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ARTICLE INFO ABSTRACT

Keywords: Background: A 12-lipoxygenase in zebra fish (2f12-LOX) was found to be required for normal embryonic
Eicosanoids development and LOXs are of great interest for targeted drug designing. In this study, we investigate the
Lipo?(ygenases structural-functional aspects of zf12-LOX in response to calcium.

Cal?“.lm Methods: A soluble version of zf12-LOX was created by mutagenesis. Based on multiple sequence alignment, we
1;‘;;‘;” mutated the putative calcium-responsive amino acids in N-PLAT domain of soluble zf12-LOX. Using a series of

biophysical methods, we ascertained the oligomeric state, stability, structural integrity and conformational
changes of zf12-LOX in response to calcium. We also compared the biophysical properties of soluble zf12-LOX
with the mutant in the absence and presence of calcium.

Results: Here we provide a detailed characterization of soluble zf12-LOX and the mutant. Both proteins exist as
compact monomers in solution, however the enzyme activity of soluble zf12-LOX is significantly increased in
presence of calcium. We find that the stimulatory effect of calcium on zf12-LOX is related to a change in protein
structure as observed by SAXS, adopting an open-state. In contrast, enzyme with a mutated calcium regulatory
site has reduced activity-response to calcium and restricted large re-modeling, suggesting that it retains a closed-
state in response to calcium. Taken together, our study suggests that Ca® *-dependent regulation is associated
with different domain conformation(s) that might change the accessibility to substrate-binding site in response
to calcium.

General significance: The study can be broadly implicated in better understanding the mode(s) of action of LOXs,
and the enzymes regulated by calcium in general.

Dynamic light scattering

1. Introduction

Lipoxygenases (LOXs) are non-heme iron containing oxygenases,
which catalyze polyunsaturated fatty acids (PUFA) into lipid-hydroper-
oxides. The catalysis products of arachidonic acid (AA), one of the main
PUFA in animals, are hydroeicosatetraenoic (HETEs) or hydroperox-
yeicosatetraenoic acids (HpETEs). These lipid mediators and their
metabolites have been implicated in cancer, atherosclerosis and allergic
inflammation [1-4]. Consequently, LOXs are pivotal targets for drug
design [5,6]. Calcium is known to be a key regulatory factor in
determining cellular physiology and studies primarily on five LOXs
(mammalian 5-LOX, Plexaura homomalla coral 8R-LOX, Gersemia fruti-
cosa coral 11R-LOX, human 15-LOX-2, and 15-LOX-1) have provided
insight about Ca®* binding (UM to mM) and its associated effects

[7-10]. Cellular activation in vivo or presence of calcium in vitro allows
either translocation of LOX from cytosol to membrane and/or altered
enzyme activity to catalyze fatty acid substrate(s) [11-13]. In case of
11R-LOX from Gersemia fruticosa, the oxygenase activity could be
observed in response to Ca®* (50 uM) in presence of phospholipids,
while = 1.5mM Ca?* resulted in maximal activity [14].

LOXs have been structurally apportioned into two domains, a large
C-terminal catalytic domain with prosthetic iron, and a smaller N-
terminal also referred to as the PLAT (Polycystin-1, Lipoxygenase, a-
toxin) domain. Due to limited success in getting crystal structures,
comparisons to the C2-domain in cPLA, and the C2-like domain in C.
perfringens o-toxin, have implicated residues in LOXs, as ligands to
Ca?™ and membrane [15-17]. In fact mutagenesis in N-PLAT domain of
LOXs has led to decreased Ca®™* binding or abolished activity and a
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requirement for higher Ca®>* concentration to activate LOXs [18-20].

However for few others, a low binding affinity (dissociation constant,
0.2-0.5nM) has also been proposed, suggesting the involvement of
catalytic domain as well [8]. Thus, there is a great deal of variation in
terms of binding of calcium and/or presence of specific binding sites.
Interestingly, for both 8R-LOX from Plexaura homomalla and h5-LOX,
basal activities have been observed in absence of divalent cations and
Ca-stimulated activities are subject to substrate inhibition. This suggests
that Ca®* may attain a primary role in dictating LOX dynamics, further
regulating its activity secondarily. In spite of ample literature on
LOX:Ca? ™ interaction, we still have no idea what exactly happens to
the enzyme on binding calcium.

There are a few reports suggesting flexible nature of LOXs in
solution under different conditions [21-25]. Also, some LOX structures
show that the Ca®*-binding sites are complex in tertiary structure,
which suspects a cascade of conformational changes involved on
calcium binding [26]. However, there is no study that has focused on
exploring the effect of calcium binding on LOX dynamics. Calcium
binding is a crucial event and its effects have been investigated in other
calcium sensor proteins. The associated conformational changes that
different proteins undergo on Ca?* binding and their downstream
response have been discussed [27-33]. Thus, it intrigued us to
investigate the behavior of a unique vertebrate 12-LOX from zebra fish
and explore its structural-functional aspects in response to calcium.

In past, Zebra fish (Danio rerio) has emerged as a suitable model for
early vertebrate development, and a number of targeted mutations in
the zebrafish genome led to phenotypic alterations that resemble
human diseases [34]. A 12-LOX in Zebra fish has been cloned and
knock down of this zf12-LOX enzyme showed its indispensability for
embryonic development [35,36]. This makes it a very good candidate
to study how 2zf12-LOX behaves in solution and how presence of
calcium and/or deletion of putative calcium binding residues alter
the biophysical and functional properties of enzyme. Here we aimed to
characterize zf12-LOX and created a soluble and more stable version of
the enzyme. The solution structure of zf12-LOX has been investigated.
Then we describe that Ca® * activates the oxygenase activity of soluble
zf12-LOX and this is related to a conformational change of the protein
structure as observed by SAXS and other biophysical techniques. In
comparison to the homologous crystal structures, zf12-LOX is suggested
to display an outward shift of the N-terminal PLAT domain w.r.t.
catalytic domain, thus adopting an open-state. The region near the
active site also remodels, where all these changes may provide an easy
transit to the incoming substrate into active site. Further, the role for
putative calcium regulatory site (site-2) has been discussed and the site-
2 mutant is shown to have reduction in calcium induced enzyme
activity and adopts a closed state in solution. This is a detailed
investigation that links Ca®> * binding with the activity of LOX and
can be extended to other enzymes as well.

2. Materials and methods
2.1. Chemicals, reagents and enzymes

The chemicals used were from the following sources: (5Z,8Z,11Z,147)-
eicosa-5,8,11,14-tetraenoic acid (arachidonic acid), EDTA, imidazole and
ampicillin from Gibco (Eggenstein, Germany); Carbenicillin, glycerol,
calcium chloride (99.99%) and E. coli strain BL21 (DE3) was purchased
from Qiagen (Hilden, Germany). Oligonucleotide synthesis was carried out
by Genscript (New Jersey, USA).

2.2. Construction of soluble zf12-LOX and site-2 mutant

Lipoxygenases are known to have either less stability or mixed
oligomers. In order to have good quality and homogenous protein(s),
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we introduced four point mutations of residues in zf12-LOX in order to
create a soluble version. These mutations (F74G, 175S, S241A, C558A),
involved in membrane insertion or in vicinity, were selected on the
strategy similar to that adopted for human 5-LOX [37]. This obtained
clone for zf12-LOX with point mutations has been referenced here as
the soluble zf12-LOX. To identify the primary sequence conservation
between zf12-LOX and other 12-LOX proteins, we performed a multiple
sequence alignment (MSA) using ClustalW. We included 5 sequences of
12-LOXs from Homo sapiens, 1 LOX sequence each from Mus musculus,
Rattus norvegicus and Oryctolagus cuniculus and 2 LOX sequences from
coral G. fruticosa and P. homomalla. The regions of conservation in this
alignment combined with the information available in literature were
used to predict putative calcium-binding residues (Site-2) in zf12-LOX.
Further, to investigate the role of site-2, we changed these residues
(*®DtoL and “'~**GLDFC, based on MSA) in soluble zf12-LOX, to create
a site-2 mutant enzyme. Both soluble zf12-LOX and the site-2 mutant
proteins were then used for further studies in response to calcium.

2.3. Expression and purification of protein(s)

To express and purify soluble zf12-LOX and the mutant proteins, BL21
Escherichia coli cells carrying the plasmid pET23a-12-LOX were grown in
Luria-Bertani broth containing ampicillin (75 pg/mL) at 37 °C. When the
ODggo reached to 0.6, IPTG was added to final concentration of 0.1 mM
and the cells were shaken overnight at 150 rpm, 20 °C. The harvested cells
were resuspended in buffer containing 25 mM Tris (pH-8.0), 250 mM
NaCl, 5% glycerol, lysozyme (37 pg/mL), DNasel and a protease inhibitor
tablet. The suspension was lysed by sonication at 4 °C. The resulting
mixture was centrifuged at 20,000g for 20 min to remove cell debris. The
supernatant was loaded onto an equilibrated Ni-NTA column and washed
with 20-40 mM imidazole. 12-LOX was then eluted in Tris buffer (25 mM,
pH 7.5) containing 250 mM NaCl, 5% glycerol and 250 mM imidazole.
SDS-PAGE was performed to confirm the presence of a 75 kDa band. The
fractions containing purified protein were pooled and concentrated in an
Amicon pressure concentrator to the required concentrations. The purity
of the protein was checked by SDS-PAGE (PhastGel™ Gradient 10-15)
electrophoresis in Pharmacia PhastSystem High speed electrophoresis
System. The proteins used for the SAXS studies were purified in 25 mM
HEPES (pH 7.5) containing 250 mM NaCl and 5% glycerol. The concen-
tration of the protein(s) was determined by measuring the absorbance at
280 nm in a UV spectrophotometer. Beer lamberts law: A = & 1% c was
used to calculate the protein concentration from the absorbance
(€280 = 124,220 M~ 'em ™ b).

2.4. Binding assay of soluble zf12-LOX with calcium

To calculate the binding constant of 12-LOX with calcium, we
utilized microscale thermophoresis (MST) to monitor and quantify the
bi-molecular interaction. For this we labeled the purified protein with a
fluorescent label (NT-647). The label was covalently attached to the
protein (NHS coupling) in buffer containing 25 mM HEPES buffer
pH 8.0 containing 0.2 M NaCl and 5% glycerol. In order to get rid of
excess dye and/or unlabeled protein, the labeled protein was purified.
In the MST experiment, a fixed concentration of NT647 labeled 12-LOX
was titrated against calcium ranging from 10 nM to 1000 uM. After an
incubation of 2 min, the samples were loaded into MST NT.115
standard glass capillaries and the MST analysis was performed using
the Monolith NT.115. The concentration of ligand (nM) was plotted on
the X-axis and analyzed to calculate the Kp,.

2.5. Activity assay with arachidonic acid

All reactions were carried out at room temperature (22 °C) with a Cary
100 Bio UV/VIS spectrophotometer. Assays were carried out in 50 mM
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Tris buffer (pH 7.5) containing phosphatidylcholine (25 pg/mL), CaCl,
(1 mM) and MgCl, (1 mM). The substrate, arachidonic acid, (AA)
concentration was varied from 5 to 50 pM, and initiated by the addition
of enzyme, as described below. AA solutions were stored in absolute
ethanol, and diluted into assay buffer so that the total ethanol concentra-
tion in the kinetic assays was < 1.5%. Enzymatic reactions were initiated
in a total volume of 100 pL by the addition of 0.2 mg/mL 12-LOX. In order
to eliminate a lag phase and obtain initial rates of the human enzymes
before auto inactivation occurred, the enzymes were pre-activated with
13-HPODE [38]. A solution of 13-HPODE (¢ = 2.3 X 10°M~'cem ™' at
235 nm) was prepared and added to a final concentration of 25 pM to each
kinetic assay [39]. Initial rates (< 15% conversion) were determined by
monitoring the formation of the conjugated product (12-HETE & 12-
HpETE) at 235nm (g = 2.25 X 10* M~ ' em™ ') for each substrate con-
centration [1]. Same sets of experiments were repeated in the absence of
CaCl, in the assay buffer. Kinetic data was then analyzed to determine the
specific activity.

2.6. Quantification of 12-HETE by mass spectrometry (MS)

To determine the amount of product formed in the enzymatic
reactions, the enzyme assays were done as explained above and
quenched with 100 pL. of methanol after 1 min. Then 50 pL of the
reaction mixture was injected and analyzed in HPLC system (Waters
2695). A Phenomenex Luna C;g column was used and eluted with
acetonitrile/water/acetic acid in the ratio 60:40:0.1. The results were
analyzed and the amounts of 12-HETE were determined.

2.7. Circular dichroism (CD) studies

CD measurements were carried out with a JASCO spectropolari-
meter (Jasco, Tokyo, Japan), equipped with a Peltier type temperature
controller (PTC-348W). Far-UV spectra were obtained using a quartz
cuvette with a 10 mm light path-length and each spectrum obtained
was an average of 5 scans in the absence and presence (1 mM) of
calcium. The ellipticity of protein CD spectra is reported as mean
residue ellipticity (MRE) in deg/cm?/dmol units. For all cases, the
spectrum of buffer was subtracted to obtain the real protein spectra.
Deconvolution of far UV-CD spectra was performed using Spectra
Manager, software provided by the manufacturer (Jasco). The calcula-
tion of secondary structure content was done as mentioned earlier.

2.8. Thermostability analysis

Temperature-dependent aggregation was measured using Stargazer,
Harbinger Biotech, Toronto, Canada [40,41]. Fifty microliters of protein
(0.4 mg/mL) was heated from 20 °C to 80 °C at a rate of 1 °C per min in
each well of a clear-bottom 384-well plate (Nunc, Rochester, NY) in the
absence and presence of calcium (1 & 5 mM). Incident light was shone on
the protein drop from beneath at an angle of 30°. The protein aggregation
was monitored by measuring the intensity of scattered light, every 30s,
with a CCD camera. The pixel intensities in a preselected region of each
well were integrated to generate a value representative of the total amount
of scattered light in that region. These total intensities were then plotted
against temperature for each sample well and fitted to the Boltzmann
equation by nonlinear regression. The resulting point of inflection of each
resulting curve was defined as the T,g,. Xylanase (Roche, Indianapolis, IN),
a commercially available protein with well defined properties, was used as
a standard to determine the reproducibility of the observed T,, [42] and a
standard deviation of 0.4°C was determined in the T, for three
independent measurements.
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2.9. Size exclusion chromatography

To characterize oligomeric states of the purified protein(s) (both
soluble and site-2 mutant), size exclusion chromatography was performed
using HiLoad™ 16/60 Superdex™ 200 column. The column was equili-
brated using Buffer containing 25 mM Tris-HCL (pH 7.5), 250 mM NaCl
and 5% glycerol). The individual proteins were injected at a concentration
of 5 mg/mL and eluted at a flow rate of 1 mL/min. In order to have stable
protein-ligand complex, the proteins were incubated with CaCl, (approx.
1000 times the Kp, to ensure full occupancy in solution), mixed immedi-
ately, filtered and injected to the column. The fractions containing the
protein(s) were concentrated using a 50 kDa Millipore Amicon Ultra-15
centrifugal filters and stored in — 80 °C. The corresponding peaks were
compared with the standard markers pre-run on the column to determine
the MW of the purified proteins.

2.10. Dynamic light scattering

Dynamic light scattering measurements were performed at the
temperature of 20 °C using a 3000 HSA Zeta-Sizer (Malvern) apparatus
equipped with 512 channels. An He-Ne laser was used with power of
45 mW and the scattering angle was equal to 90°. Measurements were
performed with a 100 pm aperture using quartz cuvette containing
100 pL of sample in a thermostated cell holder. During experiments,
100 pL filtered protein solution was placed into DLS cells and CaCl, was
added to it (1 & 5mM). The solutions were mixed and the measure-
ments were initiated within 30 s after mixing. Duration of a single
experiment was 210 s, which allowed us to probe the progress of the
binding process undergoing in the solution. The individual autocorrela-
tion spectra were analyzed to calculate the hydrodynamic radius (R,°)
and the apparent molar mass (M).

2.11. Small angle X-ray scattering (SAXS)

2.11.1. SAXS data collection

We performed preliminary SAXS experiments at [911-SAXS beamline
at the MAX IV laboratory, Lund, Sweden [43] and BioSAXS beamline,
BM29, ESRF, Grenoble, France [44]. These experiments helped in testing
the conditions for longer protein stability, minimum aggregation and any
radiation damage. The data presented here was finally collected at the
synchrotron beam line P12, EMBL (Deutsches Elektronen-Synchrotron),
Hamburg, Germany. For soluble zf12-LOX and the site-2 mutant, on-line
size exclusion chromatography with SAXS (SEC-SAXS) was employed to
obtain scattering data, where 5 mg/mL purified sample was loaded onto
HiLoad 10/300 GL Superdex S200 (GE Healthcare) column. The protein(s)
were eluted at a flow rate of 0.3 mL/min and passed through the capillary
cell with frames collected every 1 s with a total of 3000 frames.

To collect data for the calcium bound enzyme, zf12-LOX protein
samples were incubated with CaCl, (1 mM) for 5 min before data
collection. All the samples were centrifuged, filtered and the protein
concentrations were determined by A,gy measurements using a
Nanodrop Spectrophotometer (Thermo Scientific) using a molar extinc-
tion coefficient of 124,220 M~ ' ecm ™! as calculated from Protparam
[45]. The protein solutions were circulated slowly in the measuring
quartz capillary (diameter 1.5 mm) to avoid any possible protein
damage due to X-ray irradiation and the temperature was kept constant
at 10 °C. The scattered intensities were recorded on a pixel detector,
Pilatus 2M (Dectris Ltd.) using a position-sensitive proportional
detector, at a sample-detector distance allowing the range of momen-
tum transfer q from 0.022 nm ™ ! to 4.28 nm ™~ ! (q = 4w sin ©/A, where
2q is the scattering angle and A is the wavelength of the X-rays) to be
covered. Twenty frames of 45 ms each were recorded and compared to
each other to check for any radiation damage. The monodispersity of
the protein samples were measured by dynamic light scattering using a
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Table 1
SAXS data collection, processing and scattering derived parameters.
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Data-collection parameters Soluble zf12-LOX

Soluble zf12-LOX + Ca®*

Site-2 mutant Site-2 mutant + Ca®*

Beamline P12, Hamburg

P12, Hamburg

P12, Hamburg P12, Hamburg

Wavelength (nm) 0.123987 0.123987 0.123987 0.123987

q range (nm "~ h 0.022-4.82 0.022-4.82 0.022-4.82 0.022-4.82
Exposure time (seconds) 0.045 0.045 0.045 0.045

Protein concentration (mg/ml) 5.0* 5.0 5.0* 5.0
Temperature (K) 283.15 283.15 283.15 283.15
Structural parameters

1(0) (ecm™ ') [from Guinier/P(r)] 5446 + 45/5435 = 64 8194 + 12/8329 = 29 4829 + 34/4925 * 61 9048 + 12/9279 = 43
R; (nm) [from Guinier/P(r)] 2.90 + 0.04/2.94 = 0.04 3.24 += 0.03/3.28 = 0.03 2.90 = 0.03/2.94 = 0.04 3.20 = 0.02/3.27 = 0.02
Dipax (nm) 10.08 = 0.2 13.31 = 0.1 10.02 = 0.2 13.18 = 0.1
Porod volume estimate (nm®)" 121.43 127.39 122.01 113.11

Dry volume calculated from sequence (nm®) 93.44 93.44 93.44 93.44
Molecular-mass determination

Calculated monomeric M, from sequence [kDa] 77.01 77.01 77.01 77.01
Molecular mass from excluded volume (kDa)* 73.03 86.00 84.80 82.73
Softwares employed

Data processing Primus Primus Primus Primus

P(r) function calculation GNOM GNOM GNOM GNOM
Three-dimensional graphics representations PyMOL PyMOL PyMOL PyMOL
Modeling parameters

Ab-initio analysis GASBOR GASBOR GASBOR GASBOR
Validation and averaging DAMAVER DAMAVER DAMAVER DAMAVER

x> 0.77 = 0.002 1.04 = 0.020 0.65 = 0.011 1.00 * 0.022
NSD 0.92 = 0.057 1.12 + 0.063 0.92 = 0.059 1.02 + 0.058

Zetasizer Nano-ZS (Malvern) instrument and the datasets were analyzed
using inbuilt software. Further details are provided in Table 1.

2.11.2. SAXS data processing

The datasets collected for the different protein concentrations were
compared to each other in order to examine any aggregation. The
datasets were then processed and scaled using program Primus [46].
The radius of gyration (Ry) of the proteins in solution was determined
from the lowest q values of the SAXS data, using the approximation:

1(q) = 1(0) exp(~R3q2/3)

valid over a restricted g-range (typically Rgq < 1.3) [47]. The value I
(0)/c, the scattering intensity at zero angle normalized to the protein
concentration of the sample, is proportional to the molecular mass M of
the protein, which can be estimated after proper calibration of the
intensity using reference samples. The distance distribution function,
representing the distribution of distances between any pair of volume
elements within the particle, together with the structural parameters
derived from P(r), i.e. the maximum dimension of the particle (D;qy),
and the radius of gyration, were evaluated using the indirect transform
method as implemented in the program GNOM [48,49].

2.11.3. Ab initio modeling and comparison with homologs

The model calculations were performed by GASBOR [50] and DAMMIN
[51]. For both calculations the scattering profiles more than
Qmax = 2.1 nm ™' were used and 15 repetitive runs of modeling were
carried out with each method. The obtained models per sample, 15 each for
soluble zf12-LOX and the site-2 mutant in the presence and absence of
calcium, were averaged and filtered using DAMAVER [52]. As an additional
check on the oligomeric state of 12-LOX in response to calcium, GASBOR
and DAMMIN, several ab-initio dummy residue reconstructions were
performed assuming monomeric as well as other oligomeric organizations.
In all cases the models were built assuming that either symmetry or no
symmetry was present. Although the LOX overall structure is highly
conserved, however there is no full-length crystal structure available for
12-LOX. Based on our MSA results and phylogenetic analysis, human 5-LOX
appears to be the closest homologue of zf12-LOX. Also this was confirmed
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by CRYSOL analysis of the scattering curves with several available
homologue crystal structures to LOXs [55]. Thus we selected crystal
structure of human 5-LOX for comparison analysis with the obtained ab
initio models. Further details about data processing are presented in Table 1.

3. Results

3.1. Prediction of putative calcium responsive residues and characterization
of soluble zf12-LOX and site-2 mutant in zf12-LOX

The soluble version of the zf12-LOX was created as explained in
materials and methods section and purified from E. coli. The wild type
and soluble zf12-LOX enzymes were compared and higher melting
temperature for soluble zf12-LOX clearly showed that it is more
stabilized in solution compared to wild type (Supplementary Fig. S1).
The activity of the soluble zf12-LOX was compared with that of the
wild-type zf12-LOX (without point mutations). The results clearly
showed that the activity and calcium dependency for soluble zf12-
LOX was found to be very similar to that of wild type zf12-LOX
(Supplementary Fig. S2), thus ruling out any major alteration in
enzymatic properties. This ensures that the point mutations introduced
to create soluble zf12-LOX in vitro do not affect the protein in terms of
activity and response to calcium.

The results of our sequence alignment highlighted 2 main regions of
conservation, one common to all sequences, corresponding to the loop
region 1 in LOXs. The residues in N-PLAT domain, especially the loop
regions in LOXs, have been shown to deliver Ca®>* mediated responses
and bind calcium through either backbone or side chain interactions.
Some of these residues (in 15-LOX-2, 5-LOX, coral 8R-LOX) have been
mutated, with effects on Ca?* binding or Ca® ™" activation of enzyme
activity [25]. A second region of conservation, corresponding to site-2
was clearly identifiable in R-type LOXs and absent in S-type LOXs.
Interestingly zf12-LOX has some of these residues, thus suggesting that
the stretch might be involved in Ca®* responsive effects of zf12-LOX
(Fig. 1). To investigate the role of this site-2 stretch in zf12-LOX, we
created a site-2 mutant enzyme. Recombinant full-length site-2 mutant
proteins were purified from E. coli. The SDS-PAGE analysis showed a
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1 14 19 38 46 57
humALOX12B MATYKVRVATGTDLLSGTRDSISLTIVGTQG-ESHKQLLNHFGR-DFATGAVGQYTVQCP
mouseALOX12B MATYKVKVATGTDFFSGTLDSISLTIVGTQG-ESHKQRLNHFGR-DFATGAVDDYTVQCQ
humALOX15B MAEFRVRVSTGEAFGAGTWDKVSVSIVGTRG-ESPPLPLDNLGK-EFTAGAEEDFQVTLP
humALOX12 (plat) MGRYRIRVATGAWLFSGSYNRVQLWLVGTRG-EAELELQLRP—-————, ARGEEEEFDHDVA
ratALOX12 (plat) MGRYRVRVVTGPWLFSGSVNLVRLWLVGAHR-EARLELQLRP—=———, ARGKEEEFDFDVA
humALOX15 MGLYRIRVSTGASLYAGSNNQVQLWLVGQHG-EAALGKRLWP—————, ARGKETELKVEVP
Danio rerio ALOX12 ~MEYKVTVATGTSEYSGTNNYVYVTLIGEKG-KSERTLLDNPGL-DFCRGAVDDYIVKSD
humALOX5 MPSYTVTVATGSQWFAGTDDYIYLSLVGSAG-CSEKHLLDKPFYNDFERGAVDSYDVTVD

G.fruticosa 11R-LOX
P.homomalla 8R-LOX

-MKYKITVETGDLRGAGTDASVSIKLTGKDGAETSAFSLDKYFHNDFESGGTDTYDQSG-
~AIYNVEVETGDREHAGTDATITIRITGAKG-RTDYLKLDKWFHNDFEAGSKEQYTVQG-

Site-1

Site-2

Fig. 1. Multiple sequence alignment of zf12-LOX with other LOXs, highlighting the calcium-interacting residues in ligand binding loops; site 1 (residues: 14-19) and site-2 (residues:
38-46). The residues (mentioned at the top of alignment) have been numbered according to the NCBI records for zf12-LOX. Blue, bold indicates residues binding Ca>* via side chains/

backbone, in crystal structures. In 5-LOX bold indicates residues impacting on Ca**

activation of 5-LOX. Underlined residues have been mutated, with effects on binding of Ca*, or

Ca®* induced enzyme activity. The residues mutated in zf12-LOX site-2 are highlighted in yellow.

clean band at around 75 kDa for both soluble zf12-LOX and the site-2
mutant and the final enzyme preparations exhibited a high degree of
purity (> 95%).

3.2. 2f12-LOX exists as a monomer in solution and the oligomeric state is
unaltered in the presence of calcium

To characterize the oligomeric state(s) of proteins, size exclusion
chromatography (SEC) was performed in the absence and the presence
of calcium. A Kp value of zf12-LOX for Ca®* was estimated to be
~10 uM by microscale thermophoresis (Fig. 2A).

The purified wild type enzyme was highly unstable and non-
homogenous in solution. Thus SEC was performed in presence of
1mM Ca?* (to ensure full ligand occupancy in solution) for both
soluble zf12-LOX and site-2 mutant proteins. The SEC profile for soluble
2f12-LOX showed a peak eluting at ~80 mL. Following incubations
with calcium (1 mM) for 15 min preceding SEC, the elution profile
showed a peak at ~76 mL (Fig. 2B-E). For the site-2 mutant, the elution
volumes were ~ 81 and ~79 mL in the absence and presence of calcium
respectively. The data were plotted as partial specific volume (K,,) and
log molecular weight (MW) making it independent of the chromato-
graphy conditions (Fig. 2D). When compared to the standard proteins of
known MW, the molecular species in solution corresponds to that of
~77 and ~69 kDa for soluble enzyme and the site-2 mutant respec-
tively, irrespective of the calcium. This shows that both soluble zf12-
LOX and site-2 mutant exist as a monomer in solution and there is no
change in the assembly state in the presence of calcium.

3.3. 2f12-LOX displays increase in enzyme activity in the presence of
calcium

To assess the enzyme activity of soluble zf12-LOX, we used
arachidonic acid (AA) and linoleic acid (LA) as substrates. The apparent
Ky for AA was lower, and thus this fatty acid was used in subsequent
assays. Addition of Ca%?* (1 mM) increased the activity of soluble 2f12-
LOX. The effect of Ca>* depended on the AA concentration, reaching a
maximum at 100 uM AA (phosphatidylcholine was 25 pg/ml) (Fig. 3A).
The kinetics revealed pronounced substrate inhibition at higher AA in
presence of Ca®>*, precluding calculation of Michaelis-Menten para-
meters, which also rules out the possibility of auto-oxidation. The
increase in activity was ~2.5 fold at 25 uM in the presence of Ca®*
(1 mM), however reaching to a maximum of ~10-fold at AA conc. >
50 uM. However, it might circumvent the micelle formation at A-
A > 50 uM, thus the values at lower AA are considered more appro-
priate. The site-2 mutant exhibited only slight change in activity as
compared to soluble zf12-LOX in the absence of calcium (Fig. 3B).
Contrarily it significantly lost the increase in activity in the presence of
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calcium. The specific the specific activity of soluble 2zf12-LOX is
increased by nearly 75% (25 nmol/min/mg) in the presence of calcium
as compared to that in its absence (7 nmol/min/mg). However for the
site-2 mutant, it is 5nmol/min/mg irrespective of the presence of
calcium. Thus it suggests that site-2 residues are involved in regulating
calcium-mediated response of enzyme.

We also monitored the complete product profiling by mass spectro-
metry that showed no change in reaction specificity of either enzymes.
We quantified the 12-HETE formation by MS-MS also, showing ~2.5-
fold increase for soluble zf12-LOX and no change in site-2 mutant in the
response to calcium (Supplementary Fig. S3). Thus, it shows that the
calcium and site-2 residues regulate the enzyme activity under physio-
logically favorable conditions for the substrate.

3.4. Ca®™ decreases the aggregation temperature of soluble zf12-LOX,
while secondary structure is maintained

The effect of calcium on protein stability was determined by a
thermostability assay. The average aggregation temperature (Togg) for
soluble zf12-LOX was 58 * 0.4 °C and shifted to 53 + 0.6 °C in the
presence of calcium (1 mM). This decrease in Ty, for soluble zf12-LOX
in response to calcium suggests that the two (unbound and bound)
states are conformationally different from each other. Similar experi-
ment for the site-2 mutant protein gave T,g; of 48 * 1.0°C and
49 =+ 0.5°C in the absence and presence of calcium (1 mM) respec-
tively or even higher ligand concentration (Fig. 4A, B). This shows that
the soluble zf12-LOX enzyme is fairly stable under the conditions used
in this study and the mutant protein is comparatively less stable.
However, the site-2 mutant is not affected substantially by the presence
of calcium.

In order to check for any change in secondary structure responsible
for enzymatic instability in the presence of calcium, we performed the
CD spectroscopy. The ellipticity plots show that the soluble zf12-LOX as
well as site-2 mutant enzymes encompass ~25% helix and ~35%
sheets and adding calcium (1 mM) does not show any remarkable
change in secondary structure (Fig. 4C). This shows that the structural
integrity of both enzymes is maintained irrespective of calcium.

3.5. Presence of Ca®* induces increase in molecular dimensions of soluble
2f12-LOX

To investigate any change in biophysical parameters of zf12-LOX,
we performed Dynamic light scattering (DLS) experiments. The results
showed a smooth decay in autocorrelation function (ACF) for both the
proteins, which was used to extract particle size. The data was
deconvoluted to calculate the hydrodynamic radius (Ry), that came
out to be 2.8 and 2.6 nm for 2f12-LOX and the site-2 mutant
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Kav = Ve = o/Ve = Vo

where V. = elution volume, V, = void volume and V. = column volume.

respectively. This clearly shows that the mutant is slightly smaller in
size. Interestingly, the ACF curve shifted on adding calcium, suggesting
presence of bigger particles in solution (Fig. 5A). The R}, was calculated
to be 3.15 and 2.9 nm on calcium binding for zf12-LOX and the site-2
mutant respectively. These changes were observed with 1 mM Ca®*,
and were practically the same with 5 mM Ca®™* (Fig. 5B).

Interestingly, the polydispersity index (PDI) did not show any
significant change for any of the samples suggesting that the protein
(s) majorly exist as single species in solution (not shown here). The
average molecular weight calculated (from Ry values) corresponds to
that of a monomer for both enzymes irrespective of calcium. This
suggests that although there is no oligomeric change but zf12-LOX
encompasses globular rearrangements resulting in increased molecular
dimensions on adding calcium.
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3.6. SAXS shows increase in Ry and Dpqy of 2f12-LOX in the presence of
ca®*

The SAXS scattering profiles show that all the samples were well
behaved in solution and did not show any inter-particle repulsion or
aggregation (Fig. 6A-D). The linear Guinier plot (inset Fig. 6A-D)
indicates that the aqueous solution was monodisperse, and the scatter-
ing solutes yielded a radius of gyration Ry of 2.91 * 0.03 and
2.90 = 0.02nm for soluble zf12-LOX and the site-2 mutant protein
respectively. The volume of the scattering solutes (mentioned in
Table 1) corresponds to a molecular mass of 73 #+ 5kDa, which is
similar to that of theoretical monomer (75 kDa). These results confirm
the presence of soluble zf12-LOX and site-2 mutant as monomers in
solution.
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The pairwise distribution function, P(r) calculated from the scatter-
ing data shows a single peak and the maximum diameter (D,,,,) of the
solute particles was estimated to be 10.08 *= 0.2 and 10.02 = 0.2 nm
for soluble and the site-2 mutant protein respectively (Fig. 6E). The
distribution has a maximum at near D,../2 suggesting that the
molecules are symmetrical in solution. In the presence of calcium, the
R, value changed to 3.24 + 0.03 and 3.18 = 0.05nm and the Dyay
was estimated to be 13.31 = 0.02 and 13.18 = 0.05 nm for soluble

Soluble zf12-LOX

and the site-2 mutant protein respectively. The increase in dimensions
suggests presence of bigger particles in presence of calcium. Since the
decrease in P(r) to D, is smooth, thus this increase is due to inherent
shape of protein and not due to aggregation. Extensive unfolding of the
enzyme was overruled by bell-shaped Kratky plots [q?I (q) versus ql
(Supplementary Fig. S4), thus exhibiting the characteristics of a
properly folded protein. Estimating the hydrated volume of globular
proteins, we obtained the molecular mass estimate of ~86 kDa in the
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Fig. 4. Thermostability plots showing the change in T,g, for (A) soluble zf12-LOX and (B) site-2 mutant protein in the absence and presence of calcium as stated in the figure.
(C) CD spectra showing the secondary structure content of soluble zf12-LOX and the site-2 mutant in the absence and presence of calcium as described in figure.
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presence of calcium.

Interestingly the long tailing of the P(r) peaks with a maximum at
less than D,,../2, suggests that the soluble zf12-LOX monomer is an
elongated species with a protruding part in the presence of calcium. In
case of site-2 mutant, the P(r) distribution is slightly skewed towards
the trailing end for the mutant, reflecting a non-similar shape. These
data suggest a different degree of motional flexibility for both the
proteins. The most likely interpretation for the observed structural
differences is probably due to re-arrangement of protein-domains
relative to each other. Thus, presence of calcium caused major
alterations not in monomer size but shape. These differences prompted
us to further explore the structural flexibility of both enzymes employ-
ing ab-initio modeling.

3.7. Solution structure of 2f12-LOX structure in the absence and presence of
calcium

To obtain more specific structural information, ab initio modeling
methods (DAMMIN and GASBOR) were applied independently to
reconstruct the overall shape from X-ray scattering data. The indepen-
dent reconstructions yielded very similar shapes, as shown by the low
value of normalized special discrepancy (NSD), calculated with
DAMAVER program package. The averaged models fitted to the
experimental data with good statistical agreement (Table 1, Supple-
mentary Table 1).

The overall shape of soluble zf12-LOX looks ellipsoidal in shape that
undergoes significant re-modeling on adding calcium, resulting in a
more elongated and arched shape (Fig. 7A, B). The difference in the
scattering envelopes for the two states is shown in a superimposed state
(Fig. 7C). The differences clearly show the regions afflicted by
conformational changes in response to calcium. In case of site-2 mutant,
the overall shape is more oblate and looks more spread out in lower
part of the molecule. Addition of calcium allows some movement but
restricts it to adopt a shape similar to that of zf12-LOX (Fig. 7D, E). The
superimposed densities for site-2 mutant in the absence and presence of
calcium clearly show very limited amount of motion (Fig. 7E). The
superimposed models are shown in perpendicular directions to clearly
explain the difference in shapes in solution (Supplementary Fig. S5).

3.8. Conformational changes of zf12-LOX in solution in response to calcium

Currently no structure is available for full length 12-LOX containing
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multiple domains. To gain structural insight into zf12-LOX, we per-
formed SAXS experiments and calculated it low-resolution molecular
envelope. The ab-initio low-resolution molecular shape calculated by
GASBOR shows an ellipsoidal envelope where two lobes are clearly
distinguishable (Fig. 7), a larger one with a length of 0.6 nm and a
smaller one with a length of 0.3 nm. To date, the closest structural
homologue for zf12-LOX is human 5-LOX. Therefore we used the
coordinates of h5-LOX to evaluate its solution scattering profile and
compared to the experimental curve of zf12-LOX by program SUPCOMB
[54]. The fitting of zf12-LOX SAXS data, measured at 5 mg/mL, with
the structures of h5-LOX are shown in Supplementary Fig. S6 and
Figure 8A and B.

The comparison of scattering patterns and the model (PDB: 308y)
indicates that the overall organization of soluble zf12-LOX is very
similar to h5-LOX (y2 = 1.12). The two lobes, corresponding to large
catalytic and small N-PLAT domain, appear to be in close vicinity to
each other, thus adopting the compact state of h5-LOX. In contrast, the
calcium-bound solution state of zf12-LOX fits better to the coordinates
of h5-LOX complexed with arachidonic acid (AA) (PDB: 3v99). The
comparison suggests that zf12-LOX + Ca®* structure in solution differs
from the semi-open state of crystal template (x> = 4.16). The solution
structure of zf12-LOX + Ca®* appears to be more flexible and the
regions corresponding to N- and C-domains are stretched out and are
arranged far apart from each other as compared to that in h5-LOX
+ AA crystal state. Such transition may not be readily visible in X-ray
structures of h5-LOX due to packing constrains and high solute
concentration. Thus, the compact and extended states observed here
for the soluble zf12-LOX in the absence and presence of calcium,
represent the closed and open conformation of zf12-LOX. Similar
calculations were performed for site-2 mutant. The fitting of site-2
mutant SAXS data at same concentration is more restricted and there is
less pronounced change for Ca®* leading to relative domain position-
ing (Fig. 8C and D). Thus, site-2 mutant displays a lower degree of
freedom and adopts a closed state. These results suggest how calcium
can influence different protein-state transitions and the role of putative
calcium-binding residues in regulating this dynamics.

4. Discussion

Among several factors that can regulate LOXs, transfer from cytosol
to membranes is a common property for most of the enzymes in the
family [8,18,56]. Ca>* has been a pre-requisite for membrane binding
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respectively.

(E) Inter atomic length distribution P(r) plots for soluble zf12-LOX and the site-2 mutant protein in the absence and presence of calcium are shown. An increase of 0.33 nm R, and 3.23 nm
Dinax Of soluble zf12-LOX; and 0.28 nm and 3.16 nm D,,,, of site-2 mutant was observed upon Ca®* binding. For comparison, the values for soluble zf12-LOX + Ca®*, site-2 mutant and

the site-2 mutant + Ca®*

and thus activity, as described in many cases both in vitro and in vivo.
However, very few studies have addressed the effects of Ca® ™ on LOX
physical properties and the conformational changes that the enzyme
may undergo upon Ca®*-binding. In this study, we found that the
oxygenase activity of zf12-LOX is up-regulated by Ca®™* in presence of
phosphatidylcholine. We generated a stabilized form of zf12-LOX
protein by exchange of four residues (F74G, I75S, S241A, C558A),
which was also activated by Ca®*. On comparing the sequence
alignments for known Ca®* activated LOXs, zf12-LOX shows a ‘site-2’
stretch containing putative Ca®* binding residues. Mutagenesis of site-
2 residues rendered the enzyme less active in presence of Ca®*, thus
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were corrected to a factor of 0.281, —0.085 & — 0.261 respectively with respect to the soluble zf12-LOX.

indicating a potential role in Ca®* regulation of enzyme catalysis. The
Kp for binding of Ca?* to soluble zf12-LOX was estimated as
10 + 2uM, similar to values reported for 5(S)-LOX [16]. The observa-
tion that the site-2 mutant is less active than its soluble counterpart is
intriguing. There was no change in secondary structure (CD spectro-
scopy), or the oligomeric state as seen earlier for some LOXs earlier
[21]. However, the reduced maximum activity of the site-2 mutant
suggests ‘action at a distance’ behavior.

Our in-solution studies provide an evidence for the above effect.
Although the Ry, and R, values are similar for soluble zf12(S)-LOX and
the site-2 mutant proteins, the pair distribution P(r) profiles and ab-
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initio modeling clearly indicate the differential mass distributions in
space. The observed differences in solution envelopes could be com-
pared with the probable movements that the enzyme experiences w.r.t.
the template. The Ca® *-induced movements are more pronounced in
soluble zf12-LOX, which was also supported by the evident decrease in
transition temperature (thermostability assay) in response to calcium.
Mutation of site-2 residues shows a rather more rigid state of mutant
protein, thus suggesting that this might govern the re-positioning of N-
PLAT and catalytic domains, directly or indirectly through calcium. The
Ca®* induced movements of the N-PLAT and catalytic domain regions
are very different in the model structures of soluble zf12-LOX and the
site-2 mutant, resulting in distinct ‘open’ and ‘closed’ states in the
absence and presence of Ca®*. Additionally the remodeling dynamics
has also been observed in the center region of the solution envelopes of
zf12-LOX that corresponds to the active site of the enzyme (Fig. 8).
Previous studies have suggested that the a2-helix region near the active
site acts as a “lid” in an otherwise open active site [26,57,58]. This
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suggests that calcium binding to the N-domain may allow zf12-LOX to
adopt a state more accessible for the substrate (AA) into the active site
in C-catalytic domain. Fiddling with the site-2 residues renders the
protein trapped in a more ‘closed state’, resistant to Ca®>* induced
transitions, also seen in case of decrease in calcium dependent activity
of site-2 mutant. Thus, our study supports the concept of multiple
conformations as reviewed for many other LOXs [59,60]. We also
provide an explanation for the possible allosteric connection between
the N- and C-terminal domains of zf12-LOX region in response to
calcium that can be extended to the exposure of putative substrate
entrance channels and altered enzyme activity.

5. Concluding remarks

Enhanced membrane binding upon calcium stimulation in cells
suggests a pre-requisite step that involves a conformational change in
LOX. This might facilitate it to tether to the membrane and regulate
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enzyme activity. The calcium binding loops and the putative active site
entrance 1 are on the same side of the molecule. Thus we speculate that
Ca®* binding and conformational distant movements of N-PLAT
domain might facilitate substrate capture. An open-state of zfl12-
LOZ:Ca®*, as seen in this study, provides an evidence for the above.
This might encompass exposure of hydrophobic residues nearby as
discussed earlier [9,58,61]. Thus it allows us to propose that zf12-LOX
might switch from a closed (calcium-free) to open (calcium-bound)
state(s) in solution as a mechanism of activation. The findings for zf12-
LOX might hold true for mammalian LOXs and extend our under-
standing of the mechanism utilized for calcium regulation at molecular
level.
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