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Abstract

Lipoxygenases catalyze the peroxidation of poly-unsaturated fatty acid chains either free or esterified in
membrane lipids. Vitis vinifera LoxA is transcriptionally induced at ripening onset and localizes at the inner
chloroplast membrane where it is responsible for galactolipid regiospecific mono- and di-peroxidation.
Here we present a kinetic and structural characterization of LoxA. Our X-ray structures reveal a constitu-
tive dimer with detergent induced conformational changes affecting substrate binding and catalysis. In a
closed conformation, a LID domain prevents substrate access to the catalytic site by steric hindrance.
Detergent addition above the CMC destabilizes the LID and opens the dimer with both catalytic sites
accessible from the same surface framed by the PLAT domains. As a consequence, detergent molecules
occupy allosteric sites in the PLAT/catalytic domain interface. These structural changes are mirrored by
increased enzymatic activity and positive cooperativity when the substrate is provided in micelles. The
ability to interact with micelles is lost upon dimer destabilization by site-directed mutagenesis as assessed
by tryptophan fluorescence. Our data allow to propose a model for protein activation at the membrane,
classifying LoxA as an interfacial enzyme acting on fatty acid chains directly from the membrane similar
to mammalian 15-LOX and 5-LOX.
� 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCBY license (http://creativecom-

mons.org/licenses/by/4.0/).
Introduction

Lipoxygenases (LOXs) catalyze the peroxidation
of either free or esterified poly-unsaturated fatty
acids (PUFAs) by the stereo- and regio-specific
addition of molecular oxygen. Eukaryotic LOXs
are characterized by a two-domain structure
consisting of a PLAT (polycystin-1, lipoxygenase
and alpha toxin) and a catalytic domain, whereas
prokaryotic homologues lack a proper PLAT
(s). Published by Elsevier Ltd.This is an open ac
domain. Plant LOXs are divided into 9-, 13- and
9/13-LOX subgroups, according to the
peroxidation site of their natural 18-carbon
substrates linoleic and linolenic acid, and can
have different optimal activity pH and subcellular
localization (plastidial, cytosolic, or vacuolar).1–3

Recently, an exhaustive phylogenetic analysis con-
sidering LOXs genes from 23 angiosperms pro-
posed an evolutionary-based classification.4 The
high degree of diversification among LOX isoforms
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reflects the ancient role of modifying membrane
enzymes in stimuli perception and signal transduc-
tion. Diversification is further increased by specific
gene expression profiles according to tissues and
organs, developmental stages, and in response to
environmental stresses. Main functional roles of
LOXs5 include the synthesis of (i) 9- and 13-
HOTrE and HODE (from LnA and LA acid, respec-
tively) representing the entry point of the oxylipin
pathway that generates a wide variety of com-
pounds involved in signaling6,7; (ii) C-6 volatile alco-
hols and aldehydes (also known as green leaf
volatiles, GLVs) playing a role in plant defense,
alerting neighboring plants of the presence of
insects and fungal pathogens, and priming defense
mechanisms8; (iii) C-5 volatiles and other volatiles
(VOCs) considered flavors as they are appreciated
by tomato consumers9 or unappealing aromas as
described for pea10; and (iv) phytoprostanes,11

cyclopentenones,12 jasmonic acid and smaller
molecules such as azelaic and pimelic acids13 as
phytoalexins or signaling molecules involved in
plant defense. Moreover, LOXs play a metabolic
function related to lipid mobilization in seeds,14 reg-
ulate plastidial physiological processes related to
senescence15 or morphogenesis,16 and finally can
be responsible for singlet oxygen (1O2) production
as a signaling molecule.17–21

Vitis vinifera (Vvi, grapevine) LoxA is a 13-LOX
induced at the onset of berry ripening22,23 by the hor-
mone abscisic acid.24 This moment represents the
irreversible transition from the vegetative/immature
to the reproductive/mature developmental stage of
the fruit, and it is characterized by a wide transcrip-
tome reprogramming and deep cell metabolic and
structural changes. In chloroplasts, the photosyn-
thetic metabolism is switched off, requiring finely
tuned plastid-nucleus communication and coordina-
tion to avoid metabolic impairment and reactive oxy-
gen species accumulation. An initial characterization
of LoxA showed its localization at the inner chloro-
plast membrane. Its ability to peroxidize membrane
galactolipids, with the peculiarity to peroxidize both
PUFA chains of each galactolipid molecule, was
reported in vivo and confirmed in vitro.23 Notably, a
concomitant accumulation of 1O2 was visualized
inside chloroplasts at ripening onset.
From a structural point of view, plant LOXs

consist of a single polypeptide chain with a
molecular mass of 94–104 kDa including a N-
terminal b-barrel PLAT domain and a larger
catalytic domain containing a single non-heme
iron atom.5 In general, the PLAT domain is less con-
served and is involved in protein-lipid or protein–
protein interaction, whereas the a-helical catalytic
domain shows a higher degree of structural conser-
vation.15,25 The catalytic site of known lipoxyge-
nases is usually composed by the U or “boot”
shaped cavity, with a defined depth to accommo-
date the substrate, the O2 tunnel, and the substrate
entrance site.26 The LOX reaction proceeds
2

through hydrogen abstraction from the sp3 carbon
of a pentadiene via a hydroxide that fills the metal
coordination sphere (called FeIII(OH) cofactor).27

The resulting free radical is delocalized along the
pentadiene, and oxygenation occurs at the carbon
±2 from the site of attack. Hydrogen abstraction
and oxygenation occur on opposite faces of the
substrate, as shown in the structure of 8R-LOX with
arachidonic acid.26 The sidechains of the residues
in the catalytic site influence the substrate prefer-
ence, its “head–tail” orientation and the regio- and
stereo-specificity of the O2 addition. The substrate
entrance site, which affects accessibility to the cat-
alytic iron, is more variable among LOXs and diffi-
cult to predict as it is influenced by the overall
structure of the protein. The structures of two bacte-
rial LOXs, CspLox1 from Cyanothece and PaLox
from Pseudomonas aeruginosa, missing the PLAT
domain, showed that active site accessibility and
orientation towards the membrane are determined
by long N-term a-helices or b-barrel domains, which
form a sort of lid over the entrance to the binding
pocket.25,28 Structural dynamics studies of soybean
LOX implied a coupled thermal network within the
catalytic domain shaping the active site27 and of
mammalian 15-LOX-2 identified the PLAT/catalytic
interdomain contact as an additional region regulat-
ing substrate accessibility.29

Here, we present a detailed structural and kinetic
characterization of Vitis vinifera LoxA based on
crystal structures in a closed and an open
conformation caused by the presence of detergent
micelles, likely mimicking a lipid surface. Catalytic
activity and cooperativity, affected by the
presence of detergent micelles, rely on the stable
dimeric form of the enzyme and suggest an
interfacial mechanism of PUFA oxidation at the
inner chloroplast membrane.

Materials and Methods

Cloning, expression, mutagenesis and
purification of recombinant LoxA

Recombinant LoxA from grapevine (residues 48–
901) was expressed and purified as described.23

The double mutant (mLoxA) R787E:K869E was
obtained by using the QuikChange Lightning site
directed mutagenesis kit (Agilent Technologies).
The double mutant was expressed and purified with
the same protocol used for the wildtype protein. To
remove imidazole, either a desalting step on a 5mL-
HiTrap column (GEHealthcare) or SEC on a Super-
dex 200 16/600 GL column (GE Healthcare) pre-
equilibrated with 20mMHepes pH 8, 150 mMNaCl,
and 1 mM b-mercaptoethanol were performed for
both the wildtype and mutant protein.

Crystallization and data collection

LoxA samples were concentrated to 15 mg/mL.
Diffraction-quality crystals of LoxA were grown in
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sitting drops (250 nL protein + 250 nL reservoir)
equilibrated at 18 �C against 100 lL reservoir
containing 0.1 M Tris pH 9.2 and 22.5% (w/v)
polyethylene glycol 4000. For co-crystallization
attempts with detergents, 1 mM C12E9 (Anatrace)
was added to the concentrated protein sample.
Diffraction-quality crystals of LoxA in presence of
C12E9 were also in sitting drops (200 nL protein +
100 nL reservoir) at 18 �C against reservoir
containing 0.1 M Tris pH 9.2, and 26.4% (w/v)
polyethylene glycol 4000.
All crystals were cryo-protected by a quick soak in

reservoir supplemented with 25% (v/v) ethylene
glycol immediately before snap cryo-cooling by
plunging into liquid nitrogen. For crystals grown in
the absence of C12E9, diffraction data were
automatically recorded by Massif at 100 K at the
European Synchrotron Radiation Facility (ESRF)
beam line ID29 on a Pilatus_6M_F detector.
Diffraction data for crystals obtained in the
presence of C12E9 data were recorded at 100 K at
the ESRF on beam line ID23-1 on a Pilatus_6M_F
detector. All datasets were auto-processed by
XIA230 and scaled and merged with AIMLESS.31

Resolution cutoff was chosen by <I/rI> > 1 and
CC1/2 > 0.5.

Structure determination, refinement, and
validation

Molecular replacement was performed in Phaser
using a single molecule of soybean lipoxygenase-1
(PDB ID 4WFO) as a search model. A starting
model for manual building was generated by
Phenix32 AutoBuild. Manual building was performed
in COOT33 using the structure provided by AutoBuild
as a starting model. Refinement was performed in
Phenix Refine in consultation with the validation
statistics provided by COOT and MolProbity.34

Molecular graphics were prepared using PyMOL
(DeLanoScientific). Structure factors and final refined
coordinates are deposited in the PDB. The structure
of LoxA in the presence of C12E9 was solved using
the apo structure as a search model, before continu-
ing with model building as outlined above.

Small-angle X-ray scattering

SEC coupled to online SAXS was performed at
the ESRF on beamline BM29. 100 lL of LoxA
(20 mg/mL) were injected at 20 �C onto a
Superdex 200 10/300 column (GE Healthcare)
pre-equilibrated as stated above. Data was
collected using the dedicated beamline software
BsxCube and integration and buffer subtraction
was performed on site. Data analysis was
undertaken using the ATSAS software package35:
twenty frames around the peak were averaged in
Primus36 and compared to theoretical scattering
patterns from selected high-resolutions structures.
The best fit was chosen based on the lowest Chi2
3

value as given by Primus. Ab initio modeling was
performed using the ATSAS web interface of Dam-
mif,37 selecting symmetric dimer as a restraint set-
ting. The envelope model generated by Dammif
was aligned to the closed LoxA structure and
together visualized using PyMOL (DeLano
Scientific).

Multi-angle light scattering

Multi-angle light scattering (MALS) experiments
were performed by inline measurement of the
static light scattering (DAWN 8+; Wyatt
Technology) and the differential refractive index
(Optilab T-rEX; Wyatt Technology) of protein
samples separated on an S200 10/300 SEC
column (GE Healthcare). For each run 100–
300 lg of LoxA (native or mutant) were used.
Data were analyzed using the ASTRA software
package (Wyatt Technology).

Enzymatic activity assay

LoxA activity was measured
spectrophotometrically by following the formation
of the conjugated diene at 234 nm. Assays were
performed at 25 �C in a final volume of 200 lL in
96-well UV-star plates (Greiner) using the plate
reader Synergy2 (BioTek), using 1 lg of enzyme
per assay (50 nM). Fatty acids (Sigma-Aldrich)
were prepared using Tween20 according to
Axelrod.38 C12E9 or Tween20 (Sigma-Aldrich) were
added at final concentration of 0.01% (v/v), unless
other specified concentration. CMC for Tween20
was assumed to be 0.0074% (w/v) or 60 lM and
for C12E9 0.003% (w/v) or 50 lM .39 For the pH
dependence study, 0.1 M MES buffer was used
for pH 5–7 and 100 lM linolenic acid (LnA). The first
order initial kinetic rates were estimated by linear fit-
ting of absorbance measured at 234 nm per sec
within the first 0–30 sec and converted into
(lmol min�1 mg�1), using an extinction coefficient
e = 23,000 M�1 cm�1 for the conjugated double
bond of peroxidized LnA and a MW (LoxA) of 98
KDa. All statistical analyses have been done using
R.40 LoxA and mLoxA velocity vs. substrate con-
centration were fitted using Eqs. (1) and (2),
respectively:

V ¼ ðVmax � SnÞ=ðKn þ SnÞ ð1Þ

V ¼ ðVmax � SÞ=ðKM þ SÞ ð2Þ
Lipid analysis in mass spectrometry

The reaction products as formed by the
incubatiion of wildtype and mutant mLoxA with
linoleic acid (LA, 18:2), linolenic acid (a18:3 and
c18:3), and 20:3 (Sigma-Aldrich) and mutant
mLoxA with a18:3 have been assayed by HPLC-
MS/MS as previously described.23
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Trp fluorescence measurements

Tryptophan fluorescence of wildtype and mLoxA
was measured with a Fluoromax 4 (Horiba
Scientific), setting excitation wavelength at
295 nm and recording light emission in the range
300–450 nm, with a 1 nm scan and 2 nm slit
width. Protein concentration was 250 nM in each
assay. For each pH buffer, either C12E9 or
Tween20 was added at 0.01% (w/v) and after
5 min fluorescence was measured again. DeltaF/F
was calculated as the difference in fluorescence
before and after detergent addition (corrected for
protein dilution) normalized on the initial value.

Size exclusion chromatography

Oligomeric state determination of wildtype and
mLoxA was performed by SEC using a
Superdex200 Increase 10/300 GL column on
AKTA Purifier (Cytiva) pre-equilibrated with
20 mM HEPES pH 7.5, 150 mM NaCl, and 0.01%
(v/v) C12E9 when specified. The apparent
molecular mass was estimated using a calibration
curve of a mix of protein standards (LMW and
HMW Gel Filtration Calibration Kits, Cytiva)
covering from 6.5 to 440 kDa.

Inductively coupled plasma (ICP) atomic
emission spectroscopy

Two different preparations of LoxA and mLoxA,
respectively, were diluted 10 times with ultrapure
water to lower HEPES and NaCl concentrations
and then concentrated to 4–10 mg/mL using
Amicon ultracentrifugal filters (30 KDa cut-off;
Merck). Samples (150 mL) were incubated with an
equal volume of ultrapure nitric acid at 70 �C for
1 h and then diluted to 3 mL with pure water. Iron
and Manganese quantification was performed with
an inductively coupled plasma-mass spectrometer
in ’He mode’ (ICP-MS 7800, Agilent technologies).
The instrument was calibrated against external
certified standard solutions of Fe and Mn and
Figure 1. MALS and SAXS analyses of LoxA. (a) Norm
LoxA (blue trace) purified as a homodimer. A double mutat
form (red trace) as explained below. MALS analyses were
given for the peaks within the elution profiles. (b) Solution sc
(co-crystallization experiments explained later) fitted to SA
lowest Chi2 values. (c) Ab initio model and molecular envel

4

repeatability of duplicate analysis was below 5%.
Blank buffer samples, prepared together with
protein samples, were measured in the same
analytical batch.

Accesion numbers

PDB: 8QDQ, 8QDR.

Results

LoxA is a dimeric lipoxygenase

For structural and functional analyses,
recombinant LoxA protein from grapevine was
expressed in Escherichia coli and purified as
described.23 The purification scheme was extended
by a size exclusion chromatography (SEC) step
coupled to multiangle light scattering (MALS) for
molecular weight analysis and increased purity nec-
essary for subsequent crystallization. Although
most characterized LOX enzymes act as mono-
mers or only transiently form dimers,41 LoxA (MW
of 96.3 Da) purified as stable homodimer (Fig-
ure 1a). Dimer containing fractions were pooled,
concentrated to 15 mg/mL and subjected to crystal-
lization. Monoclinic crystals grew in PEG conditions
and data could be collected to 2.0�A resolution at the
European Synchrotron Radiation Facility (ESRF)
(Suppl. Table 1). The structure of LoxA was solved
by Molecular Replacement using soybean
lipoxygenase-1 (PDB ID code 4WFO) as a search
model. The structure reveals two molecules per
asymmetric unit with a tight and extended interface.
The interface analysis by the PISA server42 con-
firmed the formation of a stable dimer with an inter-
face area of 1,900 �A2.
In order to validate that the dimer observed in

solution by MALS and in the crystal structure
share the same interface, we performed SEC
coupled to inline small-angle X-ray scattering
(SAXS). For analysis, we aligned the experimental
scattering curve of LoxA to theoretical scattering
curves calculated based on the LoxA monomer
alized SEC elution profiles and MALS analyses. Native
ion in the dimerization interface induces the monomeric
done in triplicates and the molecular weight traces are
attering traces of LoxA and LoxA accommodating C12E9

XS data. The best fit was statistically evaluated by the
ope fitted to the LoxA dimer.
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and dimer and other LOX structures, and
statistically evaluated the fit by comparison of Chi2

values (Figure 1b, Suppl. Table 2). The best fit
matched the dimeric LoxA structure. Using the
scattering data, we created an ab initio model and
a molecular envelope, which we then fitted onto
our dimeric structure (Figure 1c). Again, the shape
of the molecular envelope showed an excellent
overlap with the crystal structure of LoxA thus
confirming the relevance of the observed
crystallographic dimer.

Structure of the LoxA dimer

Like all plant lipoxygenases, grapevine LoxA
consists of a N-terminal PLAT domain and a C-
terminal catalytic domain. The catalytic domain is
responsible for symmetric homodimerization thus
creating an extended flat surface including the
peripheral PLAT domains, and an opposite
surface with convex shape (Figure 2a). The active
sites harboring the catalytic irons are deeply
buried within the dimer structure. The PLAT
domain fold, which has been comprehensively
analyzed,43,44 comprises a b-sandwich composed
of two sheets made up from four anti-parallel b-
strands (residues 67–204) (Figure 2a and Suppl.
Figure 1). In LoxA, strand connections are well
ordered except for the b1-b2 loop (residues 79–
104) that includes two flexibly linked a-helices. This
domain is found in a variety of membrane or lipid
associated proteins and is known to be involved in
membrane attachment via the exposure of
hydrophobic residues and Ca2+ binding,45 although
sequence homology is low.43 The PLAT domain is
connected via a short linker to the more conserved
and mostly a-helical catalytic domain (core of 17
helices and two b-sheets, 23 helices in plants,46

residues 217–901) housing the non-heme iron cen-
ter. Typical for plant lipoxygenases, LoxA contains
several insertions to the common core (Suppl. Fig-
ure 1). Due to an extended insertion C-terminal to
helix a2, this functionally important helix is tilted like
in all plant LOXs in regard to the animal or bacterial
enzymes and occludes access to the catalytic
site.47 The insertion together with helix a2 and flank-
ing regions form a lid-like structure (LID, residues
306–396) comprising three more a-helices and a
three-stranded antiparallel b-sheet (Figure 2a and
Suppl. Figure 1). Together with the PLAT domain,
the LID is the most flexible part of the structure as
inferred from temperature factor analyses (Suppl.
Figure 2). Thus, flexibility is pronounced on the flat
side of the dimer above the active sites. According
to the isoelectric point of 5.6, the overall electro-
static surface potential of the dimer is rather nega-
tive, with charged patches clustering next the
domain interfaces (Figure 2b).
Apart from the LID, plant-specific LoxA insertions

in respect to the common fold of the catalytic
domain are clustered at the dimer interface and
increase the contact surface (Figure 2c and Suppl.
5

Figure 2). Most prominent, at the lateral sides of
the interface a three-turn a-helix (a19 in plants) is
in tight contact in trans with the LID and the C-
terminal loop, which is also extended. More
central in the interface, the N-terminus of the
longest helix a9 is elongated by one turn (531–
534) towards the interface and two tryptophans
(W531, W537) are exposed into the interface. At
the center of the symmetric dimer, three aromatic
residues (F397, W399, F400), following the LID,
cluster with their respective partners. Overall, the
interface is hydrophobic at the center and at the
periphery reveals an extensive hydrogen bonding
network and four salt bridges (R787:E864 and
E532:K869, respectively).
The intramolecular PLAT/catalytic domain

contact and orientation are the same as found in
all lipoxygenases due to the conservation of a
central p-cation bridge (W189-R301)
(Figure 2d).48 The arginine is spanned by salt-
bridges in between E166 of the PLAT and D307 in
the beginning of the LID domain. LoxA-specific,
the b1-b2 loop of the PLAT domain exposes an a-
helix that forms a hydrophobic helix-bundle with
helices a2 and a3 of the LID domain. The internal
b1-b2 loop structure is further stabilized by trypto-
phan W100 stacking on top of valine V80 and being
backed by a hydrogen-bond network involving two
histidines (H163, H164).
The boot-shaped active site

The conserved catalytic core of lipoxygenases is
also present in LoxA. It harbors a non-heme iron
pseudo-octahedrally coordinated by three histidine
residues (H559, H564, H751), provided by p-
helical segments within the two longest helices a9
and a18, an asparagine side chain (N755, weakly
coordinated), and the carboxyl of the C-terminal
isoleucine (I901) (Figure 2e). The 6th coordination
position of the iron is occupied by a water
molecule (or hydroxide)49 and faces the boot-
shaped substrate-binding pocket as found in all
lipoxygenases (more U-shaped in bacteria and
mammals.26 The hydrophobic pocket is lined by a
universal ‘arched’ helix (helices a11 and a12) with
an internal three residue hairpin (residues 608–
610). Aliphatic substrates bend around an invariant
leucine at the arch (L606) and substrate regio-
specificity is determined by variation of the depth
of the pocket. For LoxA, phenylalanine F617 at
the C-terminus of the arched helix limits the pocket
size as known to be necessary for 13-LOX activ-
ity.50 S-LOX stereochemistry of the reaction is
determined by an alanine (A602 in LoxA, termed
‘Coffa-site’) within the arched helix, which is
exchanged for a glycine in R-LOXs enzymes.51 In
the LoxA structure, substrate entry is blocked by a
leucine gate (or ‘cork’)47 formed by two leucines of
helix a2 (L318, and L322 within a conserved p-
helical turn), and the invariant L606 of the arched



Figure 2. The LoxA dimer structure. (a) Overall structure of the LoxA dimer and domain architecture. The
catalytic iron ions are deeply buried below the LID including helix a2. (b) Electrostatic surface potential (±5 kT) in the
same views. (c) The dimer interface along the symmetry axis. Dimer relevant insertions are given in red tones and
prominent residues and salt bridges are labelled. (d) The PLAT-catalytic domain contact. Tryptophan mediated
contacts are encircled and connected hydrogen-bond networks indicated. The b1–b2 loop is fixed on helices a2 and
a3 of the LID by hydrophobic interactions. (e) The catalytic site of a LoxA subunit. The coordination sphere of the iron
is detailed. The boot-shaped substrate-binding pocket (outlined in gray) is closed by helix a2. Important residues
within the pocket are given.
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helix. LoxA therefore adopts a closed conformation
as previously described for other Loxs.47,52

To prove the structural findings, reaction
specificity was assayed by incubating LoxA with
different substrates, such as alpha-linolenic acid
6

(18:3, n-3), linoleic acid (18:2, n-6), gamma-
linolenic acid (18:3, n-6), and eicosatrienoic acid
(20:3, n-6), all differing in number and position of
the double bonds and chain length. Analysis of the
reaction products by HPLC-MS/MS revealed that



S. Pilati, K. Wild, A. Gumiero, et al. Journal of Molecular Biology 436 (2024) 168821
the far most prevalent product was peroxidized on
C-13 for 18C substrates and on C-15 for the 20C
substrate. These results indicated that C-11 (or C-
13 for 20:3) is always positioned in front of the
iron and that the active site cannot accommodate
longer tails in agreement with the presence of
F617 limiting the size of the boot-shaped
substrate-binding pocket (Figure 3).
Figure 3. PUFA peroxidation by LoxA. LoxA was incuba
(18:3, x-3 and x-6) reacted to 13-hydroxyoctadecatrienoic
dienoic acid (13-HODE), and eicosatrienoic acid to 15-hyd
fragments identifying the products are reported on the right

7

The LoxA open conformation

As the substrate-binding pocket is blocked by the
LID within our dimeric LoxA structure, we wondered
how to achieve a substrate-bound complex. We
tried to co-crystallize LoxA in the presence of
natural galactolipid substrates, however, without
success. Since LoxA functions at the inner
chloroplast membrane, we then tried co-
ted with four different substrates. a- and c-linolenic acid
acid (13-HOTrE), linoleic acid to 13-hydroxyoctadeca-
roxyeicosatrienoic acid (15-HETrE). MS/MS diagnostic
.
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crystallisation with mild detergents that would mimic
the membrane environment and could potentially
alter the structure to accommodate substrate.
Indeed, we were able to obtain crystals of LoxA
together with the detergent C12E9 used at a
concentration above the critical micellar
concentration (CMC). Crystals were non-
isomorphous to the previous LoxA crystals but
again contained two molecules per asymmetric
unit. They diffracted as well to 2.0 �A and the
structure was solved by Molecular Replacement
using the closed LoxA structure as template
(Suppl. Table 1). LoxA was found to form the
same dimer (rmsd of 0.68 �A), but electron density
was absent for extensive regions, which included
the LID, presumably due to an increase in mobility
invoked by the presence of detergent micelles
(LID boundaries defined according to the melting)
(Figure 4a and Suppl. Figure 3). Interestingly, the
LID includes a region implied in a coupled thermal
network within the catalytic domain as observed
by temperature-dependent hydrogen deuterium
exchange (TDHDX) for soybean LOX-127 (Suppl.
Figure 4). In this study, the authors suggest that dis-
tal protein motions could be directly linked to the
activation of hydrogen tunneling in the active site.
Moreover for LoxA, although the crystallographic
space group had changed, the same arrangement
for a dimer of dimers was observed, established
via the antiparallel alignment of the C-terminal
helices a22 (Suppl. Figure 5). Interestingly, while
the PLAT domain seemed to be stabilized in the
open conformation according to temperature factor
analyses, the region around the solvent exposed
active site became highly flexible (Suppl. Figure 2).
Moreover, this region now formed a highly nega-
tively charged surface patch (Figure 4b). The effect
of detergent was also studied in solution by SEC,
where a reduction of aggregation in favor of the
dimer was observed (Suppl. Figure 6).
Although the overall dimer interface in the open

conformation is the same as before, significant
structural changes can be detected. LID melting is
communicated to the adjacent aromatic cluster at
the interface, which is retracted from the center of
the interface (Figure 4c) leaving a large water
filled void. Thus, the size of the interface shrinks
by 600–1300 �A2. Similarly, LID melting destroys
the extended tertiary contact to the b1-b2 loop of
the PLAT domain (Figure 4d) (interface reduction
from 1350 to 950 �A2, DG < 50%) and the helix
bundle observed in the closed conformation is
completely dissolved. While the domain
arrangement remains unaltered due to the
maintained p-cation bridge (W189-R301), the
release of the b1-b2 loop remodels the surface of
the PLAT domain on top of the b-sandwich. Most
strikingly, W100 swaps from its internal position in
the interface (closed conformation, Figure 2d) by
19 �A to the top of the PLAT b-barrel (Figure 4d).
8

Most importantly, the melting of the entire LID
grants access to the substrate-binding pocket
while leaving the active site including iron
coordination intact (Figure 4e). Melting of the LID
including the displacement of helix a2 (Suppl.
Figure 3), and the partial melting of the
penultimate helix a21, opens the leucine gate as
observed in the closed structure and would allow
the substrate to enter the pocket. While we do not
observe any detergent bound in the substrate-
binding pocket, an ethylene glycol molecule
introduced for cryo-protection of the crystals now
occupies the 6th position of the iron coordination.
In addition, N755 is retracted from the iron due to
LID removal and unexplained difference density is
found towards the iron, which could correspond to
a second water molecule coordinated to the iron
as suggested by EPR studies on soybean LOX-1.53

In addition to changes in the active site, the
melting of areas close to the C-terminus (residues
816–823 and 887–893) opens an additional
binding pocket for a partially hydrophobic moiety,
which is filled by a C12E9 molecule stabilized by
several hydrogen-bonds (H591, W685, H830)
(Figure 5). Opening occurs via a change of side-
chain conformation of tyrosine Y897 induced by
local structural rearrangements and including a
relay system (Y897-R593-Y594-E825). The
pocket locates to the PLAT domain interface and
is too far from the active site to be part of the
substrate-binding pocket. Interestingly, it has been
previously characterized as allosteric site for 13-
HODE binding to human epithelial 15-
lipoxygenase-2.54 There, pH-dependent allostery
was attributed to three residues also being mainly
involved in ligand binding in LoxA (H830, R593,
Y594). The PLAT domain mediated allostery has
been comprehensively annotated as general mech-
anism in plant and animal lipoxygenases.44 Our
data indicate that this allosteric site and mechanism
is present also in our LoxA.

A double mutation destabilizes the LoxA dimer
and abrogates its interaction with lipidic
surfaces

The closed and open conformations of LoxA
highlight four conserved salt bridges at the dimer
interface, R787:E864 and E532:K869,
respectively. To better understand the implication
of the dimeric nature of LoxA, so far only
observed for mammalian 12/15-LOX,41 we pro-
duced a double mutant, in which the salt bridges
were replaced by repelling charge pairs (R787E
and K869E) in order to destabilize the dimer. Nota-
bly, these four residues are not conserved among
the plant Loxs belonging to the same phylogenetic
group23 and the human Lox15B considered for the
alignment of Suppl. Figure 2. We expressed and
purified the mutant protein (mLoxA) following the



Figure 4. The open LoxA-C12E9 structure. (a) Overall views of the open LoxA dimer. The LID domains are
completely dissolved. The catalytic iron ions (pink) are now solvent accessible. Detergent molecules (red) fill cavities
at the PLAT/catalytic domain interface. (b) Electrostatic surface potential (±5 kT) in the same views. (c) The dimer
interface around the symmetry axis. The aromatic clusters in the center of the interface are separated and water
molecules (cyan spheres) fill the void. (d) The PLAT/catalytic domain contact. Compared to closed LoxA, the W189
mediated contact remains, while W100 flips to the PLAT domain surface (encircled). The b1-b2 loop and LID domains
are dissolved, and the hydrophobic contact is broken. (e) The catalytic site of a LoxA subunit. The boot-shaped
substrate-binding pocket (outlined in gray) is open as helix a2 is gone. An ethylene glycol (EG) molecule occupies the
position of the catalytic water (or hydroxide, position outlined by a red sphere). N755 retracts due to LID removal and
unexplained difference density (4.5 r, green) is found towards the iron.
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same protocol used for the wildtype protein. Per-
forming SEC of mLoxA, we observed that it eluted
predominantly as monomeric protein (Figure 1a).
Both wild-type and mutant LoxA metal binding were
analyzed by ICP atomic emission spectroscopy,
indicating that both proteins specifically bind iron.
9

Semi-quantitative analysis of the metal to protein
monomer ratio indicated an overall higher propor-
tion for the wild-type compared to the mutant.
Tryptophan fluorescence was used to investigate

lipid interaction of wildtype and mutant LoxA,
mimicked by the addition of detergent micelles



Figure 5. Allosteric site in the PLAT/catalytic domain interface. (a) A C12E9 molecule in the allosteric site of the
pen LoxA structure. The detergent (yellow, only partially visible) is covered with its 2mFo-DFc map contoured at 0.8
(yellow). Hydrogen-bonding side-chains in the site are given. Tyrosine Y897 lining the site is part of an ordered relay
ith R593 and Y594. (b) The allosteric site is closed in the closed LoxA structure. Rearranging residues are given in
range. Without ligand present, the relay relaxes towards the void and is stabilized by glutamate E825. Histidine H830
wings out of the site.
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(Figure 6). In the case of the wildtype protein, an
increase of tryptophan fluorescence intensity was
recorded upon detergent addition, while the
emission spectra of mLoxA remained unchanged.
The emission maximum (342 nm) remained
almost invariant, suggesting that the
microenvironment polarity was not significantly
affected, thus excluding that tryptophans change
their solvent exposure. This result indicates that a
local structural change in a region including one or
a few tryptophan residues occurred upon lipid
interaction in the wildtype dimer, while it was not
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10
detectable in the monomeric mutant. For the
wildtype protein also pH 6 and pH 7 were tested
revealing that the increase in tryptophan emission
occurred only at pH 6.5 and pH 7, while at pH 6 it
was decreasing. Thus, a coordinated tryptophan/
histidine movement can be envisioned. The
crystallographic analysis showed that the addition
of the detergent C12E9 during LoxA crystallization
resulted in conformational changes mainly
involving the LID domain and its PLAT interface,
the allosteric pocket, and the dimerization
interface, all of them including one or more
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tryptophan and histidine residues (Figures 2 and 4).
Due to structural rearrangements in the PLAT
domain, tryptophan W100 stabilizes the b1-b2
loop contacting the LID in the closed conformation
and is swapped onto the protein surface of the
open conformation in a guided movement
supported by two histidine residues (H163, H164)
stabilizing the protein backbone. Similarly, the
C12E9 binding pocket involves two tryptophans
(W685, W835) and two histidines (H591, H830),
and the dimer interface involves three tryptophans
(W399, W531, W537) and histidine H791.
Notably, for all of them the environment changes
upon detergent binding. Thus, all these changes
and the central involvement of histidine residues
might result in a pH-dependent fluorescence
change when measured in solution.

Enzymatic activity of LoxA and its monomeric
mutant

Kinetic analyses of the wildtype dimer and
monomeric mutant were carried out to explore the
effects of the lipid presence and pH condition on
the enzyme functionality and properties.
Preliminary assays highlighted that LoxA
enzymatic activity was improved in terms of
measurement stability and reproducibility by
adding either C12E9 (the detergent used for
crystallization) or Tween20 (the detergent used for
fatty acid preparation) at concentrations above
their CMC (not shown). These results indicated
that the conformational changes induced by the
presence of detergent positively affects its catalytic
properties, even if we cannot exclude another
contribution derived from the way the substrate is
presented. Therefore, detergent was always added
to the reaction mix for the wildtype protein.
Conversely, mutant activity was not affected by
detergents (not shown), which was added only to
Figure 7. pH-dependence of wildtype and mutant Loxa
LoxA activity measured in the presence of 0.01% (v/v) Twe
replicates and standard deviation are shown (n = 3).
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improve substrate solubility at high concentrations.
Based on previous literature,55 the pH-dependence
of enzyme activity was tested in the pH range 5 to
7 (Figure 7a). For LoxA, maximum activity wasmea-
sured at pH 6.4 with a sharp decrease on the basic
side and some residual activity still present on the
acidic side up to pH 5 that did not allow to fit data with
a bell-shaped curve. Remarkably, mLoxA showed
maximal activity at pH 5, although about 13 times
lower than that of the wildtype protein (Figure 7b).
However, as observed for LoxA, activity was com-
pletely lost at pH higher than 6.5. Product formation
was verified by HPLC-MS analysis, confirming the
decrease in efficiency and also specificity of linolenic
acid peroxidation (Suppl. Figure 7).
To gain more insights into the pH influence on

LoxA catalysis, kinetic studies at optimal pH and
pH 5 were carried out. At the optimal pH 6.4, a
sigmoidal increase of the initial rate was obtained
(Figure 8a), revealing the cooperative behavior of
the enzyme as confirmed by Hill plot
transformation analysis (cooperativity index,
n = 2.6) (Suppl. Figure 8). Quite surprisingly, at
pH 5 LoxA showed a Michaelis-Menten behavior
characterized by a hyperbolic curve (Figure 8b).
As previously observed by Trp fluorescence, LoxA
conformational changes occurred above pH 6,
which might be a requirement for cooperative
behavior. Kinetic analysis of the mutant at its
optimal pH 5 showed a hyperbolic trend as
expected for monomeric enzymes (Figure 8c).
The lower Fe-binding ability of the mutant can
partially explain the lower activity, but the loss of
cooperativity is likely due to the loss of the dimeric
structure. Kinetic parameters calculated from
fitting the experimental data are shown in Table 1
(see Suppl. Figure 9 for statistical analyses). From
these analyses, we conclude that the catalytic unit
of LoxA is the dimer, characterized by cooperative
activity. (a) Wildtype LoxA and (b) monomeric mutant
en20 and 100 mM linolenic acid as substrate. Technical



Figure 8. Kinetic profiles of wildtype LoxA. (a) LoxA activity assays were performed at pH 6.4. (b)Wildtype LoxA
and (c) mutant mLoxA activity assays were performed at pH 5. The solid line represents the best fit obtained by
nonlinear regression of the data using the indicated equation. All experiments were performed in 0.1 M MES and
0.01% (v/v) Tween20.

Table 1 LoxA kinetic characterization.

pH vmax

(lmol min�1 mg�1)

KM or K1/2

(lM)

kcat*

(sec�1)

Type of kinetics Influence of detergent on structure and catalysis

LoxA 6.4 10.9 ± 0.6 41.6 ± 2.7 18.2 (36.4) Positive

cooperativity

Yes

LoxA 5.0 1.58 ± 0.08 32.0 ± 3.8 2.6 (5.2) Michaelis-Menten No

mLoxA 5.0 0.36 ± 0.06 21.3 ± 8.0 0.6 Michaelis-Menten No

* For kcat calculation, the molarity of the monomer was used. kcat calculations considering the dimer are reported in parenthesis.

LoxA denotes the wildtype enzyme, “m” its monomeric mutant as specified in the text.
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kinetics occurring within a narrow pH interval
around pH 6.4.
To further investigate the influence of detergent

on LoxA activity, we performed assays at two
detergent concentrations (0.01% and 0.02% (v/v)
Tween20) with the same substrate concentration
and then at increasing substrate and detergent
concentrations, albeit keeping their molar ratio
constant. We observed that the cooperative
behavior was maintained, but the two sigmoidal
curves were shifted, resembling a dilution effect of
the detergent on the substrate (Suppl. Figure 10,
a–b). Plotting initial velocity vs the ratio [LnA]/
[Tween20], the two curves overlapped, indicating
that this ratio was a relevant parameter and that
above a certain threshold activity decreased due
to substrate solubility and/or unfavorable
partitioning among bulk and micelles. Vmax was
reached at 125 mM linolenic acid in Tween20
0.01% (v/v) and 175 mM in Tween20 0.02% (v/v),
but for the same ratio (1.2–1.5 in the tested
conditions). To better estimate the saturating
substrate concentration, keeping in mind that
LoxA localizes at the inner chloroplast membrane
where poly-unsaturated galactolipids are
extremely abundant, we increased the linolenic
acid concentration up to 0.5 mM, but keeping the
optimal [LnA]/[Tween20] ratio between 1.2 and
1.9. Notably, LoxA was not inhibited at such high
detergent concentrations, and Vmax was confirmed
12
to be around 10.9 ± 0.6 lmol/min/mg for a ratio
around 1.8, which likely corresponds to a
substrate per area density rather than bulk
concentration (Suppl. Figure 10, c–d).
Taken together, characterization of the LoxA

enzymatic activity showed that detergent impacts
on both enzyme and substrate. Linolenic acid
solubilization in detergent micelles mimicks
membrane galactolipids esterified fatty acid chains
and triggers the transition from the closed to open
LoxA conformation, which allows for positive
cooperativity.

Discussion

We report the structure and enzymatic
characterization of the constitutive dimeric plant
lipoxygenase LoxA from grapevine. In vivo, LoxA
has been localized inside the chloroplast, tightly
associated to the inner membrane where it
catalyzes the peroxidation of galactolipid PUFA
chains23. The connection between oligomerization
state, membrane binding and catalytic properties
has been deeply investigated for human LOXs,
such as h12-LOX and h15-LOX-2,41,56,57 and
recently also by structural methods such as hydro-
gen–deuterium exchange and cryo-electron
microscopy.58,59 In the present work, we solved
the crystal structures of the protein without and in
the presence of the detergent C12E9 (above
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CMC), while complexes with its natural substrates
(the galactolipids) could not be obtained. The
protein-detergent interaction and its impact on pro-
tein structure and activity likely mimicking lipid
membrane binding, was confirmed by tryptophan
fluorescence and kinetic analyses, and its depen-
dence on LoxA dimerization was verified by com-
parison with a monomeric mutant.
The LoxA dimer, confirmed in solution by SEC-

MALS and SAXS data, showed a symmetric
orientation with the N-terminal PLAT domains
located at the sides. So far, only rabbit reticulocyte
ALOX15 was crystallized in a dimeric form,56,60

where dimerization relied on a contact between the
lateral helix a2 of the catalytic domain of the two
monomers and was transiently induced by the bind-
ing of an inhibitor. Also structural studies conducted
on hLOX12 reported a dimeric form,58,59 which
relied on the hydrophobic interaction between leu-
cine and aromatic residues exposed on helix a2 of
each monomer. The LoxA dimerization interface is
much more extended (1,900 �A2), involving helices
a9 and a19, enriched in aromatic residues at the
center and stabilized by a surrounding extensive
hydrogen bonding network and salt bridges. Higher
oligomerization states for LoxA are possible,
reported also for hLOX12,59 as helix a22-mediated
lateral tetramerization is observed in the crystal
packing. Dimer formation positions the two active
sites harboring the Fe3+-ions on the same side sug-
gesting that in vivo this surface interacts with the
membrane. In contrast to the closed conformation,
in the presence of detergent micelles this surface
shows higher flexibility compared to the PLAT
domains, which seem stabilized. This binding mode
is a typical feature of interfacial enzymes, which
need to bind to membranes for accessing their sub-
strates avoiding their solvent exposure as described
for phospholipase A2.61,62 This mechanism agrees
with the observed association of LoxA to the inner
chloroplast membrane and its ability to peroxidize
di- and mono-galactolipid PUFAs (mainly MGDG/
DGDG 36:6 in grapevine leaves).23,63 As reported
for other LOXs,29 a prevalent negative charge at
the interface of the PLAT/catalytic domain is present
although binding of divalent (Ca2+) ions mediating
the interaction with the negative headgroups of
phospholipids is not applicable to LoxA, which inter-
acts with neutral galactolipids.
The canonical boot-shaped active site of plant

LOXs26 is present in LoxA with aliphatic residues
along the cavity available to accommodate the sub-
strate fatty acid chain. A phenylalanine at the bottom
determines cavity depth and regio-specificity of the
O2 addition site as confirmed by product analysis
of different LoxA substrates. However, active site
entrance is completely blocked by a leucine pair
(leucine gate, cork) from the LID and the invariant
leucine from the arched helix (Leu606). In the open
conformation obtained in the presence of C12E9, the
gate is opened by LID disordering and the active site
13
becomes solvent exposed. Moreover, due to LID
melting N755 is turned away from the catalytic iron,
possibly allowing O2 addition on the 13-S site of the
radical intermediate. The conformational change of
the LID that activates the enzyme by opening the
catalytic site entrance has been already described
for specific lipases, such as Rhizopus chinensis,
where the flipping of a Phe residue, even improved
by Trp substitution, seems to be pivotal for the tran-
sition from closed to open conformation.64

Finally, detergent addition highlights the presence
of an allosteric site at the PLAT/catalytic domain
interface, accommodating the polar head of one
molecule of detergent. This pocket closely
resembles the 13-HpODE allosteric effector
binding site described for epithelial human 15-
lipoxygenase (15-hLO-2), where it affects both
substrate specificity and catalytic efficiency by
enhancing enzyme-substrate complex formation in
the active site.54 As observed for grapevine LoxA
in the current study, the loss of the dimeric structure
of h12-LOX (using a monomeric mutant) abolished
the allosteric regulation of the enzyme.58 Apparently,
LoxA activity and regulation are mediated by the
ability of the dimer to interact with the membrane
and to dissolve the LID, thereby unmasking allos-
teric and catalytic sites. The correlation between
conformational changes and enzymatic activity of
dimeric LoxA are mirrored by tryptophan fluores-
cence data reinforcing a mechanism of pH depen-
dent local rearrangements in the presence of a
lipidic surface. The LoxA structure highlighted the
presence of three coupled tryptophan/histidine clus-
ters, making it difficult to correctly delineate the
causality of events from the observed fluorescence
behavior. The conformational changes at the PLAT/-
catalytic domain interface, including W100 flipping
connected with a tight histidine scaffold in PLAT,
might induce the tryptophan embedding in a
hydrophobic environment. This behavior resembles
the trapping of the cytosolic Phospholipase A2
(cPLA2) on L-DOPM vesicles,65 and of the human
5-LOX, for which the C2-like domain has been pro-
posed to bind to the membrane via Ca2+ mediated
insertion of tryptophan residues.66,67

Overall, our structural and functional
characterization allows to devise an elegant model
for LoxA catalytic activity in vivo (Figure 9): in the
chloroplast stroma at a pH below 6.2 the LoxA
dimer is in a closed conformation and behaves
like a poorly active soluble enzyme. However,
above pH 6.2 LoxA is able to interact with the
galactolipid membrane by opening of the LID
domain and anchoring to the membrane by the
PLAT domain (including tryptophan W100).
Anchoring is possibly enforced by an allosteric site
which accommodates the polar sugar head of the
MGDG. As for an interfacial enzyme, the MGDG/
DGDG substrates can directly access the catalytic
site from the membrane phase, avoiding solvent
contact.



Figure 9. Model for LoxA activation at the inner chloroplast membrane. Left: Below pH 6.2, the LoxA dimer in
its closed conformation behaves like a poorly active soluble enzyme. Right: Above pH 6.2, LoxA is able to interact
with the galactolipid membrane by opening of the LID domains, anchoring by means of the PLAT domains (including
tryptophan W100, blue sphere), and the allosteric site (a) which accommodates the polar sugar head of the mono-
and di-galactolipids (MGDG, DGDG). As for an interfacial enzyme, the MGDG/DGDG substrates (orange) can directly
access the catalytic sites (c) from the membrane phase, avoiding solvent contact. Under these conditions, a positive
cooperative kinetic is observed (inset).
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Our study of LoxA kinetics provided further
functional information to complete this model.
Firstly, enzymatic activity measured on free
linolenic acid chains was improved by the addition
of C12E9, as well as Tween20 above their CMC.
Moreover, velocity was dependent on the LnA/
detergent molar ratio, rather than on LnA alone,
indicating that the actual substrate concentration
was represented by the fraction of substrate
partitioning into micelles. In other words, the
enzyme shows a preference for LnA chains
inserted in micellar structures. This is typical for
interfacial catalysis, where enzyme activity is
controlled by the concentration of substrates at
interfaces.68 The Michaelis-Menten model only
applies to soluble enzymes and substrates present
in the same phase. In the case of interfacial cataly-
sis, kinetic parameters such as Vmax and KM, are
best quantified as moles per unit area. Even though
our in vitro system does not contain a lipidic bilayer,
it mimics the in vivo situation and provides evidence
for how the lipidic bilayer supports LoxA ability to
peroxidize esterified membrane galactolipid PUFA
chains.
Secondly, LoxA shows a cooperative behavior in a

narrow pH interval centered at its optimal pH 6.4. At
lower pH (acidic side of the activity vs. pH profile),
LoxA follows a simple Michaelis-Menten kinetics,
likely not interacting with the lipid moiety as also
suggested by Trp fluorescence. Around pH 6.2, the
protonation state of some important residues
apparently changes allowing for membrane binding,
LID removal, substrate entrance access, and
occupancy of the allosteric site. A polar molecule,
such as the galactose unit of MGDG is a likely
candidate allowing for allostery with positive
cooperativity. This model would classify LoxA as an
14
interfacial enzyme with an interfacial activation
mechanism according to literature61. The study of
the monomeric mutant supports the relevance of
the dimeric nature for the interaction with the mem-
brane and cooperativity. The protonation state of
one or more residues seems relevant for catalysis,
explaining the steep activity decrease on the basic
side of the pH profile. With pKa values in the pH
range between 6 and 7, it is tempting to propose that
histidines act as pH sensors and regulators of LoxA
catalysis (in the analyzed in vitro conditions) by being
distinctly involved either in membrane binding or in
catalysis. In vivo, the far most prevalence of 36:6
galactolipids in grapevine chloroplast membranes
suggests that the enzyme works at saturating condi-
tions andmaximum rate. Together with the formation
of higher LoxA oligomers, and likely a low dissocia-
tion constant typical of interfacial enzymes, we spec-
ulate that LoxA might produce hotspots of
peroxidation at the chloroplast inner membrane.

Conclusions

Our study describes stable dimeric structures of
the grapevine lipoxygenase LoxA defining two
functionally relevant conformations, which are
intimately linked to LoxA ability to interact with
lipidic membranes. The transition from the closed
to open conformation involves the removal of a
LID domain on each monomer, which renders the
active site and an allosteric site solvent accessible
and confer LoxA the ability to peroxidize
membrane lipids with positive cooperativity. The
mechanism of interfacial activation and catalysis is
not shared by all grapevine LOX enzymes, but is
likely conserved for specific isoforms also in other
organisms.
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63. Masuero, D., Škrab, D., Chitarrini, G., Garcia-aloy, M.,

Franceschi, P., Sivilotti, P., Guella, G., Vrhovsek, U.,

(2021). Grape lipidomics: An extensive profiling thorough

uhplc–ms/ms method. Metabolites 11, 827. https://doi.org/

10.3390/metabo11120827.

64. Wang, S., Xu, Y., Yu, X.W., (2021). A phenylalanine

dynamic switch controls the interfacial activation of

Rhizopus chinensis lipase. Int. J. Biol. Macromol. 173, 1–

12. https://doi.org/10.1016/j.ijbiomac.2021.01.086.

65. Bayburt, T., Gelb, M.H., (1997). Interfacial catalysis by

human 85 kDa cytosolic phospholipase A2 on anionic

vesicles in the scooting mode. Biochemistry 36, 3216–

3231. https://doi.org/10.1021/bi961659d.

66. Kulkarni, S., Das, S., Funk, C.D., Murray, D., Cho, W.,

(2002). Molecular basis of the specific subcellular

localization of the C2-like domain of 5-lipoxygenase. J.

Biol. Chem. 277, 13167–13174. https://doi.org/10.1074/jbc.

M112393200.

67. Radmark, O., Samuelsson, B., (2009). 5-Lipoxygenase:

Mechanisms of regulation. J. Lipid Res. 50, S40. https://

doi.org/10.1194/jlr.R800062-JLR200.

68. Reis, P., Holmberg, K., Watzke, H., Leser, M.E., Miller, R.,

(2009). Lipases at interfaces: A review. Adv. Colloid

Interface Sci. 147–148, 237–250. https://doi.org/10.1016/

j.cis.2008.06.001.

https://doi.org/10.1002/prot.21590
https://doi.org/10.1002/prot.21590
https://doi.org/10.1016/j.bbalip.2013.08.015
https://doi.org/10.1016/j.bbalip.2013.08.015
https://doi.org/10.1021/acs.biochem.1c00053
https://doi.org/10.1021/acs.biochem.1c00053
https://doi.org/10.1182/blood.2023020441
https://doi.org/10.1038/nsb1297-1003
https://doi.org/10.1016/S1388-1981(00)00106-2
https://doi.org/10.1016/S1388-1981(00)00106-2
https://doi.org/10.1016/j.bbalip.2006.08.002
https://doi.org/10.3390/metabo11120827
https://doi.org/10.3390/metabo11120827
https://doi.org/10.1016/j.ijbiomac.2021.01.086
https://doi.org/10.1021/bi961659d
https://doi.org/10.1074/jbc.M112393200
https://doi.org/10.1074/jbc.M112393200
https://doi.org/10.1194/jlr.R800062-JLR200
https://doi.org/10.1194/jlr.R800062-JLR200
https://doi.org/10.1016/j.cis.2008.06.001
https://doi.org/10.1016/j.cis.2008.06.001

	Vitis vinifera Lipoxygenase LoxA is an Allosteric Dimer Activated by Lipidic Surfaces
	Introduction
	Materials and Methods
	Cloning, expression, mutagenesis and purification of recombinant LoxA
	Crystallization and data collection
	Structure determination, refinement, and validation
	Small-angle X-ray scattering
	Multi-angle light scattering
	Enzymatic activity assay
	Lipid analysis in mass spectrometry
	Trp fluorescence measurements
	Size exclusion chromatography
	Inductively coupled plasma (ICP) atomic emission spectroscopy
	Accesion numbers

	Results
	LoxA is a dimeric lipoxygenase
	Structure of the LoxA dimer
	The boot-shaped active site
	The LoxA open conformation
	A double mutation destabilizes the LoxA dimer and abrogates its interaction with lipidic surfaces
	Enzymatic activity of LoxA and its monomeric mutant

	Discussion
	Conclusions
	Author contribution statement
	Funding information
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary material
	References


