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Family VIII esterases present similarities to class C B-lactamases, which
show nucleophilic serines located at the S-X-X-K motif instead of the
G-X-S-X-G or G-D-S-(L) motif shown by other carboxylesterase families.
Here, we report the crystal structure of a novel family VIII (subfamily
VIII. I) esterase (EH;; denaturing temperature, 52.6 + 0.3 °C; pH opti-
mum 7.0-9.0) to deepen its broad substrate range. Indeed, the analysis of
the substrate specificity revealed its capacity to hydrolyse nitrocefin as a
model chromogenic cephalosporin substrate (40.4 + 11.4 units-g"), and a
large battery of 66 structurally different esters (up to 1730 min~"), includ-
ing bis(2-hydroxyethyl)-terephthalate (241.7 & 8.5 units-g~ ') and the myco-
toxin T-2 (1220 + 52 units-g~'). It also showed acyltransferase activity
through the synthesis of benzyl 3-oxobutanoate (40.4 + 11.4 units-g™")
from benzyl alcohol and vinyl acetoacetate. Such a broad substrate scope
is rare among family VIII esterases and lipolytic enzymes. Structural analy-
ses of free and substrate-bound forms of this homooctamer esterase suggest
that EH; presents a more opened and exposed S1 site having no steric hin-
drance for the entrance of substrates to the active site, more flexible R1,
R2 and R3 regions allowing for the binding of a wide spectrum of sub-
strates into the active site, and small residues in the conserved motif Y-X-
X containing the catalytic Tyr enabling the entrance of large substrates.
These unique structural elements in combination with docking experiments
allowed us to gain valuable insights into the substrate specificity of this
esterase and possible others belonging to family VIII.

Introduction

preference for substrates with short or long lengths in

Esterases and lipases of the o/B-hydrolase fold family
may support multiple conversions of interest in a mod-
ern circular bioeconomy [1]. Although esterases and
lipases differ in terms of sequence identity, structural
motifs and substrate specificity, particularly the
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the acyl region, they commonly share a number of
interesting features and advantages compared with
other biocatalysts. In particular, these include their
broad abundance in any organism, easy identification,

BHET, bis(2-hydroxyethyl)-terephthalate; BR, Britton—Robinson; EH, Ester Hydrolase; EPPS, 4-(2-hydroxyethyl)-1-piperazinepropanesulfonic
acid; HEPES, N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid); M-4NHP, methyl 4-nitrophenyl hexylphosphonate; MHET, mono-(2-
hydroxyethyl)-terephthalic acid; O-4NHP, octyl 4-nitrophenyl hexylphosphonate; PET, polyethylene terephthalate; p-NP, p-nitrophenyl; TA,

terephthalic acid.
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Promiscuous family VIII esterase

production and purification, stability, and, most
importantly, the possibility of supporting enantioselec-
tive conversions [1]. Overall, approximately three hun-
dred thousand protein sequences have been catalogued
and integrated into at least 35 families and 11 true
lipase subfamilies [2,3]. Although this classification is
based on sequence, advances in molecular biology,
high-throughput biochemical assays and structural
actions (approximately 1600 protein structures avail-
able according to the lipase engineering database [3])
have revealed a variety of architectures and biochemi-
cal features. We know that mobile interfacial-activated
lids, immobile cap domains, and the presence of con-
served motifs and oxyanion hole signatures, together
with specific key amino acids close to or in the prox-
imity of the active sites, determine the entrance to, or
positioning of substrates in, the esterase and lipase’s
active site [3]. The accumulated experimental informa-
tion on the substrate recognition of close to 145
esterases has further demonstrated that those with a
broader substrate range are characterized by active
sites with higher effective volume [4] and lower struc-
tural flexibility [5]. In addition, sequence-substrate
spectrum relationships have revealed that substrate
promiscuity is a characteristic most prevalent in mem-
bers of family IV, also called the hormone-sensitive
lipase (HSL) family [4]. Recent structural analysis has
suggested that the substrate promiscuity that was fre-
quently observed for this esterase family is due to a
substrate prerecognition mechanism by hydrophobic
patches of the cap domains [6].

Noticeably, among the set of approx. 145 esterases
for which the substrate promiscuity has been investi-
gated at large [4,5], a family VIII serine B-lactamase,
named EH, (EH, abbreviation of ester hydrolase), also
showed a substrate spectrum as wide as that of mem-
bers of family IV (it was ranked as the seventh with
the highest substrate specificity). Family VIII is within
the superfamily of o/B-folding hydrolases. Members of
this family are most similar to class C, one of the four
groups into which B-lactamases are classified on the
basis of sequence similarities and conserved motifs [7].
B-Lactamases are characterized by three conserved
structural motifs. The first motif is the S-X-X-K motif,
where the two catalytic residues Ser and Lys are
located. The second conserved motif is the S-D-N loop
that shapes one of the walls of the catalytic cavity.
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of the previous motifs [§8] [9]. Subfamily VIII.2 has a
fourth conserved motif, G-X-S-X-G, that is common
to family IV, in which the nucleophilic serine is
included [10] (Table 1).

Structurally, members of family VIII present an
insertion domain and an o/f domain, with the active
site located at the interface between the two domains
and surrounded by three variable regions of the pro-
tein, two being within the o/f domain and one at the
insertion domain. One of the structural reasons associ-
ated with B-lactamase activity is due to one of these
regions, as it may prevent the hydrolysis of B-lactam
substrates due to steric hindrance [11].

In relation to their substrate spectra, members of
family VIII are capable of hydrolysing short-chain
esters [12], but their main interest lies in their ability
to hydrolyse B-lactam antibiotics [13,14] and, in some
cases, phthalate mono- and diesters [10]. Although the
substrate promiscuity of PB-lactamases with regard to
the ability to degrade antibiotics has been studied in
detail [11,13,14], little is known about the mechanisms
by which some of the family VIII esterases similar to
B-lactamases are also able to hydrolyse a wide variety
of esters, a capacity exemplified by the enzyme EH-.
This enzyme was previously reported to have a
promiscuous substrate character (by the number of
hydrolysed substrates) related to the high effective vol-
ume of its active site and its reduced structural flexibil-
ity compared with other esterases [4,5]. To further
elucidate the molecular mechanism determining the
wide and unusual substrate range of this esterase, we
report the extensive biochemical characterization of
the family VIII esterase EH,; and solved its crystal
structure in the apo form and with two bound sub-
strate analogues.

Results and Discussion

Biochemical and substrate specificity
characteristics of EH;,

EH;, (GeneBank acc. Nr. KY483644; molecular mass,
45 398 Da; isoelectric point, 5.52) is an esterase

Table 1. Conserved motifs among class C B-lactamases and the
three class VIII subfamilies.

R K S-X-X-K G-X-S-X-G S-D-N K-T-G
Class C p-lactamases and family VIII include Tyr,
which is completing the catalytic triad. Finally, the Class C p-lactamases ~ Yes No Y-AN  Yes
third conserved motif, which is part of the other wall Subfamily VII1.1 Yes No VXX WXG
of the catalytic cavity, is the K-T-G box. Family VIII SUbfamfly Vin.2 ves ves VXX WG
is further subdivided into 3 subfamilies, VIII.1, VIII.2 Subfamily VIll3 ves No VXX
and VIIIL.3, according to the conservation or absence The catalytic Tyr is in bold.
2 The FEBS Journal (2022) © 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of
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isolated from the metagenomic DNA of microbial
communities inhabiting the chronically polluted sea-
shore area of Milazzo Harbour in Sicily [4].
TBLASTX analysis revealed compositional similarities
between the DNA fragment containing the gene for
EH-, and genomic sequences of a bacterium from the
genus Pseudomonas [4]. This enzyme belongs to family
VIII (subfamily VIII. of lipolytic enzymes that present
similarities to class C B-lactamases or AmpC), which
show a nucleophilic serine located at the S-X-X-K
motif instead of the G-X-S-X-G motif shown by other
carboxylesterase families [3]. Most enzymes within this
family lack activity on B-lactamic substrates, although
exceptions have been reported [11].

EH; showed maximal activity at 50 °C (Fig. 1A).
The fact that its denaturing temperature was
52.55 £ 0.31 °C, as determined by circular dichroism
analysis (Fig. 1B), suggests that the enzyme does not
denature at the optimal temperature during our assay
conditions, although under other assay conditions (e.g.
assay time), the optimum temperature plot may differ.
Its optimal pH for activity is 7.0-9.0 (Fig. 1C). As
reported previously [4,5], using a pH-indicator assay
(pH 8.0, 30 °C), the enzyme was capable of hydrolys-
ing 64 structurally different esters according to the
Tanimoto-Combo similarity score, with k., values
ranging from 1683 (for glyceryl tripropionate) to 0.16
(for methyl ferulate) min~' (Fig. 2A). In this study, we
further tested the possibility that the enzyme hydroly-
ses other substrates (Fig. 2B).

First, we found that EH; efficiently hydrolysed the
mycotoxin T-2, with a specific activity determined using
a pH-indicator assay at pH 8.0 and 30°C of
1220 + 52 units-g~! (Fig. 2B); this rate is similar to that
for the best ester substrate, glyceryl tripripionate
(2918 + 12 units-g~"). T-2 reaction products were anal-
ysed by electrospray ionization mass spectrometry
(Fig. S1). The reaction with toxin ionized as
(M + NH,)" with an m/z of 484 and as (M + Na)" with
an m/z of 489. On the other hand, when T-2 was incu-
bated with EH;, a product ionized as (M + NH,4)" with
an m/z of 400 and as (M + Na)" with an m/z of 405 Da
and with 84 units less than the T-2 substrate molecule.
This result demonstrates that EH; degrades T-2 by
removing the isovalerate ester group, thus producing
neosolaniol. We would like to highlight that mycotoxins
can be degraded by enzymes and microbes, but enzymes
capable of degrading mycotoxins such as T-2 toxin are
rare. Indeed, only hydrolases degrading T-2 to the simi-
larly toxic intermediate HT-2 are known [15], and a few
examples of microbes degrading T-2 to neosolaniol have
been reported, although the enzymes responsible for its
degradation have not been identified [15-17].

Promiscuous family VIII esterase

Second, by using a pH-indicator assay (pH 8.0,
30 °C), we also found that EH; efficiently hydrolysed
bis(2-hydroxyethyl)-terephthalate (BHET), with a
specific activity of 241.7 + 8.5 units-g~' (Fig. 2B), an
intermediate in the degradation of polyethylene tereph-
thalate (PET) [18]; high-performance liquid chro-
matography (HPLC) analysis (Fig. 1D), performed as
described [19], confirmed the hydrolysis of BHET to
mono-(2-hydroxyethyl)-terephthalic acid (MHET) and
terephthalic acid (TA). Indeed, when using 4 mm
BHET, we found a total degradation of 82% (8% to
TA and 74% to MHET). It is to highlight that
PETases degrade BHET to MHET without producing
TA; rather, MHET is degraded by MHETases that in
contrast to PETases are highly efficient for the hydrol-
ysis of MHET to TA (up to ca. 25s™') but degrade
BHET at a very low rate (ca. 0.0011 s~!) [20]. There-
fore, the capacity of EH; to efficiently hydrolyse
BHET to MHET and TA is a unique feature of this
enzyme not only among family VIII B-lactamases but
also among PET-degrading hydrolases.

Third, nitrocefin was also accepted as a substrate
(Km, 12476 £ 6.59 um), albeit at a low rate
(40.4 + 11.4 units-g~', at pH 8.0, 30 °C; Fig. 2B).
Finally, the enzyme also catalysed the synthesis of ben-
zyl 3-oxobutanoate when incubating benzyl alcohol with
a fourfold excess of vinyl acetoacetate (Fig. 1E,F), with
a specific activity of 23.26 + 1.02 units-g~' (pH 8.0,
30 °C) (Fig. 2B), and thus has acyltransferase activity.

EH, adopts the p-lactamase fold

The crystal structure of wild-type EH; was obtained at
2.25 A resolution, with the P43;22 space group and
four crystallography-independent molecules in the
asymmetric unit. Molecular replacement was per-
formed using EstUl as a template (PDB code 4IVK)
[11], and the final model was refined to a crystallo-
graphic R-factor of 0.1874 and R-free of 0.2270. The
structures of the two EH; complexes were obtained by
soaking the native crystals in a solution containing
either methyl 4-nitrophenyl hexylphosphonate (EH;-
M-4NHP) or octyl 4-nitrophenyl hexylphosphonate
(EH;-O-4NHP) were also solved at resolutions of 2.65
and 2.92 A, respectively. Soaking of the crystals
increases the volume of their unit cell, which belongs
to the P432,2 space group and contains eight mole-
cules in the asymmetric unit, including one ligand
bound per catalytic site. The crystal structures of these
complexes were solved using the coordinates of wild-
type EH5, and the final models were refined to crystal-
lographic R factors of 0.1960 and 0.1835 and R-free
values of 0.2165 and 0.2210, respectively.
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Fig. 1. Biochemical characterization of EH;. (A) Temperature profile. (B) The thermal denaturation curve of EH; at pH 7.0, as determined by
circular dichroism measuring the ellipticity changes at 220 nm obtained at different temperatures at a rate of 0.5 °C per min (conditions as
in [5]). (C) The pH profile. In A and C, the maximal activity was defined as 100%, and relative activity is shown as percentage of maximal
activity (mean £ SD of triplicates) determined under conditions described in Materials and methods. (D) HPLC chromatogram representing
the degradation products when BHET was incubated (red) or not (black) with EH. (E) Concentration of the substrate and reaction product
representing acyltransferase activity, as determined by HPLC. (F) HPLC chromatogram representing the synthesis of benzyl 3-oxobutanoate.
Note: Under our analysis conditions, the product benzyl 3-oxobutanoate eluted as two peaks, which correspond to those observed in the

pure compound. The figure was created using Excel 2019.

Similar to other reported family VIII esterases, EH;
presents two different domains, a large o/p domain
(residues 1-94 and 210-409) and a small helical
domain (residues 95-209), constituted by a total of 11
a-helices and 11 B-sheets (Fig. 3A). The o/p domain is
composed of a central B-sheet with seven antiparallel
B-strands (B1, B2, B7, B8, B9, B10, B11) surrounded by
two o-helices at one side (al, all) and four o-helices
at the other (a2, o7, a9, a10). There is an extra motif
on top of the central B-sheet composed of one addi-
tional a-helix (a8) and two antiparallel extra B-strands
(B5, B6). The small helical domain involves four o
helices (a3, a4, a5, a6) and two antiparallel B-strands
(B3, P4) (Fig. 3A). The large active site cavity, which
can be split into two parts, S1 and S2, is located at the
domain interface (Fig. 3B) and is outlined by three
prominent regions that may regulate the entrance/leav-
ing of the substrates and make the bulk of the binding
sites. S1 is bordered by regions R1 (Phe230-Gly275)

and R2 (His139-Thr169) from each domain, while S2
is defined by B9 at the ground and R3 (Met312-
Gly336), all at the o/ domain. The catalytic Ser76 is
covered by Phel47 (from R2) and Met366 (from the
B9-B10 turn), which configure a tunnel (Fig. 3B inset),
giving access to the catalytic pocket. There are two cis
peptides, His119-Pro120 located at the B3-B4 turn in
the small helical domain and I1e388-Pro389 at the p11-
all turn in the o/f domain.

Analysis of EH; folding using the DALI [21] server
was employed to search for homologous proteins. The
closest homologues are two esterases isolated from
environmental samples, i.e. EstUl with 37% identity
and RMSD of 19A on 376 Co atoms (PDB
code 41VI) [11], Est-Y29 with 30% identity and
RMSD of 2.1 A on 373 Co atoms (PDB code 4P6B)
[22] and EstB from B. gladioli with 32% identity and
RMSD of 2.0 A on 351 Co atoms (PDB code 1CIS8)
[23]. All these proteins belong to family VIII of the

4 The FEBS Journal (2022) © 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of
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Fig. 2. Substrate specificity. (A) The keat
(min~") values (mean values with deviations
of triplicates being < 5%) of the EH-,
EH7gr1474 and EH7ya34s variants measured
for 43 carboxylic esters out of the 64
hydrolysed by EH- [5]. Note that the data
for EH; were obtained from [5], where as
those for the mutants are herein reported
for the first time. (B) Specific activity
(unit-g~"; mean =+ SD of triplicates) for 5
model substrates. Activity was determined
under conditions described in Materials and
methods.

carboxylesterases and show very similar o/ and small
However, major differences were
observed in the R2 and R3 regions, as shown in
Fig. 3C. First, Est-Y29 and EstB present a much
longer R1, which in EstB is very close to the catalytic

helical domains.
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site, resulting in more restricted access for substrates;
this possibly explains the absence of B-lactamase activ-
ity reported in this enzyme. Remarkably, the RI1
region of EH; is clearly retracted from the active site,
leaving a wide and open cavity at the Sl site that,
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Fig. 3. EH5 crystal structure. (A) General folding showing the o/f domain (red) and the small helical domain (wheat). (B) Depiction of the
EH- surface showing the sites S1 (outlined by R1 and R2) and S2 (defined by B9 and R3). Inset: Magnified image of the catalytic pocket.
Residues of the catalytic triad are Ser76, Lys79 (located at the o/f domain, raspberry) and Tyr192 (located at the small helical domain,
wheat). Residues Met366 (located at the B9- $10 loop, blue) and Phe147 (located in the R2 region, green) form the tunnel, giving access to
the catalytic pocket. (C) Superimposition of the EH; monomer (prune) and its homologues EstU1 (slate, PDB code 4IVI), Est-Y29 (green,
PDB code 4P6B) and EstB (orange, PDB code 1CI8). The R1 and R2 regions present the largest differences affecting access to the S1 site.
(D) EH, B-factor values, from low (blue) to red (high). Most flexible regions are R2 and R3. All these figures were depicted using the soft-

ware pymoL (PyMOL Molecular Graphics System, Schrodinger LLC).

therefore, may allocate a wide spectrum of substrates
without any steric hindrance and providing a possible
explanation for the high promiscuity of this enzyme.
On the other hand, the high B-factor values observed
at the R2 and R3 segments (Fig. 3D) suggest that both
are highly flexible and must have an essential role in
fitting the substrates into the active site cavity.

EH; makes an octameric assembly

EH; is presented as a biological homo-octamer with
approximate dimensions of 8.9 x 8.6 x 7.5 nm, which
is assembled in a 422-point symmetry arrangement
(Fig. 4A,B) that buries 18% of its total surface area.
The asymmetric unit of the wild-type crystal contains

6 The FEBS Journal (2022) © 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of
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(C) Est-Y29 EstU1

B-hairpin
B-hairpin

Fig. 4. The EH; octamer. (A) View along the fourfold axis showing the interaction between assemblies AB (left, green-blue) and CA (right,
magenta-green). (B) A right-handed 90° rotation showing the weaker AG interface that is formed through the corresponding small helical
domains (green-violet). The EH,-O-4NHP found in the complex is displayed as black spheres in the active sites of A and G. Hydrogen bonds
and salt bridges are shown as dashed lines. (C) Interactions of the AG interface in the Est-Y29-F125W (PDB code 5Z\WV) octamer are per-
formed between B-hairpin (B3-p4), a4 and R1, while those in the EstU1 octamer are performed exclusively between the B-hairpin (B4-B5).
Subunits A and G are shown as cartoons coloured green and violet, respectively. All these figures were depicted using the software pymoL

(PyMOL Molecular Graphics System, Schrodinger LLC).

a tetramer that generates the octamer by binary crys-
tallographic symmetry, while the whole octamer is
formed by noncrystallographic symmetry in the com-
plexes. The subunits interact through two different
types of interfaces, AB and AG (Tables S1 and S2). In
the interface type AB, many polar interactions take
place between secondary structure motifs of the o/
domain (Fig. 4A). Hydrogen bonds mainly involve al,
02, a3, al0, the loops connecting 09-a10 and B8-f9,
and the C-terminus. Salt bridges of the AB interface
involve motifs al, o2 and «l0, the loop connecting
B10-B11 and the C-terminus. On the other hand, inter-
face AG (Fig. 4B) seems weaker and displays fewer
interactions that are among residues of the small

helical domains, i.e. hydrogen bonds within a4, B3 and
loops connecting B3-B4 and a3-04, whereas salt bridges
are made between B3 and the loop connecting a10-37.
This AG-type pair allocates their corresponding active
sites in the exterior of the octamer (Fig. 4B), located
40 A apart.

Among all EH; homologues, Est-Y29 is reported to
form a homo-octamer as the biological assembly. In
addition to the interaction through the B-hairpin (B3-
B4) and o4 described in the EH; AG interface, the lar-
ger R1 of Est-Y29 also interacts with the B-hairpin of
the adjacent subunit, making a more compact octamer
(Fig. 4C). Interestingly, EstUl makes a similar tetra-
meric assembly to that formed by EH; and Est-Y29,

The FEBS Journal (2022) © 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 7
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but the two tetramers interact exclusively through the
longer B-hairpins from each subunit (Fig. 4C). As a
consequence, the second tetramer moves away almost
20 A, making a weaker interface, but turns around by
40° in a way that each pair of active sites is at 45 A,
which is an equivalent distance to that found in EH,
and Est-Y29. On the other hand, EstB forms a differ-
ent association into a dimer with both subunits
arranged through the extension of their central p-
sheet, similar to that observed in other esterases. In
fact, it does not present the B-hairpin that seems to be
a key feature involved in octamer formation. Thus,
EH,, EstUl and Est-Y29, all of them isolated from
soil samples, make equivalent molecular assemblies
that may reflect a common biological role in nature,
and the differences observed in R1, mostly in the B-
hairpin, described above (Fig. 3C) might be fine-
tuning their specificity in their particular environment.

EH, presents an open active site

Soaking experiments of EH- crystals into a solution
containing either EH,-M-4NHP or EH,-O-4NHP were
undertaken to depict the active site. Ser76 performs a
nucleophilic attack on the phosphonate moiety of
these substrates, releasing nitrophenyl and resulting in
a covalent complex that mimics the tetrahedral inter-
mediate of the first acylation step in the hydrolytic
reaction (Fig. 5A,B). The catalytic triad of EH; is
formed by Ser76, Lys79 and Tyr192. Although the role
of Tyr and Lys has been a matter of controversy, a
recent study has given experimental evidence to pro-
pose that Tyr might act as a general base, whereas Lys
could be the general acid aiding the positioning and
polarization state of Tyr [9]. Nucleophilic serine and
lysine are found in the S-X-X-K motif, located at the
beginning of o2, while conserved Tyrl192 is located
before a6. The resulting phenolate of Tyr192 is stabi-
lized by the side chains of Trp363 (at f9) and Lys79,
the last residue being hydrogen-bonded to Tyr145 (R2)
and Gly273 from the ">G-G-X-G*”° motif (at the end
of R1). This net of polar links contributes to fixing a
constrained geometry of the catalytic site in the inter-
mediate (Fig. 5A,B). In addition, the oxoanion hole
stabilizing the negatively charged oxygen is formed by
Ser76 and Met366 backbone amides. Recently, three
different subfamilies differing in some sequence motifs
have been described within family VIII esterases [10].
According to this classification, EH; belongs to sub-
family VIII.1 (Table 1). Trp363 within the W-X-G
motif, Tyrl45 and the G-G-X-G motif are all con-
served among subfamilies VIII.1 and VIII.2 but not in
subfamily  VIIL.3, class C  B-lactamases or
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transpeptidases, highlighting potential molecular mech-
anism differences within this superfamily of proteins.

Structural superimposition of the wild-type subunit
onto those from the complexed structures shows no
significant structural changes in the EH; active site
upon complex formation. The only difference observed
in the complexes is a rearrangement of the Met366
side chain (Fig. 5SA,B) that, together with Phel47,
makes a ceiling over Ser76 (Fig. 3C), making a narrow
path to access the catalytic site that probably must
retract to allow substrate entrance. While methionine
is nonconserved, Phe is common to enzymes from sub-
family VIIIL.1. Interestingly, mutagenesis of Phel47Ala
did not influence the substrate specificity of the hydro-
lase, as this mutant was able to hydrolyse the same
number of substrates, albeit most of them (93% of the
esters tested) at lower rates (Fig. 2A), which points to
a putative crucial role of Phe as a gate giving access to
the catalytic site and possibly to the positioning of the
substrates during catalysis. The flexibility of the R2
and R3 regions, as revealed by their high B-factor val-
ues mentioned above, suggests that other structural
changes might also occur that allow for the binding of
other bulky substrates into the active site.

Figure 5 gives a detailed picture of the residues
delineating the active site in the wild-type and EH;,-M-
4NHP and EH;-O-4NHP complexes. Structural com-
parison (not shown) of our complex with other
reported EH,; family enzymes complexed with sub-
strates, such as the Est-Y29/(S)-ketoprofen (PDB
Code 5ZWR) [24] or the PcEst S57A/lovastatin (PDB
Code 6KJD) [9] complexes, ascribes the wide S1 to the
acyl-binding site of EH,; and its homologues. As
observed in Figs 5C,D and S1 site is an open cavity
where apart from Tyr145 hydrogen-bonded to Lys79,
the side chains of Tyr75, Phel47 and Met366 create a
hydrophobic environment for the proximal moiety of
the acyl site, the remaining is exposed to the solvent
due to its shorter and retracted R1. In the case of the
unliganded crystal, a glycerol molecule has been
trapped at SI, being involved in hydrogen bridges to
Tyr145, Met366 and Aspl197, the last through a water
molecule, which means that some additional polar
interactions may be formed upon substrate binding
(Fig. 5C). On the other hand, S2, assigned to the
alcohol-binding site, is shaped by both hydrophobic
and polar residues. The proximal C8 moiety of the
inhibitor is located in a hydrophobic environment
made by Phe329 and Trp363 (Fig. 5D) and extends
towards one of the two channels shown in Fig. 5C,
both delineated mostly by polar residues. A glycerol
molecule has been trapped in this S2 site in the free
enzyme, making hydrogen bonds with Tyr192, Ser390
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K79

D197

F329 Y192 Y145

Fig. 5. Active sites of EH; complexed with M-4NHP (A, blue) and with O-4NHP (green, B). Hydrogen bond networks are shown as dashed
lines for M-4NHP and O-4NHP. Met366 for the wild-type protein is shown as raspberry sticks. 2Fo-2Fc electron maps contoured at 1.0
for M-4NHP and O-4NHP (violet). (C) A cross-section of the molecular surface of EH; showing the catalytic pocket in the substrate-free
wild-type enzyme. The surface is coloured following the pattern of Fig. 3B, the small helical domain in wheat and the o/ domain in prune.
(D) A view of the phosphonate inhibitor complex, with residues bordering the alcohol (black)- and acyl (grey)- binding sites. All these figures
were depicted using the software pymoL (PyMOL Molecular Graphics System, Schrodinger LLC).

and Tyr334, this last one through a water molecule
(Fig. 5C). Furthermore, many water molecules are
included in S2, meaning that S2 seems to have a
mostly polar nature. Interestingly, mutagenesis of
Tyr334Ser did not influence the substrate range but
did influence the conversion rates (Fig. 2A); thus,
among the 43 esters tested, 14 were hydrolysed at

higher rates (from 1.8- to 7.5-fold), whereas 7 were
hydrolysed at lower rates (from 2.1- to 15.7-fold). The
ester whose hydrolysis rate was most promoted (ethyl
(R)-(+)-4-chloro-3-hydroxybutyrate; 7.53-fold) corre-
sponds to an ester with a logP value of 0.33 + 0.26,
whereas that whose rate was most attenuated (vinyl
benzoate; 15.6-fold) was an ester with a logP value of
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2.25 + 0.54 (logP wvalues reported in [4]). Together,
this finding points to a putative crucial role of Tyr334
in the catalytic site and possibly in the positioning of
molecules with different polar characteristics, likely
defined by the presence or absence of a water mole-
cule.

Molecular basis behind the broad range activity
of EH7

When comparing the active site of EH; with its homo-
logues, the G-X-S-X-G motif is absent in subfamilies
VIII.1 and VIIL.3 (Table 1). This motif is shared with
family IV ester hydrolases that house the nucleophilic
serine. In the case of EstB (a VIII.2 subfamily enzyme)
(EstB-DFP, PDB code 1CI9), this motif is within the
R2 region that is very close to the active site, which
could be the reason behind its lack of P-lactamase
activity [23]. EH5, lacking this motif, presents a more
opened and exposed S1 site having no steric hindrance
for the entrance of substrates to the active site
(Fig. 6A), in agreement with its capacity to hydrolyse
a broad range of substrates. Moreover, at the other
wall of the S1 site, R1 is retracted from the active site,
further enlarging the catalytic cavity of EH, as previ-
ously mentioned (Fig. 3C), which may also explain the
capacity to hydrolyse large substrates, such as nitro-
cefin (Fig. 2B), representing B-lactamase activity.

On the other hand, the change of Lys to an aro-
matic residue at the B-lactamase K-T-G box in the
aminotranspeptidases has been recently proposed to
determine acyltransferase activity by contributing to
the proper allocation of aromatic acyl acceptors.
According to this, the presence of Trp in subfamilies
VIII.1 and VIIIL.2 (Table 1 and Fig. 6B) should suggest
this activity within family VIII enzymes [25]. This
hypothesis was verified by mutating H-D-G to W-G-G
in EstA, a subfamily VIII.3 homologue, a change that
transformed this hydrolase into an acyltransferase [25].
The acyltransferase activity of EH; verified, as men-
tioned above, through the synthesis of benzyl 3-
oxobutanoate from benzyl alcohol and vinyl acetoac-
etate (Fig. 2B) reinforces this assumption.

However, a close inspection of the active site reveals
that other structural determinants must be considered.
Thus, the conserved motif Y-X-X containing the cat-
alytic Tyr (Table 1) includes Ser193 and Vall94 in
EH-, two small residues enabling the entrance of large
substrates. This motif is very close to the active site,
and therefore, the residues with long side chains may
generate steric hindrance with bulky substrates, as was
observed in the lack of acylation capability of Bmml
(PDB code 6KJT), which was attributed to the
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presence of Argl66 (Fig. 6C) [26]. Other EH; homo-
logues present larger residues at the Vall94 position
(Leu or His among others), which can be an additional
molecular determinant behind the capacity of EH; to
hydrolyse bulky substrates, such as the mycotoxin T-2
and the PET degradation product BHET. In conclu-
sion, EH; is a promiscuous ester hydrolase, probably
due to its wide and opened catalytic cavity allowing
the entrance of a wide spectrum of substrates, whose
access and positioning may be influenced by Phel47
and Tyr334 (Table 1).

Degradation of T-2 mycotoxin and BHET by EH,

T-2 mycotoxin belongs to the trichothecenes toxin
family, which is composed of a central six-membered
ring with an oxygen atom containing an epoxide func-
tionality. This core is completed by two additional
(six- and five-membered) rings (Fig. 7A). Trichothece-
nes are divided into four categories, A, B, C and D,
depending on the substitution pattern [27,28], with T-2
belonging to type A, which is the most toxic myco-
toxin that includes immuno, neuro and reproductive
toxicity [29]. Interestingly, EH5 is the only ester hydro-
lase that hydrolyses T-2 at the isovalerate group
(Fig. 7B), while the others remove the two acetates
(Fig. 70).

In an attempt to understand the structural basis
behind the unique EH; hydrolysis of T-2, a docking
simulation was performed to allocate the T-2 toxin
into the active site using the coordinates of free EH;.
For the induced-fit analysis, most residues that were
close to the inhibitors in the complexes shown in
Fig. 5D were considered flexible. Surprisingly, most
solutions showed an inversion of the binding mode of
T-2 with respect to the acyl/alcohol sites observed in
the EH;-M-4NHP and EH;-O-4NHP complexes.
Indeed, the bulky alcohol moiety finds a better loca-
tion at the wider and solvent-exposed S1 cavity while
positioning the small isovalerate moiety at S2. Among
all results, the best solution was chosen on the basis of
its productive interaction geometry with the catalytic
triad (Fig. 7D), with the ester carbonyl carbon placed
at an optimal distance to be attacked by Ser76 and its
free oxygen making polar links to the NH from Ser76
and Met366. Interestingly, the docking model shows
an almost identical conformation for most residues
that were allowed to move in the simulation. The only
exception is Phel47, which flips and retracts from the
catalytic site to allow the correct position of the bulky
toxin T-2, apparently supporting its role as a phenyl
gate modulating the entrance of substrates to the
active site mentioned above. This essential role of the
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(©)

Fig. 6. Conserved motives. (A) S-X-X-K in EH; complexed with M-4NHP (blue) and EstB-DFP (orange, PDB code 1CI9), and motif G-X-S-X-G
shown by EstB-DFP. (B) Motif K-T-G in AmpC (yellow, PDB code 1KE4) and W-X-G in EH; complexed with M-4NHP. (C) Motif Y-X-X in
Bmml complexed with succinic acid (pink, PDB code 6KJT) and EH; complexed with M-4NHP (blue). All these figures were depicted using
the software pymoL (PyMOL Molecular Graphics System, Schrodinger LLC).

Phe side chain agrees with the decreased activity
observed in the Phel47Ala mutant with respect to all
substrates while maintaining a selectivity profile similar
to that of native EH; (Fig. 2A). On the other hand,
the inversion in the acyl/alcohol-binding sites sug-
gested by the docking simulation with T-2 would agree
with the activity assays of mutant EH;v3345, which
shows a superior hydrolytic capacity versus substrates
with large acyl groups than the native enzyme
(Fig. 2A), pointing to Tyr334 being part of the acyl-
binding site.

As previously mentioned, EH; converts BHET into
MHET and TA (Fig. 7F). To disclose this activity,
BHET was docked into the EH; active site using the
same simulation strategy as with T-2. Interestingly, all
solutions invert the acyl/alcohol-binding sites similar
to the trend observed with the bulkier T-2 molecule
and show the flipped conformation of Phel47. The
best model, represented in Fig. 7E, shows that Met366
also presents a conformational change, as observed
upon the formation of the EH,-M-4NHP and EH,-O-
4NHP complexes, which nevertheless keeps the sulphur
atom at a similar distance to the Phel47 aromatic ring
of 5.5 A that, in turn, is similar to the 5.0 A found in
the free enzyme. In the case of the T-2 toxin, a reorga-
nization of Met366 was also observed in the complex
model, but the allocation of the bulkier alcohol moiety
increased the Met366 to Phel47 distance up to 6.5 A.
In any case, it seems apparent that the combined posi-
tioning of the pair Met366/Phel47 must be crucial in
EH; activity, possibly supporting the proper geometri-
cal integrity of the catalytic triad. Thus, the Phel47
side chain is only 4 A from the catalytic Tyr192 in the
free enzyme and the tetrahedral intermediate com-
plexes, while a flip is required to allow the entrance of
the substrate, as suggested by the docking simulation,
or the product release. Furthermore, the model shows

that the acyl moiety of BHET accommodates nicely at
the S2 site (Fig. 7E), where it is stabilized through a
hydrogen bond from Tyr334 to the ester-free oxygen.
The same binding mode may be attributed to the
carboxylate moiety of the MHET intermediate to pro-
duce TA in the last step, which can explain the unique
activity of EH; versus BHET. This is consistent with
the deleterious decrease in the hydrolytic activity
of the EH7yisys mutant versus BHET (0.07 +
0.01 units-g™ ).

This switch in the acyl/alcohol-binding sites has
been previously described upon double mutation of
the thermophilic esterase EST2 M211S/R215L, when
complexed with 1-hexadecanesulfonyl chloride [30]. At
first, this double mutation was designed to allow for
the binding of longer acyl substrates at the S2 site, but
unexpectedly, the acyl moiety of the ligand was
inverted versus previously reported complexes with the
enzyme [31]. Furthermore, this duality of the acyl- and
alcohol-binding pockets was also reported on promis-
cuous human carboxyl esterase I (hCE1) depending on
the chemical structure of the bound substrates [32].
Therefore, the same plasticity may operate in EH-,
which may represent an additional molecular mecha-
nism assisting its broad enzymatic specificity.

Conclusions

In this work, we have carried out an extensive bio-
chemical and structural characterization of EH,;, an
ester hydrolase belonging to family VIII, in particular
subfamily VIII.1, with a broad and unusual substrate
profile. In detail, EH; is a substrate promiscuous
enzyme with efficient hydrolase and acyltransferase
activities. It is characterized by a wide and prominent
catalytic cavity accepting and capable of hydrolysing
an ample set of different esters, some of which are
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Fig. 7. (A) Structure of toxin T-2. Different ester bonds that can be hydrolysed are coloured. Product(s) obtained by the degradation of toxin
T-2 through the isovalerate group by EH; (B) and by the hydrolysis of both acetates by different hydrolases (C). Depiction of the putative
inversion of the acyl/alcohol-binding modes shown by docking simulation with toxin T-2 (D) and BHET (E). Residues considered flexible in
the docking are shown in teal sticks with their surface shown in the same colour for T-2 (D) and in slate for BHET (E). Unbound protein resi-
dues having a different conformation are shown as prune sticks. (F) Degradation of BHET performed by EH;, where MHET and TA are
formed. Figs A, B, C and F were depicted using the software cHempraw (PerkinElmer Informatics). Figs D and E were depicted using the
software pymoL (PyMOL Molecular Graphics System, Schrodinger LLC).

relevant to plastic and mycotoxin degradation, divided
into two areas, S1 and S2. S1 is an exposed area and
is composed of R1 and R2 regions delineating both
walls of it. The retraction of these two regions from
the catalytic triad of EH; was found to play a critical
role in its substrate ambiguity, which was also pro-
moted by the presence of a conserved motif W-X-G
shown by subfamily VIII.I.

Materials and methods

Source and purification of EH;

The vector pPBXCH and the host Escherichia coli MC1061
were the sources of His6-tagged EH; (GenBank acc. nr.
KY483644) [4], which was produced and purified at 4 °C
after binding to a Ni-NTA His-Bind resin (from Merck Life
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Science S.L.U., Madrid, Spain) as described previously [33].
After the Ni-NTA column, the protein was further purified
by size-exclusion chromatography using a HiLoad 16/60
Superdex 200 column equilibrated in buffer: 40 mm N-(2-
hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid) (HEPES)
pH 7, 50 mm NaCl, 1 mm dithiothreitol (DTT). Two peaks
were obtained after purification and concentrated indepen-
dently: the first peak from 53.5 to 57.5 mL (concentrated at
44 mg-mL™"!) and the second peak from 64.5 to 66.5 mL
(concentrated at 28 mg-L~") were stored at 193 K. The pur-
ity of all the samples was confirmed by SDS/PAGE.

Site-directed mutagenesis

Mutagenic PCR was performed using the QuikChange
Lightning Multi Site-Directed Mutagenesis Kit (Agilent
Technologies, Cheadle, UK), as described previously [34],
and mutants were processed as the wild-type protein. The
forward primers used to generate the EH7ppeia7ala and
EH7ryr334ser variants were as follows: 5- TCAGGTCTGA
CCTATGGCGCCATGAACCGTACCAATGTG-3'  and
5’- CAGCCTCGGAAACCCCGTCGGATGGCACGGGT
TTTGGC-3/, respectively.

Enzyme characterization

The hydrolysis of carboxylic esters (the source and brand of
each of the esters [purity > 99%] used in this study was
Merck Life Science S.L.U.), including BHET (ref. 465151)
and T-2 mycotoxin (ref. T4887) was assessed using a pH-
indicator assay in 384-well plates (ref. 781162, Greiner
Bio-One GmbH, Kremsmiinster, Austria) in a Synergy HT
Multi-Mode Microplate Reader. Reactions were followed
in continuous 550 nm (¢ of phenol red,
8450 M~ '.cm™!) over 1-10 min, depending on the substrate
[33]. Reaction conditions: (protein): 0.5 ng per well;
(substrate): 20 mm (from a stock solution 200 mm
in dimethylsulfoxide); T: 30 °C; pH, 8.0 (5§ mm 4-(2-
hydroxyethyl)-1-piperazinepropanesulfonic acid (EPPS) buf-
fer, plus 0.45 Phenol Red®); reaction volume: 40 pL. These
standard conditions were used to determine the kinetic
parameters for carboxylic esters but using substrates and
enzyme concentrations as reported previously [5]. Also, for
the determination of the optimum temperature, but the
model ester glyceryl tripropionate was used as the substrate
(because of its higher stability at high temperatures com-
pared with p-NP propionate), and the temperature ranged
from 20 to 60 °C (reaction time, 1 min). Reaction products
for BHET were examined by HPLC, as previously reported
[19]. To determine the optimum pH, the model ester p-NP
propionate was used. The activity was assessed in 96-well
plates (ref. 655801, Greiner Bio-One GmbH) in 50 mm Brit-
ton and Robinson (BR) buffer at pH 3.0-10.0 and 30 °C by
monitoring the production of 4-nitrophenol at 348 nm (pH-
independent isosbestic point, € = 4147 M~ "-cm™') over 5 min
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and determining the absorbance per minute from the gen-
erated slopes [35]. Reaction conditions: (protein): 0.5 pg
per well; (p-NP propionate): 0.8 mm (from a 40 mm stock
solution in acetone); pH: 50 mm Britton—Robinson (BR)
buffer, pH ranging from 3 to 10; reaction volume: 200 pL;
and T: 30 °C. The hydrolysis of the chromogenic f-
lactamase substrate nitrocefin (484400-5MG from Merck
Life Science S.L.U.) was followed at 486 nm. This sub-
strate undergoes a distinctive colour change from yellow as
the amide bond in the B-lactam ring is hydrolysed by -
lactamase. The reaction conditions were as follows: (EH),
2 g per assay; (nitrocefin), 0-200 pm (from a 5 mg-mL~!
stock solution in DMSO); reaction volume, 100 pL; T,
30 °C; pH, 7.0 (40 mm HEPES buffer); and reaction time,
20 min. Reactions were carried out in 96-well plates (ref.
655801, Greiner Bio-One GmbH). All values were deter-
mined in triplicate by determining the absorbance per min-
ute from the generated slopes and were corrected for
nonenzymatic transformation [33,35].

Acyltransferase activity was monitored by following the
formation of benzyl 3-oxobutanoate from the reaction of
benzyl alcohol (50 mm), as an acyl donor, with a fourfold
excess of vinyl acetoacetate (200 mm), adapting a protocol
described elsewhere [25]. Both substrates were provided by
Merck Life Science S.L.U. Reactions were performed in
aqueous buffer (100 pL), namely, 5 mm EPPS buffer, pH
8.0, and 30 °C. Reactions were carried out in 1.5 mL
Eppendoff®. After 60 min of incubation, 0.9 mL dimethyl-
sulfoxide was added, and the samples were analysed by
HPLC. The formation of benzyl 3-oxobutanoate was fol-
lowed by HPLC performed using a quaternary pump
(Model 600, Waters, Milford, MA, USA) coupled to an
autosampler (Varian ProStar, Model 420, Palo Alto, CA,
USA) and a Zorbax Eclipse Plus C-18 column
(4.6 x 100 mm, 3.5 um, Agilent Technologies) at 40 °C.
The injection volume was 20 pL. The mobile phase was
acetonitrile/H,O degassed with helium and acidified with
0.1% (v/v) formic acid with a fixed flow rate of
1.0 mL-min~'. The gradient consisted of an initial 15% (v/
v) acetonitrile to 85% (v/v) in 20 min, followed by an addi-
tional 10 min to re-equilibrate the column under the initial
conditions. The detection of peaks was performed using a
photodiode array detector (ProStar, Varian), and quantifi-
cation was carried out using the software Varian Star LC
workstation 6.41 at a wavelength of 220 nm. A calibration
curve with benzyl alcohol and benzyl 3-oxobutanoate stan-
dards was made between 0 and 10 mm.

Crystallization and X-ray structure determination
of EH; and EH; complexed with a derivative of
methyl (EH;-M-4NHP) and octyl-4-nitrophenyl
hexylphosphonate (EH,-O-4NHP)

Initial crystallization conditions were explored by high-
throughput  techniques with a NanoDrop robot
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(Innovadyne Technologies Inc., Wilmington, DE, USA)
using 12 or 22 mg-mL ™! protein concentrations in HEPES
(40 mMm, pH 7), NaCl (50 mm), different protein:reservoir
ratios and the commercial screens SaltRx, Index (Hampton
Research, Aliso Viejo, CA, USA), JBScreen PACT++,
JBScreen JCSG++ and JBScreen Classic (Jena Bioscience,
Jena, Germany). After some optimization steps, including
the addition of different additives, the datasets collected
impeded crystal Then, size-
exclusion chromatography was added to the purification
step, and optimization was carried out with samples from
each chromatography peak. Bar-shaped crystals of EH;
were grown after 4 days using samples from the first peak
protein (1 pL, 12 mg-L~") in HEPES (40 mm, pH 7), NaCl
(50 mm), DTT (1 mm), Nal (0.2 pL from a stock of 1 m)
and the precipitant solution (1 pL, 22% PEG PEG3350,
0.1 m Bis-Tris propane pH 8.5, 0.2 M NaF). The complex
with the suicide inhibitors methyl and octyl 4-
nitrophenylhexyl phosphonate (EH,-M-4NHP and EH;-O-
4NHP, respectively) was obtained by soaking crystals of
EH,, grown as above, in the precipitant solution supple-
mented with 10 mm of either M-4NHP or O-4NHP for
3 h. Both inhibitors (ID ESICO01 and ESIC03) were pro-
vided by EUCODIS Bioscience GmbH (Vienna, Austria).
For data collection, crystals were transferred to cryopro-
tectant solutions consisting of mother liquor and glycerol
(20% [v/v]) before being cooled in liquid nitrogen. Diffrac-
tion data were collected using synchrotron radiation on the
XALOC beamline at ALBA (Cerdanyola del Vallés, Spain).
Diffraction images were processed with XDS [36] and
merged using AIMLESS from the CCP4 package [37]. All
crystals present P422 point symmetry, with four molecules
in the asymmetric unit in the wild-type, eight molecules in
the asymmetric unit in both complexes, and 47-49% sol-
vent content within the unit cell. The data collection statis-
tics are given in Table S3. The structure of EH; was solved
by molecular replacement with MOLREP [38] using the
coordinates from the homologue EstUl as a template
(PDB code 41VK). The structure of the complex was solved
by difference Fourier synthesis using the coordinates of the
EH; native crystals. Crystallographic refinement was per-
formed using the program REFMAC [39] within the CCP4
suite with automatic local noncrystallographic symmetry
(NCS). For the wild-type, amplitude-based twin refinement
was applied. The free R-factor was calculated using a sub-
set of 5% randomly selected structure-factor amplitudes
that were excluded from automated refinement. At the later
stages, ligands were manually built into the electron density
maps with Coot8 [40], and water molecules were included
in the model, which, combined with more rounds of
restrained refinement, reached the R factors listed in
Table S3. For M-4NHP and O-4NHP, which are not pre-
sent in the Protein Data Bank, a model was built using
MacPyMOLXI11Hybrid (The PyMOL Molecular Graphics
System, Version 2.0, Schrodinger, LLC, New York, NY,

structure determination.
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USA). The model was used to automatically generate coor-
dinates and molecular topologies, with GRADE (http://
grade.globalphasing.org) for M-4NHP and eLBOW [41] for
O-4NHP, suitable for REFMAC refinement. The figures
were generated with pymoL. The crystallographic statistics
of EH7 are listed in Table S3.

Docking simulations

The crystal structure of EH; wild-type was used as a tem-
plate for the docking experiments. All resolved water mole-
cules and other heteroatoms were removed from the
structure prior to protein preparation and subsequent dock-
ing simulations. The coordinates of toxin T-2 were gener-
ated using SMILES within Coot8 [40]. autopock Tools
was used to create a .pdbqt file that is a modified PDB file
containing the coordinates of the protein and substrate and
additional information such as the atom type. Substrate
docking was performed using AutoDock Vina [42] with
Tyr75, Lys79, Tyrl4S, Phel47, Tyrl192, Aspl97, Phe263,
Tyr269, Ser271, Phe329, Trp363 and Met366 defined as
flexible side chains. The docking space was visually defined
in Autopock Tools. The grid box around the catalytic triad
with dimensions of 26 A x 28 A x 34 A was used to cover
the entire substrate-binding site. In the case of BHET, the
coordinates were taken from the PDB code C8X. In this
case, the flexible residues were Tyr75, Lys79, Tyrl45,
Phel47, Tyr192, Phe329, Tyr334, Trp363, Met366, Ser390
and Arg396. The grid box around the catalytic triad with
dimensions of 32 A x 36 A x 40 A was used. Default
parameters were defined during docking with exhaustive-
ness of 16. Calculations were performed using the Lamar-
ckian Genetic Algorithm (LGA) method. Among the
results, the final model was chosen on the basis of its pro-
ductive interaction with the catalytic triad, and small
changes were manually made to properly fit into the active
site.
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Fig. S1. Raw data: ESI-MS analysis of T-2 degrading
products.

Table S1. The EH; octamer interfaces as calculated by
Pisa.

Table S2. Atomic interactions at the interface.

Table S3. Crystallographic statistics of EH;, EH;-4MP
and EH,-40P.
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