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Mammalian lipoxygenases belong to a family of lipid-peroxidizing enzymes, which have been implicated in
cardiovascular, hyperproliferative and neurodegenerative diseases. Here we report that a naturally occurring
mutation in the hALOX15 gene leads to expression of a catalytically near-null enzyme variant (hGly422Glu).
The inactivity may be related to severe misfolding of the enzyme protein, which was concluded from CD-
spectra as well as from thermal and chemical stability assays. In silico mutagenesis experiments suggest that
most mutations at hGly422 have the potential to induce sterical clash, which might be considered a reason for
protein misfolding. hGly422 is conserved among ALOX5, ALOX12 and ALOX15 isoforms and corresponding
hALOX12 and hALOX5 mutants also exhibited a reduced catalytic activity. Interestingly, in the hALOX5 Gly429Glu
mutants the reaction specificity of arachidonic acid oxygenation was shifted from 5S- to 8S- and 12R-H(p)ETE
formation. Taken together, our data indicate that the conserved glycine is of functional importance for these enzyme
variants and most mutants at this position lose catalytic activity.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Lipoxygenases (LOX) are non-heme iron containing enzymes that
catalyze the dioxygenation of poly-unsaturated fatty acids containing
a cis/cis1,4-pentadiene structure to their correspondinghydroperoxides
[1,2]. LOX genes occur in a few bacteria, fungi, plants and animals but
are lacking in archae [3–6]. According to the positional specificity of
arachidonic acid oxygenation mammalian LOXs can be classified as 5-
LOX, 8-LOX, 12-LOX and 15-LOX [1,2]. The 3D-structures of various
mammalian LOXs have been solved [7–10] and despite subtle structural
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differences the published X-ray coordinates indicate a high degree of
structural similarity between the different isoforms.

Human arachidonate lipoxygenases (hALOX) have been implicated
in the pathogenesis of cardio-vascular [11–14] and neurodegenerative
diseases [15] but the mechanistic basis for their patho-physiological
role is controversially discussed. In fact, pro- [16–19] and anti-
atherogenic [20–23] activities have been reported for hALOX15 in
different animal atherosclerosis models and thus, the precise role
of the human enzyme in atherogenesis remains to be clarified. In
an attempt to shed a light on this question, different case–control
studies have been carried out in which single nucleotide polymorphisms
(SNPs) in the ALOX15 gene were correlated with different read out
parameters of cardio-vascular diseases such as the frequency of ischemic
stroke [24], coronary artery disease [25,26] and myocardial infarction
[27]. Unfortunately, the functional consequences of these mutations,
especially for those localized in the 3′-UTR (rs916055) and intronic
gene regions (rs7217186 + rs2619112) have not been explored indetail.
Functional studies for the non-synonymous hALOX15 SNP Thr560Met
(rs34210653) in exon 13 have demonstrated that this mutation may
cause partial destruction of the hydrogen bonding network connecting
hThr560 with active site residues [28] and these structural alterations
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seem to induce partial misfolding of the enzyme (see Supporting
information S1).

Because of the potential role of the ALOX15 gene for atherogenesis,
we searched the NCBI dbSNP databases for other non-synonymous
nucleotide exchanges in the ALOX15 gene and found two rare muta-
tions in the triplet coding for hGly422. These nucleotide exchanges
lead to two non-conservative amino acid mutations (hGly422Glu,
hGly422Arg). In the 3D-structure of rabbit ALOX15, which shares a
high degree of amino acid conservation with the human ortholog
enzyme, rGly423 (hG422) is located in the surrounding of rIle418
and rMet419, which have previously been described as position
specificity determinants for mammalian ALOX15 isoforms [29–31].
Because of this structural proximity severe functional consequences
have been expected for the hGly422Glu (rs61099320) and the
hGly422Arg (rs147238486) exchange.

To test this hypothesis we expressed wild-type human ALOX15 and
the corresponding enzymemutants in Escherichia coli and characterized
the purified enzymes.We found that the hGly422Glu exchange leads to
a loss of catalytic activity, andmore detailed structural data (CD,fluores-
cence measurements) show that the mutation seems to cause a change
in the secondary structure composition of the protein. In contrast, the
hGly422Arg mutant retained its catalytic activity and its structure is
minorly affected.

2. Material and methods

2.1. Materials

The chemicals were obtained from the following sources: ara-
chidonic acid (5Z,8Z,11Z,14Z-eicosatetraenoic acid), linoleic acid
(9Z,12Z-octadeca-9,12-dienoic acid) and chloramphenicol from
Sigma Aldrich (Hamburg, Germany), HPLC standards of 5(±)-
HETE, 8(±)-HETE, 11(±)-HETE, 12(±)-HETE, 13(±)-HODE, and
15(±)-HETE from Cayman Chem. (distributed by Spi Bio, Montigny
le Bretonneux, France), sodium borohydride, ampicillin from Life
Technologies, Inc. (Eggenstein, Germany), kanamycin and isopropyl-
β-thiogalactopyranoside (IPTG) from Carl Roth GmbH (Karlsruhe,
Germany). HPLC solvents were ordered from Baker (Deventer,
Netherlands) or VWR International GmbH (Darmstadt, Germany).
Restriction enzymes were purchased from Fermentas (St. Leon-Rot,
Germany). Oligonucleotide synthesis was performed at BioTez (Berlin,
Germany) and DNA sequencing was carried out at Eurofins MWG
Operon (Ebersberg, Germany). The E. coli strain XL-1 blue was purchased
from Stratagene (La Jolla, CA), the E. coli strain BL21(DE3)pLysS and the
fluorescent dye SYPRO Orange® were purchased from Invitrogen
(Carlsbad, California, USA). The EnBase fed batch system was obtained
from Biosilta (Berlin, Germany).

2.2. Methods

2.2.1. Recombinant expression and purification of hALOX15, hALOX5,
hALOX12 and rabbit ALOX15

In order to express hALOX15 as a His-tag fusion protein, the coding
region of the corresponding cDNA was first amplified by RT-PCR and
then cloned into the pET28b expression vector between the SalI
(N-terminus) and HindIII (C-terminus) restriction sites. For each
mutant preparation a 0.5 l fed batch liquid culture (EnBase, Biosilta)
of E. coli BL12(DE3)pLysS was grown overnight at 30 °C until an
OD600 ~ 15. Expression of the recombinant protein was induced by
addition of 1 mM IPTG (final concentration) and the culture was
kept for 24 h at 23 °C until a final OD600 ~ 25–30. After cultivation
bacterial cellswere centrifuged (3600 ×g, 4 °C, 10 min) and resuspended
in 45 mlphosphate buffered saline (PBS). Cellswere lysed by sonification,
the cell debris was removed by centrifugation (23,000 ×g, 4 °C 45 min),
and the lysis supernatant was loaded onto a 2 ml Ni-NTA agarose affinity
column. To remove loosely bound proteins the column was washed
with100 mM Tris/Cl, 300 mM NaCl (pH 8.0) with either 10 or 25 mM
imidazole. The His-tagged fusion protein was eluted with 100 mM
Tris/Cl, 300 mM NaCl, 200 mM imidazole (pH 8.0). The elution
fractions were desalted and further purified by an anion exchange
chromatography with a ResourceQ column (6 ml) to N95% purity (see
Supporting information S2.). The purified enzyme was stored in
20 mM Tris/Cl, 150 mM sodium chloride in the presence of 10% (v/v)
glycerol (pH 8.0) at−80 °C until usage.

Iron content was measured by atom absorbance spectroscopy on a
PerkinElmer Life Sciences AA800 instrument equipped with an AS800
auto sampler. The iron content was related to LOX protein that was
quantified spectrophotometrically (1 mg/ml pure human ALOX has an
absorbance of 1.6 at 280 nm).

The expression of hALOX12, hALOX5 and rabbit ALOX15 variants
was performed as previously described [32–34].

2.2.2. Lipoxygenase activity assays
ALOX activity of purified hALOX15 enzyme preparations was

assayed by RP-HPLC quantification of arachidonic acid (AA) oxygena-
tion. Purified enzyme (4 μg) was incubated with 100 μM arachidonic
acid for 15 min at 37 °C. The hydroperoxide fatty acids were reduced
to its equivalent hydroxides using sodium borohydride and acidified
with acetic acid to pH 3. Then 500 μl of ice-cold methanol was added.
The protein precipitate was centrifuged (23,000 ×g, 8 °C, 10 min) and
aliquots of the clear supernatant were injected to RP-HPLC. Steady-
state kinetic measurements were performed using a UV-2102 UV/VIS
Scanning Spectrophotometer (Shimadzu, Japan). When linoleic acid
was used as a substrate 1.6 μg of purified enzyme was incubated with
different concentrations of this fatty acid (1–100 μM) in 1 ml PBS and
the formation of conjugated dienes was followed at 235 nm over 60 s.

The activity assays for hALOX12, hALOX5 and rabbit ALOX15
variants were carried out as previously described [32–34].

2.2.3. HPLC analysis
HPLC of the LOX products was performed on a Shimadzu LC-20

instrument equippedwith an auto sampler by recording the absorbance
at 235 nm. Reverse phase-HPLC was carried out on a Nucleodur C18
Gravity column (Macherey-Nagel, Düren, Germany; 250 × 4 mm,
5 μm particle size) coupled with a guard column (8 × 4 mm, 5-
μm particle size). A solvent system of methanol/water/acetic acid
(85/15/0.05, by vol.) was used at a flow rate of 1 ml/min. Straight
phase-HPLC (SP-HPLC) was performed on a Nucleosil 100-5 column
(250 × 4 mm, 5 μm particle size) with the solvent system n-hexan/2-
propanol/acetic acid (100/2/0.1, by vol.) and a flow rate of 1 ml/min.
Enantiomers of hydroxylated fatty acid were separated by chiral
phase HPLC (CP-HPLC) employing different types of Chiralcel (Daicel
Chem. Ind., Ltd.) columns. As mobile phase a mixture of n-hexane/2-
propanol/acetic acid at a flow rate of 1 ml/min was used, in which the
2-propanol content was varied for the different positional isomers: 15-
HETE: Chiralcel OD column, 5% 2-propanol; 5-HETE: Chiralcel OB column,
4% 2-propanol. 8 and 12-HETE were additionally separated by a solid-
phase HPLC and then methylated with diazomethane. Enantiomers of
8-HETE-methylester were separated on a Chiralcel OB column with a
solvent system n-hexane/2-propanol/acetic acid (100/4/0.1, by vol.) and
12-HETE-methylester enantiomers were separated on a Chiralcel OD
column with a solvent system (100/2/0.1, by vol.).

2.2.4. Thermal shift assay (thermal denaturation)
Purified LOX enzyme (3 μM) was incubated with a 2.5 fold molar

excess of fluorescent SyproOrange® dye in 20 mM Tris/Cl 150 mM
NaCl (pH 8.0), total volume 20 μl. The heat denaturation reaction was
performed on a Rotor-Gene RG-3000 real-time PCR machine (Corbett
Research) heating up the probes from 30 to 95 °C at a rate of 0.5 °C/s.
The fluorescent dye SyproOrange® is normally quenched in aqueous
solutions. Thermal unfolding of the protein leads to the exposition of
hydrophobic core regions to the surface, where the dye can bind and



Fig. 1. Protein chemical end enzymatic characterization of human ALOX15 variants.
(A) Reverse-phase HPLC chromatogram of hALOX15 wild-type and hGly422Glu. The RP-HPLC
chromatogram shows that the wild-type has amajor 15- and aminor 12-arachidonate oxy-
genation specificity and an exclusive 13-linoleate oxygenation specificity, which is typical for
this LOX isoform; the hGly422Glu variant is nearly inactive and has an atypical
reaction spectra. (B) Michaelis–Menten kinetics of hALOX15 and hGly422Glu + hGly422Arg
mutant. The kinetic measurements with linoleic acid (LA) as a substrate show that the
wild-type enzyme and the hGly422Arg mutant follow Michaelis–Menten and are therefore
fitted with a hyperbolic equation whereas the hGly422Glu mutant is a nearly inactive en-
zyme variant.
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becomes unquenched causing a fluorescent increase. The resulting
fluorescence was detected using a FAM/SYBR green filter. The software
Rotor-Gene 4.6 was used for calculation of the negative first derivative
of the raw data. The inflection point of the melting transition is the
Table 1
Kinetic characterization of naturally occurring hALOX15 variants.
Purified recombinant hALOX15 wild-type and the natural occurring hGly422 mutants were in
were quantified for each sample, andwild-type 15-HETE formationwas set to 100%. The kcat an
tions of the Michaelis–Menten kinetics. The hGly422Glu mutant does not follow the Michaelis
equation is not possible.

hALOX15 Share of 15-HETE % Rel. activity (AA) %

Wild-type 83 ± 4 100 ± 1
Gly422Glu 83 ± 4 b1
Gly422Arg 89 ± 7 36 ± 3
melting point (Tm). Figureswere generatedwith SigmaPlot. Themelting
point for each mutant was analyzed in 3–4 independent experiments.

2.2.5. Circular dichroism (CD) and fluorescence spectroscopy
The CD, steady-state fluorescence measurements and GdHCl dena-

turation studies were performed as previously described [34]. Briefly,
circular dichroism measurements were performed using a Jasco-710
spectropolarimeter. Spectra were collected in the peptidic region with
a 0.1 path length quarts cell at different temperatures (protein concen-
tration 0.13 mg/ml in 20 mM Tris/Cl buffer at pH 8.0). Steady-state
fluorescence measurements were recorded with an ISS-K2 fluorometer
(ISS, Champaign, IL, USA) upon excitation at 280 nm (protein concen-
tration 0.13 mg/ml in 20 mM Tris/Cl, pH 8.0). The aliquots of the dena-
turant stock solutions (8 M GdHCl in 20 mM Tris/Cl buffer at pH 8.0)
were used to prepare a series of solutions. Themean residue ellipticities
of the different solutions were measured by CD at 220 nm and static
fluorescence emission spectra at 20 °C. Each measurement was repeat-
ed at least three times, and the relative standard deviationwas reported
in the figures as an error bar. The reversibility of the process was
checked obtaining protein refolding by diluting a highly concentrated
unfolded protein sample in 20 mM Tris/Cl buffer at pH 8.0. A three-
state model in which existence of monomeric intermediate protein
species is supposed to be in equilibrium with both the native and un-
folded protein molecules was used to fit the fluorescence and CD data.

2.2.6. Immunoblotting
To quantify the relative amounts of different hALOX12 and hALOX5

variants in different enzyme preparations, immunoblotting was carried
out as previously described [32,33].

2.2.7. Structural analysis, in silico mutagenesis, homology modeling and
amino acid alignment

2.2.7.1. Structural analysis of rabbit ALOX15 and in silico mutagenesis. The
crystal structure of the rabbit ALOX15 (PDB: 2P0M) was used as the
structural model for our hypothesis. Rabbit ALOX15 shares an 80%
amino acid homology with its human homologue and represents there-
fore a useful model for our study. In silico mutations in rabbit ALOX15
structure was performed on Maestro 9.3 (Schrödinger, LLC, New York,
USA, 2012) and all mutants were further minimized by 5000 steps of
SD and 10,000 steps of PRCG methods with 0.05 gradient. This protein
structure minimization protocol was done using MacroModel 9.9
(Schrodinger, LLC, New York, 2012). Visualization and analysis of the
results were done using PyMol (Schrodinger, New York, USA) and
Accelrys discovery Studio 3.1. (Accelrys, San Diego, USA).

2.2.7.2. Homology modeling and structural analysis of human ALOX15.
Homology modeling of human ALOX15 was done by taking the protein
sequence from NCBI (GenBank ID: AAA36182.1) and using rabbit
ALOX15 (PDB ID: 2P0M) as structural template. The software Prime
3.1 (Schrödinger, LLC, New York, 2012) was used to build the structure
model. Further, non-template loops are refined and the protein is
relaxed by minimizing with 5000 steps of SD and 10,000 steps of
cubated with arachidonic and linoleic acid (n = 4). The amounts for 15-HETE formation
d Km values of the hALOX15 variants for linoleic acidwere taken from the hyperbolic equa-
–Menten principle and therefore a determination of kinetic parameters with a hyperbolic

kcat(LA) s−1 Km(LA) μM R2

14.4 ± 0.8 3.8 ± 1.0 0.89
n.d n.d n.d.
9.6 ± 0.7 1.7 ± 0.8 0.96



Fig. 2. Thermodynamic characterization of human ALOX15 variants. (A) Comparison of CD spectra of hALOX15 wild-type and its hGly422Glu mutant at different temperatures. The CD spectra
at different temperatures (13, 37 and 53 °C) reveal that there are major differences between the wild-type enzyme and its mutant in the secondary and tertiary structure composition.
Inactivity seems to be caused by a misfolding of the hGly422Glu mutant. (B) Thermostability of hALOX15 wild-type and hGly422Glu. The figure shows the dependence of the CD signal at
220 nm from the increasing temperature. The heat denaturation behavior of the mutant strongly differs from the wild-type enzyme. (C) Unfolding profile of hALOX15 LOX and hGly422Glu
mutants as a function of chemical denaturant (GdHCl). The unfolded fraction was monitored through both fluorescence steady state spectroscopy and circular dichroism and the fraction of
unfoldedmoleculeswere plotted vs. theGdHCl concentration. Occasionally the fit of unfolding curves followed by fluorescence andCD could be described using single equation suggesting
that both secondary and tertiary structure follow similar unfolding kinetics. The existence of a plateau in the range 1.8–2.6 MGdHCl concentrations suggested that unfolding pathwaymay
be described with a 3-state model N ← → I ← → U where N is the native state, I is a partially folded state and U is the completely unfolded protein. The line is the fit of the unfolding
process and the points represent single measurements (position of the fluorescence spectrum and CD intensity at 222 nm). (D and E) Thermostability of hALOX15 wild-type and the
hGly422Glu mutant using a fluorescent-based thermodynamic shift assay. The figure shows the dependence of tertiary structure from the increasing temperature. SYPRO Orange® is a fluo-
rescent dye,which is quenched in aqueous solutions. As temperature rises, protein undergoes thermal unfolding and hydrophobic core regions are exposed to the surface. SYPROOrange®
then binds to these regions and becomes unquenched. With increasing temperature, the amount of denaturized protein is increased causing an increase of the fluorescence signal. The
thermal denaturation curve (Fig. 2D) of the hGly422Glu (green) mutant strongly differs from the wild-type enzyme (red) indicating that is has a differential folding. The negative first
derivative (panel E) is calculated to determine the inflection point of the unfolding curve more accurately. The wild-type enzyme has a melting temperature (Tm) of 50 °C.
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Table 2
Thermodynamic unfolding parameters of hALOX15 wild-type and hGly422Glu mutant.

hALOX15 I transition II transition

ΔG1 (kcal/mol) m1 (kcal ∗ mol−1 ∗ M−1)a ΔG2 (kcal/mol) m2 (kcal ∗ mol−1 ∗ M−1)a

Wild-type 10.5 10.0 4.0 1.6
Gly422Glu 4.0 3.9 3.5 1.8

a Slopes of the free energy plots in Fig. 2D in kcal ∗ mol−1 ∗ M−1.
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PRCG methods with 0.05 gradient. The energetically minimized human
ALOX15 model was used to understand the structural changes of the
Gly423Glu mutant (see Supporting information S2). Same methodology
employed for analyzing the mutants of rabbit ALOX15 was used as
mentioned above.

2.2.7.3. Structural analysis of human ALOX15B. A protein model from the
Protein model database (PMDB) was used for structural analysis of
human ALOX15B (PMDB code: PM0078035). The software PyMol
(Schrödinger, LLC, New York, USA) was used for visualization and
structural analysis.

2.2.7.4. Sequence alignment and genetic variants. Multiple sequence
alignment was performed with the Clustalw2 program (European
Bioinformatics Institute, Cambridge, UK) setting default parameters.
ALOX sequences and the information related to the naturally occurring
hALOX15 variants (Gly422Glu, Gly422Arg) were extracted either from
theNCBI dbSNPdatabase (National Center for Biotechnology Information,
Bethesda, USA) or 1000 genome project (www.1000genomes.org).

3. Results

3.1. The hGly422Glu mutant is a naturally occurring near-null variant of
human ALOX15

To explore the catalytic properties of the hALOX15 variants, which
are encoded by the naturally occurring SNPs, wild-type hALOX15
togetherwith thehGly422Glu andhGly422Argmutantswere expressed
in E. coli and purified to apparent electrophoretic homogeneity (see
Fig. 3. Structural characterization of rabbit ALOX15. rGly423 forms a main-chain-side-chain
interactionwith an aspartate residue close at the active site Thefigure shows the structure of
the rabbit ALOX15 (PDB: 2P0M). The N-terminal β-barrel domain is colored in yellow,
while the catalytic domain is shown as marine cartoon. The previous described position
specifity determinants (rPhe353, rIle418 and rIle593), also known as “triad”, are repre-
sented as orange spheres. The rGly423 residue interacts with rAsp416 (black dashes)
close to one of the triad determinants (rIle418) close to the active site. The distance
between the carboxylic group and glycine amide group is 2.6 Å, which is in range of a hy-
drogen bond.
Supporting information S4). Aliquots of the purified enzyme prepara-
tions were subsequently incubated with arachidonic acid or linoleic
acid, and the reaction products were analyzed by RP-HPLC. As expected
15-H(p)ETE and 13-H(p)ODE were the dominant reaction products of
the wild-type enzyme (Fig. 1A) and a similar product pattern was ana-
lyzed for the hGly422Arg mutant. The hGly422Glu variant did not
produce any oxygenation products since the small peaks comigrating
with the authentic HETE-standards were the products of the substrate
autoxidation. For amore detailed characterization of the kinetic proper-
ties of the mutant enzyme species, continuous spectrophotometric
measurements were carried out (Fig. 1B): the basic kinetic constants
are summarized in Table 1. Taken together the data indicate that the
hGly422Glu mutant was catalytically silent with both, linoleic acid and
arachidonic acid. In contrast, the hGly422Arg variant exhibited a resid-
ual arachidonic and linoleic acid oxygenase activity of 40–70%. Vmax

(kcat) and KM values determined with linoleic acid for the wild-type
enzyme and its hGly422Arg variant (Table 1) are comparable with the
data reported for the wild-type enzyme (Brenda Enzyme databank
ALOX15 EC 1.13.11.33, kcat: 4–17.8 s−1 KM: 3–9.5 μM).

LOX enzymes contain equimolar amounts of non-heme iron, which
is essential for the catalytic activity [35]. To explore the possible reasons
for the catalytic silence of the hGly422Glu mutant, we quantified the
iron content of our enzyme preparations and found an apoprotein to
iron ratio of approximately 0.8 for all enzyme preparations.

3.2. Gly422Glu mutation induces structural changes of the hALOX15

Since a lack of catalytic iron was not responsible for inactivity of the
hGly422Glu mutant, we compared other structural properties of wild-
type hALOX15 and the mutant enzyme (Fig. 2). Comparison of the
CD-spectra at native conditions (13 and 37 °C) and those of partly
denaturated protein (53 °C) indicated drastic differences between
wild-type and the mutant enzyme (Fig. 2A). The thermal denaturation
curve of the wild-type enzyme (Fig. 2B) follows a two-state transition
model with a melting point (Tm) of ~45–46 °C. As for the hGly422Glu
mutant, its secondary structure was strongly disordered even at low
temperature suggesting strong impact of themutation on the structural
performance of themutant protein. To further study intrinsic properties
of both proteins enzyme unfolding was monitored at increasing con-
centrations of guanidine hydrochloride (GdHCl), which binds to pep-
tide bonds and the alterations either in the CD spectra of fluorescence
emission signal were recorded (Fig. 2C). On the basis of the raw exper-
imental data we performed three-state transition calculations common
for LOXproteins [34,36]. The results are summarized in Table 2. The first
transition of the Gly422Glu mutant requires 2.5 times less energy than
that of the wild-type enzyme (ΔΔG1 ~ 6 kcal/mol), and is accompanied
with the smaller change in the accessible surface area (ΔASA) upon its
denaturation (m-values) [37]. Alternatively, we performed thermosta-
bility assays employing an externalfluorescent dyewhichpreferentially
binds to the hydrophobic core residues during the denaturation of pro-
teins and thus, an increase in the fluorescence intensity indicates a
higher exposition of hydrophobic residues to the surface. The thermal
denaturation of the wild-type enzyme follows a two-state transition
N ← → U, where N is the native state (30 °C) and U the unfolded
state (plateau at 50–60 °C) (Fig. 2D). The inflection point of the first
negative derivative of the denaturation curve (Fig. 2E) leads to a

http://www.1000genomes.org
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melting point (Tm) for the wild-type enzyme of 50 °C, which is consis-
tent with the value determined by the CD measurements. Comparison
of the denaturation curves of the wild-type and the Gly422Glu shows
that themutant variant (Fig. 2D) at lower temperature (30 °C) exhibits
a similar binding affinity to the fluorescence dye as the wild-type
enzyme does at 55 °C. Taken together, these data indicate that the inac-
tivity of the Gly422Glu mutantmight be caused by a differential folding
of the enzymewith an increased exposure of hydrophobic core residues
to the solvent.

3.3. Different mutations of hGly422 cause a loss in enzymatic activity and
induce structural changes

As indicated above the natural occurring hGly422Glu mutant is
an inactive and differentially folded hALOX15 variant. In the crystal
structure of the rabbit ALOX15 (PDB: 2P0M) Gly423 (hG422) is
located in a loop region that interconnects two α-helices. One of
these helices carries rIle418, which contributes to the bottom of
Fig. 4. Structural and functional characterization of humanALOX15mutants atGly422. (A) Positi
incubation with arachidonic acid show that none of analyzedmutations has an effect on the pr
matic activity resulting in a decreased 15-HETE HPLC signal. (B) Thermal shift assay of differen
hGly422Asp and hGly422Leu have an increased fluorescence signal at room temperature whi
thewild-type enzyme. In contrast to this, the hGly422Arg variant starts at a similar level as the
The negative first derivatives show that all mutants seem to destabilize the protein because
(C) Structural explanation for different effects of hALOX15 Gly422 mutants. To explain the molec
in the rabbit ALOX15 structure (PDB: 2P0M) and energetically minimized (see Material and M
are shown as white sticks and the resulting sterical clash which is caused by some mutations i
sterical clash in the surrounding which might be the reason for the misfolding and inactivity o
the U-shaped substrate binding pocket (Fig. 3). Mutations of this
residue alter the positional specificity and catalytic activity of vari-
ous mammalian ALOX15 isoforms [29–33]. In the crystal structure
of rabbit ALOX15 the glycine residue 423 (hG422) stabilizes the
active site by forming a main-chain-side-chain hydrogen bond with
rAsp416 (hAsp415) (Fig. 3). In fact, the distance between the carboxylic
group of the aspartate and the amide group of the glycin is 2.6 Å, which
is a suitable hydrogen bonding distance [38].

In the ALOX15 structure rGly423 interacts with rAsp416 via a
main-chain–side-chain interaction, which might be interrupted by
the Gly-to-Glu exchange. The amide moiety of the glycine residue
is not expected to be altered by the mutation but introduction of
the negatively charged side chain of glutamate at the 422 position
may lead to structural alterations causing protein misfolding and
loss of catalytic activity (Fig. 4C). To explore whether the charge or
the size of the naturally occurring hGly422Glu and hGly422Arg
mutationsmight be the reason for the enzyme functional and structural
distortion we introduced an uncharged residue with similar space-
onal specificity of hALOX15Gly422mutants. TheRP-HPLC spectra of differentmutations after
oduct specificity of hALOX15 enzyme. All mutations at hGly422 cause a reduction of enzy-
t hALOX15 Gly422 mutations. Thermal shift assay reveals that the mutations hGly422Glu,
ch indicates differences in the secondary/tertiary structure composition in comparison to
wild-type, this indicates that themutation has only minor effects on the enzyme structure.
they all have a decreased melting temperature in comparison to the wild-type enzyme.
ular effects of different mutants at the rGly423 position the residue was mutated in silico
ethods). The representation is the similar like described in Fig. 3. The mutated residues

s shown as red dots. One can see that all mutations at the rGly423 position cause a strong
f these enzyme variants.
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requiring properties (Leu) and a potentially negative charged residue
(Asp) at this position. Both mutants (hGly422Leu and hGly422Asp)
exhibit a strongly reduced catalytic activity (Table 3), and exhibit a
Table 3
Comparison of relative catalytic activities and melting points of different hALOX15 variants.
Purified recombinant hALOX15wild-type and the hGly422 and hAsp415mutantswere incubat
ple, and wild-type 15-HETE formation was set to 100%. Thermal shift assays (n = 3–4)were pe
point of the enzyme variant. The temperature difference ΔT between the melting points of wil
have an approximate 2–3 °C decreased melting temperature in comparison to the wild-type w

hALOX15 Share of 15-HETE % Rel. activity

Wild-type 83 ± 4 100 ± 1
Gly422Glu 83 ± 4 b1
Gly422Arg 89 ± 7 36 ± 3
Gly422Leu 87 ± 1 14 ± 1
Gly422Asp 91 ± 1 18 ± 1
Asp415Glu 91 ± 1 97 ± 1
Asp415Val 91 ± 1 34 ± 5
higher affinity to the fluorescence dye indicating that the overall struc-
ture of the enzyme has been altered (Fig. 4B). When we compared the
degree of structural differences between wild-type hALOX15, its
edwith arachidonic acid (n = 4). The amounts for 15-HETEwere quantified for each sam-
rformed, with the inflection point of the first negative derivative representing the melting
d-type and mutant was calculated as follows: Tm (mutant) − Tm (wild-type). All mutants
hich indicates that they destabilize the protein.

(AA) % Melting point Tm (°C) ΔT (°C)

50.0 ± 0.6 0
n.d. n.d.
47.8 ± 0.3 −2.2
47.4 ± 0.4 −2.6
47.1 ± 0.1 −2.9
47.2 ± 0.3 −2.8
47.5 ± 0.5 −2.5
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hGly422Glu, hGly422Asp and hGly422Leu mutants we found that the
alterations induced by incorporation of the two negatively charged
residues are somewhat stronger since the fluorescence signal is higher
at 30 °C. In turn, the fluorescence signal of the hGly422Arg mutant is
similar to that of the wild-type enzyme (Fig. 4B) indicating that enzyme
structure is not as strongly affected by the mutation. Except for
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hGly422Glu, whose thermal denaturation does not follow a two-state
transition (Fig. 4B), melting temperatures (Tm) of other hGly422 variants
(Gly422Asp, Gly422Arg, Gly422Leu) are ~2–3 °C lower than that of the
wild-type enzyme indicating that all mutations are destabilizing the
entire enzyme,whichmight be a plausible reason for the reduced catalyt-
ic activity (14–36% residual catalytic activity for arachidonic acid, Table 3).
Indeed, in silicomutagenesis studies suggest that allmutations at hGly422
cause sterical clash with the side-chains of surrounding residues (Fig. 4C).

3.4. Effects of mutations at the interaction partner hAsp415 are less
pronounced

To explore the functional role of the hydrogen bond between
hAsp415 and hGly422 for structural integrity of hALOX15, we intro-
duced an either hydrophobic (Val) or other polar (Glu) residue at this
position. Although hAsp415Val mutation does not have major effects
on the structure of the enzyme as suggested by in silico mutagenesis
studies (Fig. 5C) and the thermal melting temperature of hAsp415Val
mutant was obtained to be 2.5 °C lower than the corresponding value
of thewild-type enzyme (Fig. 5B), its arachidonate oxygenation activity
was reduced by 60% (Table 3). In contrast, for the hAsp415Glu mutant
we only observed minor functional differences (Table 3). At room
temperature, however, the fluorescence signal for the hAsp415Glu
mutant was higher than that for the wild-type enzyme suggesting
partial misfolding of the mutant protein (Fig. 5B). To explain this data
one may assume that the larger glutamate side chain clashes with
other side chains to induce subtle structural alterations (Fig. 5C).
Comparedwith thewild-type enzyme, the Tm value for the hAsp415Glu
mutant was reduced by 2.8 °C (Fig. 5B + Table 3) suggesting that this
mutation also gradually destabilized the enzyme structure. However,
the degree of structural alterations should have been rather small
since only minor impact on its catalytic activity was observed.
Summarizing, both mutations result in a partial destabilization of
the enzyme structure but are not sufficient to induce a loss of enzyme
function.

3.5. Is the conserved glycine residue also important in other mammalian
lipoxygenases ?

Multiple sequence alignments of mammalian LOX isoforms (Fig. 6)
indicated the conservation of the glycine residue among ALOX5,
ALOX12, and ALOX15 isoforms of different species, whereas in the
epidermal lipoxygenases (ALOX15B, ALOX12B, and ALOXE3) this
residue is not conserved. In the 3D-structure of hALOX5 a hydrogen
bond is formed between the Asp422 and Gly429 (corresponding
residues in hALOX15 D415 and G422) whereas in the porcine
ALOX12 Asp416 and Gly423 interact. Based on our mutagenesis
data obtained for hALOX15 we predicted that a similar mutagenesis
strategy for hALOX5 and hALOX12 may lead to inactive enzyme
species, created the corresponding Gly-to-Glu mutants of hALOX12 and
hALOX5 and assayed the catalytic activity and the product specificity of
the enzyme. The results summarized in Table 4 indicated that the
Gly422Glu exchange causes a 70% loss in arachidonic acid oxygenase
activity in hALOX12, whereby the reaction specificity of the enzyme
was not altered. For hALOX5, a similar mutagenesis strategy induced a
Fig. 5. Structural and functional characterization of humanALOX15mutants at Asp415. (A)Activ
with arachidonic acid show that none of analyzedmutations has an effect on theproduct specifi
whereas the hAsp415Glu mutant reveals a similar activity like the wild-type enzyme. (B) Therm
hAsp415Glumutant has an increased fluorescence signal at room temperaturewhich indicates t
type enzyme. In contrast to this, the hAsp415Val variant starts at a similar level like the wild-ty
first derivatives show that bothmutants seem to destabilize the protein because both have a de
nation for different effects of hALOX15 Asp415 mutants. To explain the molecular effects of differ
silico in the rabbit ALOX15 structure (PDB: 2P0M) and the energeticallyminimized (seeMateria
are shown aswhite sticks and the resulting sterical clashwhich is caused by somemutations is
which might be the reason for the partial misfold whereas the rAsp416Val mutant almost caus
50% loss in arachidonate oxygenase activity (Table 4) associated with
significant alterations in the reaction specificity since this mutant was
predominantly 8S- and 12R-HpETE producing enzyme (data not shown).

This data suggest that this glycine residue, which is conserved in
several human LOX isoforms, appears to be important for the catalytic
activity and the structural performance of ALOX proteins.

4. Discussion

4.1. Gly422Glu andGly422Arg are rare natural occurring hALOX15 variants

Human ALOX15 and different genetic variants have been implicated
in the pathogenesis of atherosclerosis [16–19,25–27], and the enzyme
is discussed to play a key role in the biosynthesis of atheroprotective
eicosanoids such as resolvins and lipoxins [22,23]. A loss-of-function
mutation in at least one hALOX15 allele seems to increase the risk of
coronary artery disease [26], whichmight be caused by a reduced forma-
tion of anti-inflammatory and atheroprotective resolvins and lipoxins.
For this reason, similar biological effects should be expected for other
inactive hALOX15 variants. In our study we analyzed the molecular
basis for the reduced catalytic activity of two rare naturally occurring
hALOX15 mutants at position 422. The hGly422Glu variant was an
inactive and differentially folded enzyme species. The hGly422Arg
mutant also exhibited a decreased thermostability, which might be
the reason for its reduced catalytic activity, but its tertiary structure
was barely affected.

The hGly422Arg variant is a rare enzyme variant, which occurs with
a global allele frequency of b1% (NCBI dbSNP database, Minor allele
frequency MAF T = 0.001, Minor allele count MAC = 1), whereas
neither in the NCBI nor 1000 genome SNP databases any frequency data
is available for the hGly422Glu mutant [39]. Since homozygous allele
carriers of the hGly422Glu exchange constitute functional hALOX15
knockouts and since no global frequency data for this SNP are available,
we analyzed the distribution of this enzyme variant in 306 German
healthy volunteers. Unfortunately, none of the individuals carried the
minor mutant allele suggesting an allele frequency of b0.3%. Thus, it
must be classified as a rare enzyme variant. Our findings are consistent
with a major conclusion of the 1000 genome project suggesting that
usually damaging and pathological-associated genetic variants have
a rare distribution with a global frequency b 0.5% [39].

4.2. hGly422–hAsp415 interaction is important for enzyme functionality

The Gly422–Asp415 interaction in human ALOX15 might be dis-
turbed by introducing space-filling side-chain residues or by other
mutations at the hGly422, which showed a reduced catalytic activity
and were partially misfolded. In contrast, mutations at hAsp415
cause only minor functional defects. Nevertheless the hAsp415Val
mutation reduces the catalytic activity and thermostability, which
indicates that the polar hGly422–hAsp415-interaction has a stabilizing
function on the enzyme, although its loss might not be the primary
reason for the partial protein misfolding.

In the crystal structure of the rabbit ALOX15 (80% sequence homology
with human enzyme) rGly423 is not an immediate active site residue
but it is in close proximity to rIle418 and rMet419 [30,31], two active
ity of hALOX15 Asp415mutants. TheRP-HPLC spectra of differentmutations after incubation
city of hALOX15 enzyme.Only the hAsp415Valmutant shows a reduced enzymatic activity,
al shift assay of different hALOX15 Asp415 mutations. Thermal shift assay indicates that the
hat it is has a changed secondary/tertiary structure composition in comparison to thewild-
pe indicating that this mutation has a minor effect on the enzyme structure. The negative
creasedmelting temperature in comparison to the wild-type enzyme. (C) Structural expla-
ent mutants at the hAsp415 position, the corresponding residue rAsp416 was mutated in
l andmethods). The representation is the same as described in Fig. 3. Themutated residues
shown as red dots. The rAsp416Glumutation causes some sterical clash in the surrounding
e no clash which fits well with practical observations in the thermal shift assay.



Fig. 6. Sequence alignment of different mammalian lipoxygenases. The figure shows an extract of a multiple amino acid sequence alignment of different mammalian lipoxygenases. The
two putative interaction partners are shown in red whereas the position specificity determinants (Sloane) are shown in blue. They are well-conserved throughout the leukocyte-type
(ALOX5, ALOX12 and ALOX15) lipoxygenases, but not throughout the epidermal lipoxygenases (ALOX12B, ALOX15B and ALOXE3).
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site residues. The reduced catalytic activity and partial misfolding of
the various hGly422 mutants might be explained by a sterical clash
with other amino acids in the immediate surrounding. As glycine is the
smallest possible amino acid, its substitution with more bulky residues
at this position might be expected to induce side chain rearrangements
of neighboring residues (Fig. 4C). Surprisingly, introduction of Arg
(hGly422Arg) did not induce major structural rearrangement (Fig. 4C)
and only a 50–60% reduction of the catalytic activity was observed. The
structural basis for these observations has not been clarified. One might
assume that the positively charged guanidine side chain forms a salt
bridge with neighboring amino acids to stabilize the flexible loop region;
however, in silico mutagenesis experiments did not confirm this
hypothesis.

Although our activity data and the structural characterization of
the recombinant enzyme variants suggest that most of mutations at
hGly422 are deleterious for the enzyme and lead to protein misfolding
Table 4
Relative catalytic activities and product specificities of different hALOX5 and hALOX12 variants
Recombinant expression of hALOX12 and product HPLC analysis was performed with crude c
hALOX5aliquots of the Co-Sepharose elution fractions containing equal amounts of LOXprotein
of HETE isomerswere analyzed for each sample byHPLC andwere used tomeasure the catalytic

hALOX species Share of 8-HETE % Share of 12-HE

hALOX12
Wild-type – N99
Gly422Glu – N99

hALOX5
Wild-type 12 ± 4 12 ± 4
Gly429Glu 48 ± 3 52 ± 3
we cannot conclude the precise structural reason for this finding. Direct
comparison of X-ray data obtained for hALOX15wild-type andmutants
would clearly be helpful to answer such questions. Unfortunately,
despite multiple efforts to crystallize the two enzyme species, we
were not able to generate high quality crystals suitable for X-ray
analysis. The reason for this remains unclear, but the high degree of
structural flexibility of this particular LOX isoform and its tendency
for protein aggregation during the crystallization process might be
discussed.

4.3. The functional glycine is conserved in other LOX isoforms

As indicated in Fig. 6 Gly422 of hALOX15 is conserved in many
ALOX5, ALOX12 and ALOX15 isoforms of different species, but not in
the epidermal LOXs (ALOX15B, ALOX12B, and ALOXE3) what suggests
a functional role of this residue also in hALOX5 and hALOX12. Our activity
.
ell lysate of 5 ml bacterial cultures (n = 5–10 bacterial clones for each mutant). For the
as determinedbywestern blot analysiswereused for activity assays (n = 4). The amounts
activity of different enzyme species. TheHETE formation of thewild-typewas set to 100%.

TE % Share of 5-HETE % Rel. activity % (AA)

– 100 ± 33
– 30 ± 8

76 ± 4 100 ± 3
4 ± 3 53 ± 5
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assays with the Gly429Glu mutant of hALOX5 and Gly422Glu mutant of
hALOX12 (Table 3) are consistent with this hypothesis. In addition, we
found that the positional specificity of hALOX5 mutant upon Gly429Glu
exchange is almost completely switched in favor of 8S- and 12R-H(p)
ETE formation. Although, the molecular basis for the switch in positional
specificity has not been explored Gly429 is located in close proximity to
the position specificity determinants (Phe359, Ala424, Asn425, and Ile
603) of mammalian ALOX5 [33,40] and, thus, may contribute not only
to the protein folding, but also to the fatty acid alignment at the active
site. To prove this hypothesis additional mutagenesis experiments in
connection with structural modeling and crystal trials of mutant
enzyme-substrate complexes are required.

The model of hALOX15B reveals also a possibility for a polar
interaction between Ile435 (Gly422 in hALOX15) and Asp428 (Asp415
in hALOX15) [41] (see Supporting information S3). On the other hand,
ALOX15B does not follow the triad concept so that different way of
substrate binding at the active site and the mode of its conversion
may be predicted. In this context, Asp428–Ile435 interaction might be
expected to have only minor functional importance in the case of
hALOX15B. Nevertheless, Ile435 is located in the close proximity to the
ALOX15B position specificity determinants identified by Jisaka et al.
(Asp603 and Val604) [42,43], therefore functional importance of this
should be explored by future experiments.

Mutagenesis studies with purified rabbit ALOX15 enzyme showed
that the Gly-to-Glu exchange (rGly423Glu) causes reduction of the
enzymatic activity and shifts the thermal denaturation parameters
suggesting that structural alterations in the case of rabbit enzyme may
be somewhat similar to those observed for human ALOX15 enzyme
(see Supporting information S5).
4.4. Protein misfolding and aggregation has been implicated of pathological
importance

We have shown that the reduced activity of the naturally occur-
ring variant hALOX15 Gly422Glu is caused by a differential folding
of the enzyme. Although the process of protein folding has been
studied for several decades it still remains elusive how exactly it pro-
ceeds [44,45]. The pathophysiological role of misfolded proteins
especially in neurodegenerative diseases has been discussed for
years [46,47]. Here misfolded proteins form intra- and extracellular
high molecular weight complexes, which are resistant toward proteo-
lytic breakdown and exhibit neurotoxicity. More recently, protein
misfolding was also suggested to be a reason for metabolic disorders
such as short chain acyl-CoA dehydrogenase deficiency (SCAD), an
inborn error of the mitochondrial fatty acid metabolism [48,49]. The
lack of functional SCA impairs the energymetabolismof the allele carriers,
which is the reason for patients' lethargy and hypoglycaemia [48,49]. In
Spondyloepiphyseal dysplasia tarda (SEDT), a genetic disease charac-
terized by impaired bone growth, misfolding of the SEDL (TRAPPC2)
gene induces impaired cell differentiation and bone cell development
[50]. The biological effect of misfolded hALOX15 variants (Thr560Met
and Gly422Glu) in the cell still remains unclear. It might be possible
that such misfolding reduces the biosynthesis of atheroprotective
eicosanoids.
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