the calcium ion is
not pentagonal bipyramid but octahedral, implying a
tighter packing of the surrounding oxygen ligands.
This type of geometry was also observed in two of the
calcium ions bound in the lower structural homologue
of FoFaeC, MHET esterase; the identity of the metal
ion in the latter was also confirmed by X-ray fluores-
cence spectroscopy [41]. Although calcium ion is
known to exhibit variable coordination numbers, with-
out directionality [42], its importance for the structural
integrity of FoFaeC is yet to be examined by targeted
studies, for example employing chelating agents during
the preparation stage and protein engineering studies.
Insight on the changes observed in the vicinity of the
metal binding site, including the solvent structure,
requires also further investigation through mutational
studies and high-resolution structures that may reveal
the structural determinants that dictate the geometry
of the active site and the catalytic activity of the
enzyme.

The crystal structure FoFaeC was further compared
with rR18, a type D feruloyl esterase from

S. cinnamoneus, the structure of which was recently
determined (PDB code: SYAL) [12] and a complex of
A. niger feruloyl esterase with ferulic acid (PDB code:
1UWC) [7] (Fig. 7). Superposition was performed
using the secondary structure elements with reference
structure the FoFaeC. The results showed that all three
structures followed the o/f-hydrolase fold and the
most profound differences were observed in the envi-
ronment of the active site. More specifically, the ‘lid’
domain of FoFaeC, present also in AoFaeB, is missing
from A. niger structure and rR18. The loop region of
rR18 that was suggested to be crucial for the release
of ferulic acid [12] is not present either and does not
seem to match with any other structural features that
FoFaeC, AoFaeB or A. niger bear.

A comparison with the feruloyl esterases deposited
to the protein data bank showed that the characteristic
o/f-hydrolase fold of the family is retained, and the
most remarkable differences occur in the ‘lid domain’,
the role of which appears to be regulatory. The ‘lid’
domain as a unique structural feature of FoFaeC,
AoFaeC and AoFaeB until present may have a pivotal
role in their function as compared to the rest of feru-
loyl esterases. Structural studies of more fungal ester-
ase structures are essential to reveal its importance and
allow interpretation of the structure—function relation-
ships underlying the regulatory role of the ‘lid” domain
in enzymic activity. To this end, further mutational
studies are required to fully unwind the potential of
FAEs as biocatalysts. Metagenomic libraries are an
endless source of information to be examined by con-
sortia that make the most of the currently available
research infrastructures for structural biology. Deter-
mination of more feruloyl esterase structures at high
resolution could shed light on the function of these
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enzymes and their evolution pathway bridging the gap
with the industrial sector and allowing better results.
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