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ARTICLE INFO ABSTRACT

Lanthionine synthetase component C-like protein 2 (LANCL2) has been identified as the mammalian receptor
mediating the functional effects of the universal stress hormone abscisic acid (ABA) in mammals. ABA stimulates
insulin independent glucose uptake in myocytes and adipocytes via LANCL2 binding in vitro, improves glucose
tolerance in vivo and induces brown fat activity in vitro and in vivo. The emerging role of the ABA/LANCL2 system
in glucose and lipid metabolism makes it an attractive target for pharmacological interventions in diabetes
mellitus and the metabolic syndrome. The aim of this study was to investigate the presence of ABA binding site
(s) on LANCL2 and identify the amino acid residues involved in ABA binding. Equilibrium binding assays ([®H]-
ABA saturation binding and surface plasmon resonance analysis) suggested multiple ABA-binding sites,
prompting us to perform a computational study that indicated one putative high-affinity and two low-affinity
binding sites. Site-directed mutagenesis (single mutant R118I, triple mutants R1181/R22I/K362I and R118l/
S41A/E46]) and equilibrium binding experiments on the mutated LANCL2 proteins identified a high-affinity
ABA-binding site involving R118, with a Kp of 2.6 nM = 1.2nM, as determined by surface plasmon resonance.
Scatchard plot analysis of binding curves from both types of equilibrium binding assays revealed a Hill coeffi-
cient > 1, suggesting cooperativity of ABA binding to LANCL2. Identification of the high-affinity ABA-binding
site is expected to allow the design of ABA agonists/antagonists, which will help to understand the role of the
ABA/LANCL2 system in human physiology and disease.
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1. Introduction subsequently identified in the central nervous system, as well as in

immune cells, heart, placenta, lung, liver, pancreas, prostate and ske-

The lanthionine synthetase C-like (LANCL) enzyme family com-
prises the eukaryotic homologues of the prokaryotic lanthionine syn-
thetase component C (LanC) protein, a zinc-containing enzyme in-
volved in the modification of peptides and lanthionines (Bauer et al.,
2000).

LANCL1 was the first member of this family to be isolated from
human erythrocyte membranes (Mayer et al., 1998). LANCL2 was

letal muscles (Mayer et al., 2001). The two proteins share a significant
sequence homology (> 70%) but differ in their subcellular localization:
LANCLI is cytosolic, while LANCL2 is bound to the plasma membrane
through its myristoylated N-terminal Gly residue (Landlinger et al.,
2006; Fresia et al., 2016). A third member of the LANCL protein family,
LANCLS3, is expressed at very low levels in human cells (Sturla et al.,
2009). Despite the name “lanthionine synthetase”, none of the LANCL
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S-(+)-2-cis, 4-trans ABA

Fig. 1. Chemical structure of S-(+)-2-cis, 4-trans abscisic acid (ABA).

proteins is involved in lanthionine synthesis in mammals (He et al.,
2017).

Recently, in vitro and in vivo studies performed on purified human
recombinant LANCL2 and on the protein overexpressed in animal cells
demonstrated that LANCL2 binds 2-cis, 4-trans abscisic acid (ABA)
(Sturla et al., 2009, 2011). ABA is an isoprenoid hormone (Fig. 1)
regulating seed dormancy and germination and the plant response to
environmental stress, such as changes in water, light and nutrient
availability (Nambara and Marion-Poll, 2005). ABA has a chiral center
in its molecule, yielding the enantiomers (R)-(—) ABA and (S)-(+)
ABA; many reports demonstrate that both enantiomers show hormonal
activitiy in many assay systems in plants (Lin et al., 2005).

With a fundamentally conserved role as a stress hormone, ABA is
also present and active in animals (Lievens et al., 2017), where it in-
duces the activation of innate immune cells (the first line of defense
against biotic and abiotic cues) (Bruzzone et al., 2007; Magnone et al.,
2009), and plays a role in the regulation of glycemia. Glucose intake
induces an increase of plasma ABA in healthy humans (Bruzzone et al.,
2012) and ABA stimulates insulin release from pancreatic beta cells and
glucose uptake by muscle and adipose cells in vitro (Bruzzone et al.,
2008, 2012). In mammals both R-(—) and S-(+) enantiomers are bio-
logically active on granulocytes (Bruzzone et al., 2007) and on insulin-
releasing cells (Bruzzone et al., 2008). Intake of ABA reduces glycemia
after a glucose load both in rodents and in humans (Magnone et al.,
2015). Interestingly, the reduced blood glucose area under curve after a
carbohydrate load is not due to an increased insulinemia: on the con-
trary, plasma insulin is lower in ABA-treated vs. untreated animals,
suggesting that in vivo the effect of ABA on tissue glucose uptake may
prevail over its insulin-releasing action (Magnone et al., 2015).

The functional effects of ABA on innate immune and on beta-cells
are mediated by LANCL2, as demonstrated by the amplification or in-
hibition of the response to ABA in target cells transfected with a
LANCL2-encoding plasmid or with a LANCL2-specific siRNA, respec-
tively (Sturla et al., 2009). The signaling pathway downstream of ABA
binding to membrane-bound LANCL2 involves the sequential activation
of a G protein, the cAMP-dependent activation of PKA and CD38
phosphorylation, leading to a cyclic ADP-ribose (cADPR)-mediated in-
tracellular Ca2* increase (Bruzzone et al., 2007, 2008; Magnone et al.,
2009; Bodrato et al., 2009). Mutation of N-terminal Glycine (Gly2)
prevents myristoylation of LANCL2 and abrogates the ABA-triggered
signaling via cAMP (Fresia et al., 2016). Interestingly, ABA binding also
induces the nuclear translocation of LANCL2 in transfected cells,
making human LANCL2 an unprecedented example of a non-trans-
membrane G protein-coupled receptor also capable of hormone-in-
duced nuclear translocation (Fresia et al., 2016). In addition to acti-
vation of PKA, ABA also induces activation of Akt. An increased
phosphorylation level on Ser-473 of Akt was observed in adipocytes and
myocytes incubated with ABA (Bruzzone et al., 2012). Indeed, Zeng
et al. (2014) have demonstrated that LANCL2 is a positive regulator of
Akt activation in human liver cells by enhancing Akt phosphorylation at
Ser-473by mTORC2.

The apparent Kp of human recombinant LANCL2 for ABA, as
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calculated from equilibrium binding experiments on the purified pro-
tein, was reported to be in the high micromolar range (Sturla et al.,
2011) consistent with the observation that maximal effects of ABA on
innate immune cells are observed at micromolar ABA concentrations
(Bruzzone et al., 2007). Both R-(—) and S-(+) enantiomers ABA at high
micromolar concentrations completely displaced binding of (R,S)-[3H]-
ABA to LANCL2-GST (Sturla et al., 2011). Instead, the metabolic effects
of ABA on glucose transport in vitro and on glycemic control in vivo
occur at nanomolar concentrations (Bruzzone et al., 2012; Magnone
et al., 2015). This discrepancy suggested to perform a more in-depth
investigation into the ABA binding affinity of human LANCL2. Indeed,
docking results obtained by Lu and co-workers (2011) on a homology
model of LANCL2, based on the crystal structure of LANCL1, high-
lighted several key contacts of LANCL2 with ABA.

With the aim of clarifying whether LANCL2 indeed has multiple
ABA binding sites, possibly with different affinities for the hormone, we
therefore performed new equilibrium binding studies with human re-
combinant LANCL2, exploring also the nanomolar range of ABA con-
centrations. In addition, orthogonal assays were performed using sur-
face plasmon resonance (SPR) analysis to directly determine the
binding of ABA to recombinant LANCL2. The observation of a hitherto
undescribed high-affinity and saturable binding in the low nanomolar
range prompted us to perform a new computational study, based on
homology modeling of human LANCL2, followed by molecular docking
of ABA. The hypothetical high-affinity ABA binding site suggested by
the computational study was then confirmed by site-directed muta-
genesis and both [®H]-ABA saturation binding and SPR analysis on the
mutated recombinant protein.

2. Materials and methods
2.1. Recombinant LANCL2 and site-directed mutants

Amino acid substitutions (R118I, R1181/R22I/K362I, and R1181/
S41A/E461) were generated using the QuickChange Lightning Site-
Directed Mutagenesis kit (Agilent Technologies; Santa Clara, CA), fol-
lowing the manufacturer’s instructions. Mutagenesis was performed
directly on pGEX-6P-1 vector containing the full-length coding se-
quence of hLANCL2 (LANCL2-pGEX-6-P1) (Sturla et al., 2011). After
mutagenesis, plasmids were used to transform E. coli XL10 (Agilent
Technologies, Milan, Italy), then purified using Plasmid Mini Kit
(Qiagen) and sequenced by TibMolbiol (Genova, Italy). The vectors
containing the desired mutations were used to transform E. coli BL21
(DE3) (Agilent Technologies, Milan, Italy) and the colonies that pro-
duced the greatest amount of protein were used to express the mutant
enzymes as glutathione S-transferase (GST)-fusion proteins, where GST
was fused at the N-terminus of LANCL2.

Protein expression and purification were performed as described
(Sturla et al., 2011), with some modifications detailed below. Wild-type
and mutant LANCL2 were purified by affinity chromatography and the
GST-tag was removed using PreScission Protease (GE Healthcare), by
incubating the GSH-Sepharose-bound fusion protein for 16 h at 4°C in
Tris-HCl pH 7.5, 150 mM NaCl (“cleavage buffer”). Before being in-
cubated with GSH-Sepharose, PreScission Protease was activated on ice,
in the presence of 20 uM dithiothreitol (DTT) for 30 min. The final
concentration of DTT during cleavage of the recombinant fusion protein
was approximately 50 nM. The LANCL2-GST recombinant fusion pro-
tein was used for SPR analysis; the fusion protein was eluted from GSH-
Sepharose—4 B by incubating the matrix at 25 °C for 15 min with 10 mM
GSH in 50 mM Tris-HCI, pH 8. Recombinant proteins were concentrated
using Amicon Ultra-15 centrifugal filter devices (Millipore, Milan, Italy)
while continuously adding the cleavage buffer without DTT, to reduce
the DTT concentration to less than 5 nM. Thus, the final protein solution
was concentrated to a final concentration above 5mg/ml in the same
buffer used for binding experiments (150 mM NaCl, 50 mM Tris-HCl,
pH 7.4, 1mM EDTA). Protein concentrations were determined
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according to Bradford (1976) using IgG as standard while protein purity
was monitored by SDS-PAGE and gel filtration chromatography ana-
lysis using a Superose 12 10/300 GL column (GE Healthcare) in 50 mM
Tris-HCl, 150 mM NaCl, pH 7.4.

To heat-denature wild-type LANCL2, the recombinant protein
(0.1 mg/ml) was heated at 56°C for 3.5min and used as negative
control for [°H]-ABA saturation binding.

2.2. [PH]-ABA binding

(R,S)-[SH]-ABA saturation binding experiments were performed
with the following recombinant LANCL2 proteins: wild-type LANCL2,
three different mutagenized LANCL2 proteins, mutated at site 1 (R118I)
or at sites 1 and 2 (R118I/R221/K362I) or at sites 1 and 3 (R1181/S41A/
E461), and heat-denatured LANCL2 as control. Incubations were per-
formed with 10 pg protein in 150 mM NaCl, 50 mM Tris-HCl pH 7.4,
1 mM EDTA (binding buffer) in a final volume of 100 pl in triplicate for
60 min at 25°C with 0.05puM (R,S)-[*H]-ABA (20 Ci/mmol, Biotrend
Radiochemicals, Koln, Germany), in the presence of increasing con-
centrations of unlabeled ABA (50 nM-5mM) (Sigma-Aldrich). At the
end of incubation, samples were filtered on 0.2pum nitrocellulose
membranes (Bio-Rad, Milan, Italy), the filters were washed with 3.5 ml
ice-cold binding buffer and then dried, and the radioactivity was
measured in 4.0 ml Ultima-Gold (Perkin Elmer, Italy) with a Packard f-
counter. The specific (R,S)-[*H]-ABA binding was calculated as the
difference between total binding and non-specific binding, obtained
with excess unlabeled (R,S)-ABA (5.0 mM). The maximal binding ca-
pacity (Bmax) and the dissociation constant (Kp) were calculated using
the program Saturation Binding, specific binding only, in the GraphPad
Prism 5.0 Software, San Diego, CA, USA. In this program the data are
analysed by non-linear regression fit.

2.3. Surface plasmon resonance

Direct binding of unlabeled ABA to wild-type LANCL2-GST and
LANCL2-R118I-GST was measured by surface plasmon resonance (SPR)
on a Biacore T200 instrument (GE Healthcare) at 25° using a CM7
sensor chip (GE Healthcare). The covalent coupling of LANCL2-GST and
LANCL2-R118I-GST on separate channels of the chip was accomplished
through standard amine coupling and resulted in the immobilization of
24,860 and 24,390 resonance units (RUs) respectively. For both pro-
teins, a surface without immobilized protein was used as a reference
channel. All experiments were performed with a running buffer con-
sisting of PBS with the addition of 0.05% Tween 20 (PBS-P) using a flow
rate of 30 ul/min.

The evaluation of ABA binding to each protein was performed by
injecting ABA dissolved in PBS-P in two different concentration ranges
in separate experiments. The nanomolar concentration range consisted
of ABA at 50 nM, 100 nM, 200 nM, 400 nM, and 600 nM and the mi-
cromolar range consisted of ABA at 1uM, 2.5uM, 5uM, 10 M, and
20 uM. ABA injections were done at a flow rate of 30 ul/min with a
contact time of 8 s (s) and a dissociation time of 60s. Bound ABA was
removed by a subsequent regeneration step through the injection of 1 M
NaCl for 30s at 30 pl/min. The obtained sensorgrams were used for
equilibrium state affinity analysis using the Biacore Evaluation software
version 3.1 (GE Healthcare).

2.4. Ligand modeling

The chemical structure of ABA and related analogues were built,
parameterized (Gasteiger-Hiickel method) and energy minimized
within Sybyl-X 1.0 using Tripos force field (Cichero et al., 2013a).

2.5. LANCL2 homology modeling

Since most of the residues characteristic of LANCL1 are conserved in
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LANCL2, the model we generated was developed starting from the X-
ray structure of hLANCL1 (PDB code: 3E6U; resolution = 2.80 /1’\)
(Zhang et al., 2009) obtained from the Protein Data Bank (Berman
et al., 2000). The amino acid sequence of hLANCL2 (Q9NS86) was re-
trieved from the SWISSPROT database (Bairoch and Apweiler, 2000).

The alignment of the two enzyme sequences was made on the basis
of the Blosum62 matrix (MOE software). The connecting loops were
constructed by the loop search method implemented in MOE. This
software developed the output files, including a series of ten receptor
models, which were independently built using a Boltzmann-weighted
randomized procedure (Levitt, 1992), taking into account a procedure
concerning a proper handling of sequence insertions and deletions
(Fechteler et al., 1995). The model endowed with the best packing
quality function was selected for further energy minimization within
the AMBER94 force field (Cornell et al., 1995). The energy minimiza-
tion was carried out by the 1000 steps of steepest descent followed by
conjugate gradient minimization until the rms gradient of the potential
energy was less than 0.1kcalmol ~* A~ 1,

A thorough evaluation of the final chosen model was performed
using Ramachandran plots, generated within MOE, and by exploring
the energetic profile and the contact energy values of the hLANCL2
homology model we built. The derived information was compared with
that calculated from the X-ray structure of the hLANCL1.

In addition, quality estimates for the modeled protein side-chain,
evaluated by the rotamer energy profile, based on the methodology
described by Dunbrack and Cohen (1997), as described in a previous
study (Cichero et al., 2013a), displayed the absence of outliers.

2.6. Molecular docking studies

Molecular docking studies were performed considering four puta-
tive binding sites for (S)-2-cis, 4-trans ABA, the most abundant en-
antiomer in nature. In detail, we explored any suggested cavity pro-
posed by the Site Finder module of MOE software, focusing our
attention on the three best scored, the first one being retained as the
most probable (site 1). The other two sites were also explored as second
(site 2) or third putative binding sites (site 3).

The purpose of Site Finder is to calculate possible active sites in a
receptor from the 3D atomic coordinates of the receptor. Such a cal-
culation is useful for guiding site-directed mutagenesis experiments, in
order to help determine potential sites for ligand binding docking cal-
culations.

MOE's Site Finder falls into the category of geometric methods in the
search of putative binding site, since no energy models are used.
Instead, the relative positions and accessibility of the receptor atoms are
considered, along with a rough classification of chemical type. The Site
Finder methodology revolves around the development and matching
with the protein of convex hulls, namely Alpha Spheres, featuring a
different polarity profile. In brief, the method is as follows: (i) Identify
regions of tight atomic packing, also on the surface of the protein. (ii)
Filter out sites that are “too exposed” to solvent and retain all the others
which are further classified based on their hydrophobic/hydrophilic
properties. This is made by collecting a variable number of the afore-
mentioned alpha spheres, which properly fit any putative site.

In addition, we also took into account the information described in
the literature about a previously discussed LANCL2 homology model
(Lu et al., 2011), where a putative ABA-binding site was reported (site
4.

Thus, the compounds were docked within the modeled hLANCL2
running four series of site-directed docking procedures, one for each
putative binding site, by means of the LeadIT 2.1.8 software suite
(www.biosolveit.com), including the FlexX scoring algorithm which is
based on the calculation of the free binding energy by means of Gibbs-
Helmholtz equation (Bohm, 1992,1994; Rarey et al., 1996). The soft-
ware detects the binding site around the key residues as deciphered by
MOE Site-finder, to set up a spherical search space for the docking
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approach.

The standard setting for the docking strategy was followed,
choosing the so-called Hybrid Approach (enthalpy and entropy cri-
teria); the related scoring function evaluation is described in the lit-
erature (Bichmann et al., 2014). The derived docking poses were
prioritized by the score values of the lowest energy pose of the com-
pounds docked to the protein structure. All ligands were refined and
rescored by assessment with the algorithm HYDE, included in the
LeadIT 2.1.8 software. The HYDE module considers dehydration en-
thalpy and hydrogen bonding (Reulecke et al., 2008; Schneider et al.,
2012).

Finally, the derived protein-ABA complex stability was successfully
assessed using a short ~1 ps run of molecular dynamics (MD) at con-
stant temperature, followed by an all-atom energy minimization
(LowModeMD implemented in MOE software).

All calculations were carried out on a standard personal computer
running under Windows XP.

3. Results
3.1. High-affinity ABA binding to human recombinant LANCL2

Human recombinant LANCL2 was expressed as an N-terminal fusion
protein with the enzyme glutathione S-transferase (GST), but a sig-
nificant modification to the previously described purification method
(Sturla et al., 2011) was introduced. Here, LANCL2 was released from
the LANCL2-GST fusion protein immobilized on glutathione-Sephar-
ose—4B by incubation with PreScission Protease, pre-activated with DTT
in a separate incubation. Thus, LANCL2 cleaved from GST was not
exposed to the high DTT concentration required for activation of the
PreScission Protease, described in the previously published protocol
(Sturla et al., 2011). LANCL2 purity was checked by SDS-PAGE, which
revealed a single band at approximately 50 kDa as expected (Supple-
mentary information Fig. S1, A). LANCL2 and LANCL2-GST were both
eluted from a gel filtration column as single symmetrical peaks con-
firming the purity of the proteins (Supplementary information Fig. S1,
B). Saturable binding of (R,S)-[>H]ABA to human purified LANCL2 was
explored at ligand concentrations ranging from 50 nM to 50 uM ABA,
with several concentrations tested in the nanomolar range (Fig. 2B).
Wild-type, heat-denatured hLANCL2 was used as negative control. This
protein showed no specific ABA binding (i.e. no displacement by excess
unlabeled ABA - Fig. 2A, B).

Results obtained revealed a complex binding curve, with apparently
two different plateaus (Fig. 2C). When the ligand binding affinity was
calculated separately in the nanomolar and in the micromolar con-
centration range, two different binding constants could be calculated: a
Kp in the nanomolar range (0.14pM * 0.06 uM, Fig. 2B) and another
one in the micromolar range (9.8 uM * 0.3 uM, Fig. 2A), the latter one
approximately ten times lower than the previously published Ky, (Sturla
et al., 2011).

Several reasons may explain the discrepancy between the earlier
and the present results: i) as mentioned, the purification procedure used
here for recombinant LANCL2 avoids the high DTT concentrations
previously employed and may have resulted in a better conservation of
the native protein structure that contains 15 cysteine residues in its
sequence; ii) ABA binding was explored here over a wider range of
nanomolar concentrations (50, 75, 100, 200, 300 and 500 nM) com-
pared to the previous study, where a single nanomolar value was ex-
plored (50 nM ABA). Indeed, if all experimental points in the nano-
molar range, except for the value at 50 nM, were removed from Fig. 2C,
the calculated K of LANCL2 for ABA would be 10 uM.

Initial SPR experiments were performed with the cleaved LANCL2
protein; however, without a fusion partner, the protein was found to be
very unstable and degraded rapidly on the sensor chip surface. All
subsequent SPR experiments were therefore performed using the N-
terminal GST fusion protein, both for the wild-type and the R118I
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mutant. The CM7 chip, used for immobilization, allowed higher im-
mobilization levels compared to the affinity-based chips. As previous
experiments had shown the presence of at least two different affinity
ABA binding sites, a nanomolar and micromolar injection series were
used to acquire two different steady state affinities for the wild-type
LANCL2-GST. In the uM injection series (1, 2.5, 5, 10, and 20 uM) an
affinity constant of 1.8 M *= 0.8 uM (n = 3) was measured (Fig. 2E)
while in the nanomolar injection series (50, 100, 200, 400 and 600 nM)
the affinity constant was determined to be 2.6nM * 1.2nM (n = 3)
(Fig. 2D).

The high-affinity binding constant revealed by the equilibrium
binding experiments on human LANCL2 prompted us to undertake a
homology modeling study, to obtain a model of the protein for the in
silico exploration of putative ABA-binding sites.

3.2. LANCL2 homology modeling

The multiple alignments described in the literature between
LANCL1 and LANCL2 from human, monkey, rat, mouse, cattle and
zebrafish reveal that all these proteins are characterized by conserved
GxxG, SH3- and GSH-binding motifs (Lu et al., 2011). Based on this
information, and following a computational procedure we previously
applied to other case studies (Cichero et al., 2013a,b), we derived a
human LANCL2 model, starting from the alignment of the LANCL2
FASTA sequence (Q9NS86) with that of the human LANCL1 X-ray
structure (pdb code: 3E6U), as shown in Fig. 3. Reliability of the
alignment was confirmed by the high value of the pair-wise percentage
of residue identity (PPRI) calculated between the two proteins
(PPRI = 58.6%).

The hLANCL2 model derived from this alignment was superimposed
on the coordinates of human LANCL1 (Fig. 4A), used as template for the
homology modeling calculations. It resulted in a root mean square
deviation value (RMSD) of 0.734 A calculated on the carbon atoms
alignment with respect to the X-rays coordinates of the template.

The geometry and the related backbone conformation of the model
were inspected by Ramachandran plot, which showed R256 as the only
outlier of the model (see Supporting information S2) and gave a good
validation of the computational protocol applied. In addition, the
structural reliability of the model was also evaluated by comparing the
energetic profile of the derived hLANCL2 with that of the hLANCL1
template. In general, high negative values and positive energy terms
correspond to residues which are expected to be oriented toward a
hydrophobic and a hydrophilic environment, respectively. Notably, the
observed energetic profile of the model proved to be highly comparable
with that of the reference LANCL1 protein (Fig. 4B).

In addition, quality estimates for the modeled protein side-chain
were also evaluated by the rotamer energy profile, displaying absence
of outliers (see Supporting information S3). Altogether, these data were
interpreted as a general validation of the LANCL2 model and the ex-
ploration of the putative ABA binding sites was undertaken on this
model.

3.3. Analysis of LANCL2 ABA-binding sites

In the absence of experimental data revealing the binding site of this
protein, we deemed interesting to evaluate any possible and reasonable
protein region which could be involved in the ABA binding process,
through a specific computational approach based on homology mod-
eling, docking and low molecular dynamics simulation studies (Cichero
et al., 2013a). Accordingly, we started our work exploring the putative
binding pockets as predicted by the Site Finder module of MOE soft-
ware (see Materials and Methods), as we successfully did in previous
case studies (Cichero et al., 2013b).

This software identified several possible ABA-binding sites: in par-
ticular, we focused our attention on the binding site with the highest
score (henceforth called Site 1, Fig. 5a), on a second site with a similar
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Fig. 2. Equilibrium binding of (R,S)-[*H]-ABA and SPR assays on recombinant human LANCL2 reveals multiple binding sites. (A) Saturation binding experiments were performed as
described in the Experimental Section. Human purified LANCL2 protein was incubated with 50 nM (R,S)-[*H]-ABA in the presence of increasing concentrations of unlabeled ABA. The
specific binding was analyzed in the micromolar range (A) and in the nanomolar concentration range (see inset, (B) by nonlinear regression, using the GraphPad Prism software. (C)
representation of overall data points of specific binding to create a plot with a break in the axis indicating the shape of the curve, Results are the mean *= SD of 9 experiments. (D) SPR
measurements of ABA binding to LANCL2-GST in a nM concentration range (0-600 nM). Steady-state K, values were estimated using the Biacore T200 evaluation software and reported
asmean * SD (n = 3). In this representative curve the Kp is 3.51 nM and the chi-squared value is 0.30%. (E) SPR measurements of ABA binding to LANCL2-GST in a pM concentration
range (0-20 pM). Steady-state Kp, values were estimated using the Biacore T200 evaluation software and reported as mean = SD (n = 3). In this representative curve the Kp is 1.36 yM

and the chi-squared value is 0.17%.

score (henceforth called Site 2, Fig. 5b), and a third site with a lower
score compared with Site 1 (henceforth called Site 3, Fig. 5¢). We also
took into account the literature data about a previous LANCL2
homology model (Lu et al., 2011), which suggested a possible ABA-
binding site (henceforth called Site 4). A representation of putative
ABA-binding sites which have been identified and explored is shown in
Fig. 5. Interestingly, Site 1 is adjacent to the region proposed as Site 2,
suggesting the possibility of mutual interference on their flexibility,
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through a related conformational change. Most residues of Site 1 fall
into two helix domains (delimited by W106-R138 and R200-1214, re-
spectively), and include L111, L114, R118, Q115 and Y205, Y209, T212
and E213.

The Q282-R297 helix region is involved in Site 2 through residues
Q282, E283, T284, 1285, T286, E287, in tandem with a pattern of
amino acids belonging to three loop regions (R409-R413; R316-H322;
K362-H368). Interestingly, a comparison performed between the



E. Cichero et al. International Journal of Biochemistry and Cell Biology 97 (2018) 52-61

1 11 2 31 #

3E6U L I EFMA QRAFPFNPYAD YNKSLA-- == =« ««««==.-= -

MLANCL2 1MGETMSKRLK LHLOOEAEME ERAFVNPFPD YEAAAQGALLA SOGAAEETOCV®

AD

&1 61 Il 81 o

JE6U 2 - -t ee e E GYFDAAGRLT PEFSQRLTNK IRELLQQMER GLKSADPRDG 81

ALANCL2 S RPPATTDEPG LPFHQDGKII HNFIRRIQTK IKDLLQQMEE GLKTADPHDG 100
101 11 12 13 141

3E6U ®TAYTAWAGIA VLYLHLYDVF GDPAYLQLAH GYVKQSLNCGCL TKRSITFLCG 111

WLANCI2 M SAYTOGWTGIA LLYLQLYRVT C€DQTYLLRSL DYVKRTLRNL NORRVTFLCG 1%
151 161 7 181 181

3E6U M2DAGPLAVAAY LYHKMNNEKQ AEDGC I TRLIH LNKI----DP HAPNEMLYGR 157

WLANCL2 1$1DAGPLAVGAV IYHKLRSDCE SQECVTKLLQ LQRSVVCQES DLPDELLYGR 200
201 211 221 231 241

3E6U 1 IGYIYALLFY NKNFGVEKIF QSHIQQICET ILTSGENLAR KRNFTAKSPL X7

WLANCL2 2MAGYLYALLYL NTEIGPGTVC ESAIKEVVNA |IESGKTLSR EERKTERCPL 260
251 261 27 1 261

3E6U 26MYEWYQEYYV GAAHGLAGIY YYLMQPSLQV SQOGKLHSLVK PSVDYVCQLK 257

KLANCL2 251LYQWHRKQYV GAAHGMAGIY YMLMQPAAKY DQETLTEMVK PSIDYVRHKK 30
0 311 a1 33 34

3E6U 26 FPSGNYPPC| GDNRDLLVHW CHOGAPGVIYM LIQAYKVFRE EKYLCDAYQGC %7

HLANCL2 S0 FRSGNYPSSL SNETDRLVHW CHOAPGVIHM LMQAYKVFKE EKYLKEAMEC 38
351 81 an 381 301

3E6U WBADVIWQYGLL KKGYGLCHGS AGNAYAFLTL YNLTQDMKYL YRAGCKFAEWG 357

HLANCL2 31 SDVIWQRGLL RKGYGICHGT AGNGYSFLSL YRLTQDKKYL VYRACKFAEWC 40
401 411 42 431 4“1

3E6L B LEYGEHGCRT PDTPFSLFEG MAGTI|YFLAD LLVPTKARFP AFEL------ 1

hLANCL2 41 LDYGAHQGGRI PDRPYBLFEG MAGAI|IHFLSD VLGPETSBRFP AFELDSS8KRD 40

Fig. 3. Alignment of the hLANCL2 sequence on the hLANCL1X-ray structure (pdb code = 3E6U). Conserved residues are highlighted by grey bars.
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Fig. 4. Comparison between hLANCL2 and hLANCL1. (A) Superimposition of the hLANCL2 model derived from the sequence alignment with LANCL1 on the LANCL1 X-ray structure
(3E6Uco-ordinates). The conserved regions are shown in light green (B) Contact energy profile of the hLANCL2 model compared with that of the hLANCL1 template. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. A schematic representation of putative ABA-binding sites within the modeled hLANCL2, superimposed on the hLANCL1 structure (in grey). The regions involved in ABA-binding in

the four sites are depicted in green.

residues belonging to Site 1 and to Site 2 and the corresponding cavities
of hLANCLI1, revealed an increase of the PPRI value in both cases
(PPRI = 66.7% and 87.5%, respectively) for the two homologous pro-
teins.

Compared with Site 1, Sites 3 and 4 are quite narrow crevices placed
at the periphery of loop domains and characterized by the amino acids
Y31, S41, E46, C394 and Y295, K299, K300, F301, respectively.
Concerning Site 4, Lu et al. (2011) reported H—bonds between ABA and
the K299 side-chain £ amino-group.

To identify the putative high-affinity binding site of ABA, molecular
docking analyses were then performed on each site. The relevance of
the obtained hLANCL2-ABA complexes was subsequently compared on
the basis of SurFlex scoring functions and analyzed in terms of rea-
sonable key contacts, after performing low molecular dynamics (MD)
simulations.

3.4. ABA molecular docking studies

Based on an overall analysis of the docking calculations proposed
here, we can infer that the binding poses shown for ABA are en-
ergetically quite comparable at site 1, slightly less at site 2, followed by
site 3, while there is not a binding free energy advantage at site 4 (see
Table 1). Thus, we took into consideration only the docking mode at
sites 1, 2 and 3.

Preliminary docking results running on site 1 suggest a pattern of
H—bond contacts involving the carbonyl oxygen of ABA and H426,
while the hydroxyl group is engaged in one H—bond interaction with

Table 1
Binding affinity values obtained by molecular docking studies of ABA within site 1, 2, 3
and 4.

Enzyme-Ligand Complex (LeadIT) Binding Affinity Energy AG (kJ/mol)

Site 1-ABA —24.0
Site 2- ABA —20.0
Site 3- ABA -9.0
Site 4- ABA -2.0
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E213. Notably, the refined docking pose obtained with low MD con-
firmed the previously cited contacts and also highlighted a further
electrostatic bond between the carboxyl group of ABA and the R118
side-chain (Fig. 6A).

According to our docking calculations, the most probable posi-
tioning of ABA within site 2 is related to the formation of polar contacts
between the carboxylic acid group and the R22 and R316 side-chains
(not shown), while the hydroxyl function is involved in H—bonds with
K362. All these interactions were verified by low MD that in addition
pointed out the relevance of a further H—bond involving the carbonyl
oxygen atom and the Y103 side-chain (Fig. 6B).

Finally, the most probable driving force underlying the ABA docking
mode within site 3 is represented by H—bonds between the carboxylic
group and S41, and between the hydroxyl moiety and the E46 side-
chain (Fig. 6C). In the case of site 3, less effective electrostatic contacts
contribute to the ligand stabilization compared with sites 1 and 2, in
agreement with the values of binding affinity energies shown in
Table 1.

Based on these results, sites 1, 2 and 3 emerged as possible ABA-
binding sites in hLANCL2, with site 1 being the most probable, possibly
representing the high-affinity binding site for ABA. Thus, we decided to
perform a site-directed mutagenesis of site 1, with and without the
concomitant mutation in either one of the other sites (site 2 or site 3),
and to repeat the binding experiments on the mutated proteins.

3.5. ABA binding to mutagenized hLANCL2

Single or multiple mutants of human LANCL2 were generated by
site-directed mutagenesis: i) the single mutant R118I, with a mutated
site 1; ii) the triple mutant R118I/R221/K362I, with a mutated site 1
and a mutated site 2, and iii) the triple mutant R1181/S41A/E46l, with
a mutated site 1 and a mutated site 3. The amino acids to be mutated
were chosen among those involved in contacts with the ligand, pre-
ferring the ones establishing polar interactions with ABA. The sub-
stituting amino acid was preferentially Isoleucine, to eliminate the
polarity of the original residue, while at the same time providing a
bulky, space-filling substitute; Serine 41 was substituted with the
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N72

Fig. 6. Low MD-refined docking mode of ABA within Site 1 (A), Site 2 (B), Site 3 (C) of hLANCL2. For the sake of clarity, only the most important residues are indicated. H—bonds are
shown by orange dot-line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

similarly small hydrophobic Alanine.

Binding of (R,S)-[*H]ABA to the different recombinant proteins was
compared with binding to wild-type, non-mutagenized, hLANCL2.
Wild-type, heat-denatured hLANCL2 was used as negative control.

Upon substitution of R118 with an Ile in site 1 the high-affinity
ABA-binding site was lost (Fig. 7A), but saturation did still occur at high
(tens of micromolar) ABA concentrations (Fig. 7B), indicating presence
of other(s), low-affinity binding site(s), unaffected by the R118I sub-
stitution.

SPR analysis performed using the same two injection series as those
used for the wild-type protein, indeed confirmed this, as only the pM
concentration range allowed the determination of an affinity constant
(1.04puM = 0.7 (n=2)) (Fig. 7C). Conversely, low-affinity ABA
binding was significantly reduced when the mutations were introduced
either in site 2 (R22I and K362I) or in site 3 (S41A and E46I, Fig. 7B).
Both triple mutations greatly reduced the calculated Bmax value com-
pared with the wild-type protein, while the single mutation in site 1 did
not. Bmax values were 1205, 1946, 240 and 467 pmol/mg for
wtLANCL2, LANCL2 mutated in site 1 only, LANCL2 mutated in sites 1
and 2, and LANCL2 mutated in sites 1 and 3, respectively.

4. Discussion

Altogether, results reported here reveal the presence of a high-af-
finity ABA-binding site (with a Kp, in the nanomolar range) and two low
affinity ABA-binding sites (Kp in the micromolar range) on human
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recombinant LANCL2. These results were obtained on two different
human recombinant LANCL2 proteins (the protein fused with GST and
the cleaved, purified protein) and with two different equilibrium
binding techniques ([®HI]-ABA binding and SPR).

LANCL2-GST has a low-affinity Kp for ABA of 1.8 uM # 0.8 uM as
detected by SPR, a value comparable to the one previously obtained by
[®H]-ABA equilibrium binding (Sturla et al., 2011). LANCL2 cleaved
from GST has a tendency to precipitate, particularly at high protein and
DTT concentrations. In order to confirm the presence of the high affi-
nity ABA binding site on LANCL2 in the absence of GST, [*H]-ABA
binding was nonetheless explored on the protein, cleaved under low-
DTT concentrations. Indeed, the low affinity K, value reported here
(10uM) is ten times lower than the previously reported value for
cleaved LANCL2 (Sturla et al., 2011), suggesting that removal of DTT
improved the protein’s binding performance; in addition, presence of a
high-affinity ABA binding site involving R118 was also demonstrated.
While SPR could not be performed on the cleaved LANCL2, due to
precipitation of the protein on the chip surface, SPR performed on
LANCL2-GST confirmed presence of a high-affinity binding site for ABA
(with aKp of 2.6 nM + 1.2nM) and also that high-affinity ABA binding
is lost upon mutation of R118.

Native human LANCL2 is N-myristoylated and located at the inner
side of the plasma membrane, where it interacts with a G-protein
(Fresia et al., 2016). Thus, it is not surprising that recombinant
LANCL2, cleaved from GST, is less stable in solution compared with the
fusion protein. However, circular dichroism analysis of LANCL2 cleaved



E. Cichero et al.

== LANCL2
A 50 -o- R118l
_ 40 -= R118/R22UK3621
5 - R118I/SHA/E46]
o 304
o
o)
E 201
[<}
5
104
0 T T 1
0 200 400 600
nM [ABA]
B
800+
-e- LANCL2
s -= R118|
5 -+ R118I/R221/K352I
g; —— R118I/S41AE46I
3
£
o
0 Ll L] T L] 1
0 5000 10000 15000 20000 25000
nM[ABA]
C
8 R118l- GST
- KD 1.56 uM
275 . .
£ 4
> +
$6.5
g
3 6
z5.5

o 2 4 6 8 10 12 14 16 18 20
ABA (uM)

Fig. 7. Equilibrium binding of (R,S)-[°H]-ABA to mutagenized hLANCL?2 identifies site 1
as the high-affinity ABA-binding site. Mutagenesis, protein expression and purification
were performed as described in the Experimental Section. Binding of (R,S)-[*H]-ABA to
the different recombinant proteins was compared with binding to wild-type LANCL2
(green) in the nanomolar (A) and in the micromolar (B) concentration range. The specific
[®H]-ABA binding was calculated as the difference between total binding and nonspecific
binding (in the presence of 5 mM unlabeled ABA) using GraphPad Prism software. Results
are the mean =+ SD of 3 different experiments. (C) SPR measurements of ABA binding to
mutant LANCL2-GST in a uM concentration range (0-20 pM). Steady-state Ky, values were
estimated using the Biacore T200 evaluation software and reported as mean = SD
(n = 2). In this representative curve the Kp, is 1.56 uM and the chi-squared value is 0.75%.
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

from the GST fusion protein performed in parallel with LANCL1, simi-
larly cleaved from GST, yielded similar spectra of the two proteins
characterized by the presence of two peaks at about 209 and 222 nm,
typical of a-helix conformation (not shown). The fact that two different
equilibrium binding techniques, performed on the fused and the
cleaved protein, both revealed the presence of a high-affinity ABA
binding site with a nanomolar Kp, which is lost upon mutation of R118,
strengthens the conclusion that indeed a high-affinity binding site for
ABA is present on LANCL2.

The nanomolar and micromolar affinity constants detected in this
study on human recombinant LANCL2 are in the range of the ABA
concentrations endowed with metabolic and inflammation-related ef-
fects, respectively, observed both in vitro and in vivo (Bruzzone et al.,
2007, 2008, 2012; Magnone et al., 2015). Indeed, LANCL2 has been
proposed as a target for anti-diabetic and anti-inflammatory interven-
tions (Lu et al., 2014; Lievens et al., 2017). If the metabolic and in-
flammation-related effects of ABA were mediated by its occupancy of
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the high- or the low-affinity binding sites, respectively, the develop-
ment of site-specific agonists/antagonists could be envisaged, to se-
lectively affect one or the other of the functional effects of ABA.

Analysis with the GraphPad Software of the binding curve of [?H]-
ABA to LANCL2, over a concentration range spanning from low nano-
molar to millimolar values (Fig. 2C), reveals a Hill coefficient of
1.9 * 0.3. Similar Hill coefficient values, ranging from 1.4 * 0.3 to
2.0 = 0.5 were determined from the SPR data. All these values con-
sistently suggest multiple binding sites with positive cooperativity.
Identification of the molecular mechanisms underlying cooperativity
will require a high resolution crystal structure of the protein; accord-
ingly the physiological significance of this apparent cooperative effect
between ABA-binding sites on LANCL2 is now open to investigation.
Another issue requiring further studies is the specificity of the binding
sites for the naturally occurring enantiomers of 2-cis, 4-trans ABA, (R)-
ABA and (S)-ABA. Both enantiomers are active on animal cells
(Bruzzone et al., 2007; Bruzzone et al., 2008) and each can displace
binding of (R,S)-[*H]-ABA from human recombinant LANCL2 at a
concentration in the micromolar range (Sturla et al., 2011); from these
observations, it can be hypothesized that both enantiomers can interact
with the high and low-affinity binding sites, although confirmatory
evidence needs to be obtained.

Identification of a high-affinity ABA binding site on hLANCL2 will
pave the way to the design of high-affinity, site-specific ABA agonists/
antagonists, which will help to understand the role of this binding site
in ABA/LANCL2 signaling and function and in the molecular patho-
genesis of metabolic and inflammation-related diseases (De Flora et al.,
2014; Lievens et al., 2017; Zocchi et al., 2017). Moreover, identification
of R118 as a critical amino acid residue in the high affinity binding site
suggests to investigate presence of genetic polymorphisms at this site,
which could be responsible for individual low-responsiveness to en-
dogenous ABA, leading to an impairment of glucose tolerance.
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