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Lipoxygenases are enzymes that are found ubiquitously in
higher animals and plants, but have only recently been identi-
fied in a number of bacteria. The genome of the diazotrophic
unicellular cyanobacterium Cyanothece sp. harbors two genes
with homology to lipoxygenases. Here we describe the isolation
of one gene, formerly named csplox2. It was cloned, and the
protein was expressed in Escherichia coli and purified. The puri-
fied enzyme belongs to the group of prokaryotic mini lipoxyge-
nases, because it had a molecular mass of 65 kDa. Interestingly,
it catalyzed the conversion of linoleic acid, the only endog-
enously found polyunsaturated fatty acid, primarily to the bisal-
lylic hydroperoxide 11R-hydroperoxyoctadecadienoic acid.
This product had previously only been described for the manga-
nese lipoxygenase from the take all fungus, Gaeumannomyces
graminis. By contrast, CspLOX2 was shown to be an iron lipoxy-
genase. In addition, CspLOX2 formed a mixture of typical con-
jugated lipoxygenase products, e.g. 9R- and 13S-hydroperoxide.
The conversion of linoleic acid took place with a maximum reac-
tion rate of 31 s~ . Incubation of the enzyme with [(11S)->H]lin-
oleic acid led to the formation of hydroperoxides that had lost
the deuterium label, thus suggesting that CspLOX2 catalyzes
antarafacial oxygenation as opposed to the mechanism of man-
ganese lipoxygenase. CspLOX2 could also oxidize diarachido-
nylglycerophosphatidylcholine with similar specificity as the
free fatty acid, indicating that binding of the substrate takes
place with a “tail-first” orientation. We conclude that CspLOX2
is a novel iron mini-lipoxygenase that catalyzes the formation of
bisallylic hydroperoxide as the major product.

Lipoxygenases (LOXs)> are non-heme iron or manganese-
containing dioxygenases that catalyze the insertion of molecu-
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lar oxygen into polyunsaturated fatty acids (PUFAs) with one or
more (1Z,47)-pentadiene moieties leading to the formation of
hydroperoxy PUFAs (1). LOXs are ubiquitously found in higher
plants and animals, but have also been detected in some corals,
mosses, fungi, and only recently, in a number of bacteria (2, 3).

LOX-derived fatty acid hydroperoxides can be further con-
verted to produce important bioactive lipid mediators such as
aldehydes and jasmonates in plants and leukotrienes, resolvins,
and lipoxins in mammals. These signaling molecules play an
important role in wound and defense responses as well as in
aspects of plant development (3), whereas in mammals they
function in inflammation, asthma, heart disease, and cancer
(4-6). Information regarding the biological function of LOX
products in fungi and prokaryotes is still scarce.

The active site metal of LOX is iron in the case of all as yet
analyzed plant, animal, and bacterial enzymes and manganese
in the case of a LOX from the take-all fungus G. graminis. The
metal center undergoes redox cycles between the active, Fe>*
or Mn®", and inactive, Fe>* or Mn?", form and residual
hydroperoxides serve to reoxidize the metal. The metal is octa-
hedrally coordinated by five amino acid residues, which are
conserved throughout the kingdoms and consist of three histi-
dines, an asparagine, and the C-terminal isoleucine (or valine)
residue or in the case of some mammalian LOXSs of four histi-
dines and the isoleucine. A water or hydroxide may occupy the
position of the sixth metal ligand (7).

The LOX reaction exhibits high regio- and stereospecificity.
The reaction is initiated by the stereospecific abstraction of
bisallylic hydrogen from the substrate, leading to the formation
of a carbon centered radical. In the second step, oxygen is
inserted with high regio- and stereospecificity. This oxygen-
ation is antarafacial in the case of all LOXs, with the exception
of manganese LOX (Mn-LOX). Here it has been reported to be
suprafacial, possibly due to differences in the position of the
oxygen access channel (8). In the case of plant LOXs, C18 fatty
acids, linoleic (18:2(n-6)) and a-linolenic (18:3(n-3)) acids are
the preferred substrates, and hydrogen abstraction takes place
from C11. Oxygen insertion then occurs either in the (n-2) or in
(n+2) position to produce either 9- or 13-hydroperoxides.
Plant LOXs studied so far almost exclusively catalyze the inser-
tion of oxygen with an S stereospecificity. 9R-products have
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lipoxygenase; MS, mass spectrometry; MS2, tandem mass spectrometry;
PC, phosphatidylcholine; PC-20:4(n-6), 1,2-diarachidonoyl-sn-glycero-3-
phosphatidylcholine; RP, reversed phase; SP, straight phase; TIC, total ion
current; PUFA, polyunsaturated fatty acid.
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mainly been identified in cyanobacteria, whereas 13R-hy-
droperoxide has been reported to be one of the hydroperoxides
produced by a dual specificity LOX from olive (9) and is the end
product of the fungal Mn-LOX (10). The latter enzyme is also
the only as yet characterized LOX that produces the bisallylic
11S-hydroperoxide. Here, the bisallylic 11S-hydroperoxide is
an intermediate product, which can be further transformed to
13R-hydroperoxide.

The control of regio- and stereospecificity of the LOX reac-
tion is still a matter of debate. Currently existing models, based
on site-directed mutagenesis studies (11, 12) and the six avail-
able LOX structures from plants (13—-17), mammals (18, 19),
and coral (20, 21), have identified various, mostly non-polar,
amino acid residues in the active site pocket that influence the
regiospecificity of the LOX reaction catalyzed by a certain
isozyme. In summary, the orientation and depth of substrate
binding is predicted to play a role in determining the regio-
specificity (7, 22). Stereospecificity has been reported to be con-
trolled by a conserved amino acid residue, which is an alanine
(or a serine) residue in S-LOXs and a glycine residue in most
R-LOXs (1).

Prokaryotic and eukaryotic algae are known sources of bio-
logically active compounds, such as fatty acid aldehydes, alco-
hols, and ketones, which may derive from primary products of
LOX activity. As genome sequences of a number of cyanobac-
teria are being released, they become available for identifying
and studying LOX enzymes of cyanobacterial origin by molec-
ular tools. By searching the available genomic sequence of the
unicellular nitrogen fixing cyanobacterium Cyanothece sp. for
sequences that are similar to LOXs, we identified two putative
LOX sequences (3). One of these putative enzymes (CspLOX2)
was characterized biochemically. CspLOX2 belongs to the class
of mini-LOXs, consisting only of the C-terminal catalytic
domain, and is a novel LOX, because it forms bisallylic 11-hy-
droperoxide from 18:2(n-6) as a major product. The enzyme
was found to contain iron and to otherwise follow a similar
reaction mechanism to other iron LOXs with an initial ste-
reospecific abstraction of the bisallylic pro-S hydrogen from
C11 of 18:2(n-6) followed by an antarafacial oxygen attack at
C11, C13, or C9.

EXPERIMENTAL PROCEDURES

Materials—Chemicals were obtained from Sigma and Carl
Roth & Co. Agarose was from Biozym Scientific GmbH. All
fatty acids were from Sigma or Cayman Chemical. 1,2-Di-
arachidonoyl-sn-glycero-3-phosphatidylcholine  (PC-20:4(n-
6)) was purchased from Avanti Polar Lipids, Inc. Acetonitrile
was from Fisher Scientific. Restriction enzymes were purchased
from MBI Fermentas. 9R-Hydroperoxyoctadecatrienoic acid
(9R-HPOTE) and 9R-[U-"*C]HPOTE were prepared enzymat-
ically from a-linolenic acid by ANt-NspLOX (23).

Isolation of 11R-Hydroxyoctadecadienoic Acid (HODE)
Methyl Ester—Barley seeds were found to contain about 30
pg/g of 11R-HODE and thus serve as a convenient source of
this rare oxylipin. Seeds of barley (100 g) were extracted with
CHCl;/MeOH (2:1, v/v) and the lipid extract treated with 0.4 m
NaOH at 70 °C for 1 h. The product was purified by SiO, chro-
matography, then methyl-esterified and subjected to a second
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SiO, chromatography (elution with diethyl ether/hexane (3:7,
v/v)). The hydroxy ester fraction thus obtained was subjected to
preparative reversed phase-HPLC (RP-HPLC; mobile phase,
65% aqueous acetonitrile) followed by straight phase-HPLC
(SP-HPLC; mobile phase, 0.67% 2-propanol in hexane) to pro-
vide pure methyl (9Z,127)-11-hydroxy-9,12-octadecadienoate
(1.3 mg), the structure of which was confirmed by mass spec-
trometry, Fourier transform infrared spectroscopy and chemi-
cal methods as previously described (24). An aliquot was
subjected to partial hydrogenation, derivatization with (—)-
menthoxycarbonyl chloride and oxidative ozonolysis. Analysis
of the chiral cleavage fragments by gas chromatography (GC)
demonstrated that the configuration of C11 was in the R con-
figuration (optical purity, 90-91%).

Algal Material and Growth Conditions—Cyanothece sp.
(PCC 8801) was obtained from the Pasteur Culture Collection
of Cyanobacteria (PCC, Paris). Cultures were cultivated in
BG11, medium for cyanobacteria (25) complemented with 5
mM of NaHCO, as inorganic carbon source according to the
standard protocols of PCC using 11 conical flasks. The cultures
were grown under constant illumination at a photosynthetic
photon flux density of ~35 wmol photons m ™2 s~ *. After 3
weeks of cultivation, cells were harvested by centrifugation at
3220 X gfor 10 min, and the pellets were stored at —20 °C.

Analysis of the Fatty Acid Composition of Cyanothece sp.—
0.4 g of freeze-dried cyanobacterial material was homogenized
in 4 ml of n-hexane/2-propanol solution (3:2, v/v) with 0.0025%
(w/v) 2-butyl-6-hydroxytoluene, to which 100 ug of heptade-
canoic acid was added as internal standard, using a nitrogen-
cooled Retsch MM200 mixer mill. The extract was shaken at
4.°C for 10 min and then centrifuged at 3200 X g at 4 °C for 10
min. To the clear upper phase, 3.1 ml of 6.7% (w/v) potassium
sulfate solution were added to remove nonlipid contaminants.
The sample was further incubated at 4 °C for 10 min under
vigorous shaking, and the extract was then centrifuged at
3200 X g at 4 °C for 10 min. Subsequently, the upper hexane-
rich layer was removed and dried under streaming nitrogen.
The sample was resuspended in 200 ul of methanol, and 20 ul
were used for determination of the free fatty acid composition.
For this purpose methylated derivatives were produced by dis-
solving the sample in 400 ul of methanol containing 6.5 ul of
2 M (diazomethyl)trimethylsilane (in hexane). After incubation
for 30 min under rigorous shaking, the reaction was terminated
by the addition of 0.2 ul of glacial acid and solvent was removed
by evaporation under streaming nitrogen. The sample was then
dissolved in 10 ul of acetonitrile. Analysis of the fatty acid
methyl esters was carried out using GC coupled to a flame ion-
ization detector according to Ref. 26.

Cloning and Expression of Recombinant CspLOX2 in E. coli—
Genomic DNA was isolated from approx. 50 mg of frozen cell
material of Cyanothece sp. using the cetyltrimethylammonium
bromide (CTAB) method with small modifications (27). The
pellet was resuspended in 250 ul of CTAB-buffer (2% (w/v)
CTAB, 100 mMm Tris-HCI, pH 8,20 mm EDTA pH 8, 1.4 M NaCl)
with 2% (v/v) B-mercaptoethanol and was incubated at 65 °C
for 3 h. Subsequently extraction was carried out with the addi-
tion of an equal volume of chloroform/isoamyl alcohol (24:1,
v/v), 3 min of incubation, and centrifugation at 1100 X g. The
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upper aqueous phase was mixed with 1/20 of the sample vol-
ume prewarmed CTAB/NaCl solution (10% CTAB-buffer, 0.7%
(w/v) NaCl) and incubated at room temperature for 2 min. The
samples were then centrifuged at 20,000 X g for 10 min. The
supernatant was removed, and the precipitated DNA was
washed with 100 ul of 75% (v/v) ethanol. After removal of the
ethanol, the DNA was dried at room temperature and resus-
pended in water.

csplox2 (GenBank™ accession number YP_002373243) was
amplified from genomic DNA with gene-specific primers con-
taining BamHI and Xhol restriction sites (forward primer, 5’'-
CGGATCCATGGTACAACCAAGTTTACCCCAAG-3'; and
reverse primer, 5'-GCTCGAGCTAAATACTGGTACTGTT-
AGGGAC-3’) using PhusionTM High Fidelity DNA Polymer-
ase (New England Biolabs). The PCR product was then cloned
into the pJET vector (Fermentas) according to the manufactur-
er’s instructions. The identity of the cloned gene was confirmed
by DNA sequencing. The PCR product was further cloned into
the pET28a expression vector (Merck). For heterologous
expression of the His-tagged recombinant protein E. coli BL21
Star cells (Invitrogen) were grown in 2XYT containing 25
png/ml kanamycin at 37 °C until an A, of 1 and induced with
the addition of 1 mm isopropyl B-p-thiogalactopyranoside. The
cultures were additionally supplemented with 250 uM ammo-
nium iron (III) citrate and further cultivated by shaking at 28 °C
for 18 h. For purification of CspLOX2 frozen cell pellets from
600 ml of cultures were resuspended in 30 ml of 50 mm Tris, pH
7.5, 30 mm imidazole. Cells were incubated on ice for 30 min
after the addition of 0.1 mg/ml lysozyme, 0.2 mMm phenylmeth-
ylsulfonyl fluoride, 20 ug/ml DNase, and 1 mm MgCl,. Cells
were further disrupted by 3 pulses of 30-s sonication on ice, and
the cell debris was centrifuged at 27,000 X g at 4 °C for 20 min.
The supernatant was applied to a 1 ml of HisTrap FF column
(GE Healthcare) previously equilibrated with 50 mm Tris, pH
7.5, 30 mMm imidazole. The column was washed with the equil-
ibration buffer, and the protein was finally eluted with 50 mm
Tris, pH 7.5, 300 mm imidazole. Protein purity was evaluated by
SDS-PAGE.

Measurement of Iron or Manganese Content of CspLOX2—
The metal content of purified CspLOX2 was measured using
inductively coupled plasma (ICP) atomic emission spectros-
copy: The purified protein was concentrated and rebuffered to
10 mm HEPES pH 7.5 over a Spin-X UF concentrator (cutoff of
30,000, Corning). CspLOX2 was diluted to a final concentra-
tion of 24 ug/ml. ICP measurements were performed with a
Spectro Flame (Spectro Analytical Instruments). The instru-
ment was calibrated using standards of known iron or manga-
nese concentration, and repeat measurements were reproduc-
ible within 5%. A blank buffer sample was measured in parallel
with the protein sample.

LOX Activity Assay and HPLC Product Analysis—For activity
assays, 15 pug of CspLOX2 were added to 900 ul of 0.2 M sodium
borate buffer, pH 9.5 containing 250 ug of the respective sub-
strate. The reaction was allowed to proceed at 23 °C for 30 min.
Hydroperoxides formed were reduced to their corresponding
hydroxides with addition of 900 ul of 50 mm SnCl,, dissolved in
methanol. After acidification to pH 3.0 with glacial acetic acid,
fatty acids were extracted as described (28) and resuspended in
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80 ul of acetonitrile/water/acetic acid (50:50:0.1, v/v/v) and
subjected to HPLC analysis. Hydroxy fatty acids were separated
from fatty acids with RP-HPLC using a EC250/2 Nucleosil
120-5 C,g colum (250 X 2.1 mm, 5-pum particle size, Mach-
erey-Nagel). Elution was carried out with a solvent system of:
solvent A, acetonitrile/water/acetic acid (50:50:0.1, v/v/v); and
solvent system B, acetonitrile/acetic acid (100:0.1, v/v) using
the following gradient elution profile: flow rate of 0.18 ml/min,
0-5min, 100% A; 5-20 min from 100% A to 100% B; 20 —22 min
flow rate increase to 0.36 ml/min; 22—-27 min, 100% B; 27-32
min from 100% B to 100% A; and 32—35 min, 100% A, flow rate
decreased to 0.18 ml/min. SP-HPLC of hydroxy fatty acid iso-
mers was carried out on a Zorbax Rx-SIL column (150 X 2.1
mm, 5-um particle size, Agilent) eluted with a solvent system of
n-hexane/2-propanol/acetic acid (100:1:0.1, v/v/v) at a flow rate
of 0.2 ml/min. Chiral phase-HPLC (CP-HPLC) of the hydroxy
fatty acids was carried out on a Chiralcel OD-H column (150 X
2.1 mm, 5 um particle size, Daicel, VWR) with a solvent system
of n-hexane/2-propanol/trifluoroacetic acid (100:5:0.1, v/v/v)
at a flow rate of 0.1 ml/min. Absorbance at 202 nm and 234 nm
was recorded simultaneously for the detection of non-conju-
gated and conjugated hydroxy fatty acids, respectively, during
all chromatographic steps. For separation of the stereoisomers
of methylated 11-HODE a solvent system of n-hexane/2-pro-
panol/trifluoroacetic acid (100:1:0.1, v/v/v) at a flow rate of 0.1
ml/min was used. Activity of CspLOX2 against phosphatidyl-
choline (PC) esters was measured by incubating 0.7 nmol of
purified protein with 0.6 mg of PC-20:4(n-6) in 5 ml of 50 mm
Tris, pH 9.5, 4 mMm sodium deoxycholate under constant stirring
at 23 °C for 30 min. Reduction of the hydroperoxides was per-
formed asdescribed above using SnCl,. After chloroform evapo-
ration, the lipid-bound fatty acids were converted to the corre-
sponding methyl esters by adding 500 wl of 1% sodium
methoxide solution and shaking at room temperature for 20
min. 500 ul of 6 M NaCl was added to the reaction, and the
methyl esters were then extracted twice with 750 ul of hexane.
The solvent was removed by evaporation under streaming
nitrogen, and the sample was dissolved in 80 ul of methanol/
water/acetic acid (75:25:0.1, v/v/v). Methyl esters were sepa-
rated by RP-HPLC using a column as described above and with
a solvent system of solvent A, methanol/water/acetic acid (75:
25:0.1, v/v/v), and solvent B, methanol/acetic acid (100:0.1, v/v)
using the following gradient: flow rate of 0.18 ml/min, 0 —5 min,
100% A; 5-10 min from 100% A to 100% B, and flow rate
increase to 0.36 ml/min; 10-20 min 100% B; 2025 min from
100% B to 100% A; 25-30 min 100% A. SP-HPLC analysis was
carried out using a column as described above with a sol-
vent system of 7-hexane/2-propanol/trifluoroacetic acid (100:
1:0.02, v/v/v) at a flow rate of 0.1 ml/min. Quantification of the
bisallylic product was accomplished by GC/MS analysis as
described below.

HPLC/MS Analysis—Analysis was performed with a
EC250/2 Nucleodur 100-5 C,4 column (250 X 2.1 mm, 5-um
particle size, Macherey-Nagel) and the following solvent sys-
tem: solvent A, acetonitrile/water/acetic acid (40:60:0.1, v/v/v);
and solvent B, acetonitrile/acetic acid (100:0.1, v/v). The gradi-
ent elution profile was as previously described (29). The effluent
was then subjected to negative ion electrospray ionization in an
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ion trap mass spectrometer (LCQ, Thermo Fisher Scientific).
The capillary temperature was 300 °C, and the capillary voltage
was 27 kV. In full scan mode, ions were collected between m1/z
values of 50 to 400. For tandem MS analysis, the collision energy
was 1 V.

GC/MS Analysis—The identity of the hydroxy and dihydroxy
fatty acids was verified by GC/MS. Samples were reduced with
SnCl, and methylated as described above. Fatty acid methyl
esters were dissolved in 3 ul of acetonitrile. Trimethylsilyl ester
derivatives were prepared with sample treatment with 1 ul of
N,O-bi(trimethylsilyl)trifluoroacetamide. Analysis was carried
out using an Agilent 5973 mass selective detector coupled to an
Agilent 6890 gas chromatograph equipped with a capillary col-
umn as described above. The temperature gradient was as
described above for GC analysis of fatty acid composition.

Spectroscopy—Light absorbance was measured at room tem-
perature using a Cary 100 Bio spectrophotometer (Varian). For
incubations with 9-HPOTE, activity was measured by repetitive
scanning in the range of 220 —340 nm. 30 n™ of purified enzyme
was added to 1 ml of 0.2 M sodium borate, and the reaction was
started with the addition of 9-HPOTE dissolved in ethanol.

Determination of the pH Optimum—The formation of the
conjugated double bond of the 9-HPODE and 13-HPODE
products at 234 nm (e = 2.5 X 10* M~ ' cm™ ) at a given pH
using 100 uM sodium salt of 18:2(n-6) (30) as a substrate was
monitored with a Cary 100 Bio spectrophotometer (Varian).
The following buffers were used for the different pH ranges:
0.2 M acetate buffer (pH 4.5-5.5), 0.2 M phosphate buffer (pH
5.5—8.0), and 0.2 M borate buffer (pH 8.0 -10.5). It was ensured
that the different buffer systems did not influence enzyme
activity.

Determination of Kinetic Parameters—For analysis of the ini-
tial reaction rate data, the time-dependent O, consumption
was measured with a Clark-type O, electrode at different sub-
strate concentrations. The kinetic experiments were conducted
at 24 °C in 0.2 M sodium borate buffer pH 9.5. Reactions were
initiated by the addition of 2 ug of purified enzyme to 1 ml of
the rapidly stirring buffer containing a defined amount of sub-
strate. The solution was pre-equilibrated against air at 1 atm.
The kinetic parameters were calculated by nonlinear regression
fitting of the experimental points to the Michaelis-Menten
equation.

Labeled Substrate Synthesis—[(115)->H]-18:2(n-6) was pre-
pared according to Ref. 31. In short: chemical purity was >98%;
isotope enrichment >98.0%; monodeuterated molecules and
stereochemical purity of deuterium label >90%.

RESULTS

Cloning, Expression, and Purification of CspLOX2—BLAST
search analysis of the Cyanothece sp. genome led to the identi-
fication of two DNA sequences encoding two putative LOXs,
designated as CspLOX1 and CspLOX2 (3). Here the biochem-
ical characterization of CspLOX2 will be described, while the
activity of CspLOX1 will be reported separately. The deduced
amino acid sequence showed that CspLOX2 consists only of a
C-terminal catalytic LOX domain with highest homology to a
putative arachidonate 15-LOX precursor from Microcystis
aeruginosa and to NpLOX2, a linoleate 13-LOX from cya-
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FIGURE 1. SDS-PAGE analysis of the purified recombinant CspLOX2. A
single band migrating at ~65 kDa is visible in the elution fractions.

nobacterium Nostoc punctiforme. CspLOX2 showed 43%
sequence identity and 60% similarity to the latter enzyme (32,
33). Alignment of the amino acid sequence revealed that
CspLOX2 harbors the conserved metal ligands (3 histidine res-
idues, an asparagine, and the C-terminal isoleucine), but not
the residues described to play a role in determining regiospeci-
ficity in either mammalian or plant LOXs. The only described
amino acid residue that appears to be conserved is an alanine,
which aligns with a position that determines stereospecificity
(supplemental Fig. S1). The full-length protein was cloned from
Cyanothece sp. PCC 8801 genomic DNA into the expression
vector pET28a. The protein was expressed in Escherichia coli
in-frame with an N-terminal His, tag and purified by nickel
affinity chromatography (Fig. 1). The final yield was 1 mg of
CspLOX2 from 1 liter of culture. The purity of the protein was
>90% as judged from SDS gel electrophoresis, where a single
band at the molecular mass of ~65 kDa could be detected (Fig.
1). Measurement of the iron content of the purified protein by
ICP gave an iron to protein ratio of 45%. In the same measure-
ment, however, a manganese to protein ratio of 10% could also
be observed. Addition of Fe** in the form of ammonium iron
(III) citrate in the growth medium improved the expression of
soluble protein significantly, resulting in a final yield of 20 mg of
protein from 1 liter of culture. The iron content of the protein in
this case was measured to be 92%, whereas the manganese to
protein ratio was <2%. These results may indicate that
CspLOX2 harbors iron in the active site, but low iron levels in
the bacterial growth medium might lead to manganese
incorporation.

Activity of CspLOX2—Analysis of the amount of free fatty
acids of Cyanothece sp. revealed that the only PUFA and there-
fore potential endogenous LOX substrate present was 18:2(n-
6), which represented 53% of the total free fatty acid amount.
Other free fatty acids were 16:0, 16:1(n-7), 18:0 and 18:1(n-9)
(Table 1). For initial characterization of CspLOX2, the pH opti-
mum of the protein was investigated by measuring the initial
rates of increase in absorption at 234 nm with 18:2(n-6) as sub-
strate. CspLOX2 exhibited a very broad pH optimum, retaining
over 50% of activity from pH 610, with an activity maximum
at pH 9.3 (data not shown).

Identification of CspLOX2 Products—RP-HPLC/MS? analy-
sis was carried out to analyze CspLOX2 reaction products
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TABLE 1

Free fatty acid composition of Cyanothece sp. PCC 8801

Fatty acids were extracted from frozen cyanobacterial cells, methylated, and
analysis of the methyl ester derivatives was performed via GC as described under
“Experimental Procedures.” The fatty acids were characterized by co-elution of
authentic standards. The values presented here are the average of three inde-
pendent measurements.

Proportion of total

Fatty acid fatty acids

%
16:0 15.0
16:1(n-7) 7.8
18:0 9.1
18:1(n-9) 14.9
18:2(n-6) 53.2
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FIGURE 2. Product analysis formed from CspLOX2 with 18:2(n-6). 250 ug
of 18:2(n-6) were incubated with 15 ug of CspLOX2 for 30 min, and the reac-
tion products were reduced by SnCl,. A, RP-HPLC-MS? analysis of HODE (top
trace, m/z 295 — full scan; peak 1 contained 11-HODE and peak 2 contained
HODEs with conjugated double bond systems). B, SP-HPLC analysis of HODEs
with conjugated double bond systems. C, MS? spectrum (m/z 295 — full scan)
of 11-HODE. D, fragmentation pattern of 11-HODE and resulting fragment
sizes.

formed with 18:2(n-6). Two peaks were detectable (Fig. 24)
with m/z of 295, corresponding to the molecular weight of
HODE. The UV spectrum corresponding to peak 1 was feature-
less, whereas the mass spectrum matched the previously
described spectrum of 11-HODE (34), with prominent ions at
mlz 295 (M™), 277 (M™-18; loss of H,0), 251 (M~ -44; loss
of CO,), 197 (TOOC(CH,),CH = CHCHO), 177, 169
(TOOC(CH,),CH = CH,), 151 and 141 (Fig. 2, Cand D). Under
our assay conditions, 11-HODE was the main product of
18:2(n-6) transformation, comprising 39.2% of total detected
products. Peak 2 showed an absorption maximum at 234 nm,
which is characteristic for a conjugated diene system. By SP-
HPLC analysis, peak 2 could be separated into two products,
which were identified as 13- and 9-HODE (Fig. 2B). 9-HODE
comprised 33.5% and 13-HODE 27.3% of total reaction prod-
ucts. The enantiomers of all HODEs were further resolved
using CP-HPLC. The reduced conjugated hydroxide products
of CspLOX2 were identified as 13S-HODE and 9R-HODE (Fig.
3, B and C). The bisallylic HODE was methylated before CP-
HPLC analysis and identified as 11R-HODE (Fig. 3A).
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FIGURE 3. CP-HPLC analysis of the HODE isomers produced by CspLOX2.
Product hydroxides were analyzed using a Chiralcel OD-H column (150 X 2.1
mm, 5-um particle size, Daicel, VWR). A, analysis of 11-HODE methyl ester with
a solvent system of n-hexane/2-propanol/trifluoroacetic acid (100:1:0.1,
v/v/v) at a flow rate of 0.1 ml/min. B, CP-HPLC analysis of 9-HODE isolated by
SP-HPLC separation of the CspLOX2 reaction products with a solvent system
of n-hexane/2-propanol/trifluoroacetic acid (100:5:0.1, v/v/v) at a flow rate of
0.1 ml/min.C, CP-HPLC analysis of 13-HODE isolated by SP-HPLC separation of
the CspLOX2 reaction products with a solvent system of n-hexane/2-propa-
nol/trifluoroacetic acid (100:5:0.1, v/v/v) at a flow rate of 0.1 ml/min.

Besides the endogenous substrate 18:2(n-6), CspLOX2 could
also metabolize other PUFAs, such as 18:3(n-3) and 20:4(n-6).
Again three products were identified: 11-,9-, and 13-H(P)OTE
and 13-, 11-, and 15-H(P)ETE, respectively (supplemental
Fig. S2 and Table S1). For 18:3(n-3) three additional products
were detected. Two of these exhibited the characteristic spec-
trum of a conjugated triene chromophore and MS? spectra
were previously described (35). Therefore the two compounds
were identified as diastereomers of 9,16-dihydroxyoctadeca-
trienoic acid (9,16-diHOTE). The third product was identified
as 9-KOTE (absorbance maximum at 274 nm in SP-HPLC sol-
vent and MS? signals as described in Ref. 36). These products
were formed from 9R-HPOTE: Upon incubation of CspLOX2
with the hydroperoxide absorbance at 234 nm decreased and at
the same time absorbance at 269 nm appeared (supple-
mental Fig. S34). RP-HPLC/MS? analysis confirmed the pres-
ence of the three products, the 9,16-diHOTE diastereomers
(supplemental Fig. S3B, peaks 1 and 2) and 9-KOTE
(supplemental Fig. S3C, peak 4). Additionally, minor amounts
of a fourth substance were detected (supplemental Fig. S3B,
peak 3). The substance was tentatively assigned as 11-hydroxy-
9,10-epoxyoctadecadienoic acid by its fragmentation pattern as
described previously (37).

Stereospecificity of Hydrogen Abstraction—To establish the
stereochemistry of hydrogen abstraction [(11S)-*H]-18:2(n-6)
was used as substrate. The observed mass of the reaction prod-
uct was as in the case of the unlabeled 18:2(n-6) m/z 295, indi-
cating that the pro-S hydrogen was abstracted from the fatty
acid. When the labeled fatty acid was used as substrate, the
amount of the bisallylic 11R-HODE formed was reduced dras-
tically and consisted of less than 1% of total reaction products,
probably because of a deuterium primary isotopic effect.

Rearrangement of the Bisallylic Hydroperoxide by CspLOX2—
To elucidate whether CspLOX2 can rearrange the detected
11-hydroperoxide to a conjugated product, as has been
described for the Mn-LOX, 11R-HPODE was incubated with
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FIGURE 4. Isomerization of 11-HPODE to hydroperoxides having conjugated diene systems by CspLOX2.
A, increase in UV absorbance at 234 nm during incubation of 4 mg of CspLOX2 with 11-HPODE in 200 mm
sodium borate pH 9.5. B, relative hydroxide amounts after incubation of 11-HPODE with CspLOX2. The
hydroperoxide was incubated at room temperature for 30 min in the presence and absence of CspLOX2.
Hydroperoxides were reduced with SnCl,, extracted, and analyzed by RP-HPLC/MS?. The figure shows mean
values and standard deviations, which were calculated from three independent experiments. C, SP-HPLC

analysis of the produced HODEs having conjugated diene systems.

purified protein. Diene formation was followed at 234 nm and
an increase was observed (Fig. 4A). Hydroperoxides were
reduced, extracted and analyzed by RP-HPLC/MS?. In parallel
a preparation without the addition of enzyme was analyzed as a
negative control. In the presence of CspLOX2, a single peak
could be detected with a UV absorbance showing a maximum
at 234 nm. Further analysis of the peak revealed the presence of
an equimolar mixture of 9R- and 13S-HODE (Fig. 4, B and C).
Kinetic Analysis of CspLOX2—For determination of the
kinetic parameters of CspLOX2, the initial rate of oxygen con-
sumption for different concentrations of 18:2(n-6) was moni-
tored in 0.2 M sodium borate buffer pH 9.5 using a Clark-type
O, electrode. Triplicate measurements were then fitted to a
Michaelis-Menten plot. The maximal reaction rate of 18:2(n-6)
conversion was calculated as 30.7 + 1.5 s~ while the K, value
was calculated as 18.0 = 2.6 um. Because 18:2(n-6) was con-
verted to 39.2% 11-HODE, 33.5% 9-HODE, and 27.3%
13-HODE, the apparent rate of substrate oxygenation to the
respective product was 12.0s7*,10.3s™ %, and 8.4 s~ "
Metabolism of PC Esters—The ability of a LOX enzyme to
utilize esterified fatty acids with a bulky head group (such as PC
esters) as substrate has been implicated with the substrate bind-
ing orientation. In the case of a LOX boot-shaped binding site
hypothesis it is assumed that a LOX reaction with such sub-
strates is only possible, when fatty acid binding takes place with
the methyl end first (38). For this reason we investigated the
metabolism of PC-20:4(n-6) by CspLOX2. The reaction was
carried out under previously described high enzyme and sub-
strate conditions and required the use of sodium deoxycholate
to facilitate substrate solubilization (23). The reaction products
were transesterified to methyl esters. Indeed PC-20:4(n-6) was
converted, in comparable amounts as the free fatty acid substrate,
into a mixture of three products. Two of the peaks could be iden-
tified as 11-HETE and 15-HETE by comparison of elution time
and MS fragmentation pattern to that of authentic standards (Fig.
5A). The third peak, which showed an absorbance maximum at
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In this study we aimed to charac-
terize CspLOX2, which is one of
the two predicted LOX-related se-
quences found in the genome of the
diazotrophic cyanobacterium Cya-
nothece sp. CspLOX2 was cloned
and expressed in E. coli, and the
recombinant enzyme was purified.
We show that CspLOX2 is to our
knowledge the first LOX that has an iron as active site metal and
produces a bisallylic hydroperoxide, namely 11R-HPODE, as its
major product, when 18:2(n-6) is used as substrate. Besides this
product, upon incubation of CspLOX2 with 18:2(n-6) a mixture
of typical LOX products 13S- and 9R-HPODE were formed. So
far, the only LOXSs that have been reported to produce bisallylic
hydroperoxides are the Mn-LOX from the fungus G. grami-
nis (10, 40) and the LOX domain of the allene oxide syn-
thase-LOX fusion protein from the coral Plexaura homoma-
lla, which formed the 10-hydroperoxide out of 20:3(n-6)
(41). Mn-LOX is the best studied example of a bisallylic LOX
and can convert 18:2(n-6) to 11S-HPODE and 13R-HPODE
in a 1:3 ratio with the latter accumulating as an end product
(40). Though CspLOX2 and Mn-LOX both produce bisal-
lylic hydroperoxides they differ in a number of characteris-
tics of catalysis.

Sequence homology suggests that CspLOX2 belongs to the
class of mini-LOXs, which consist only of the C-terminal LOX
catalytic domain of about 65 kDa and lack the N-terminal
B-barrel or C2-like domain. These enzymes are significantly
smaller than the described animal and plant LOXs and a num-
ber of them have so far been identified in cyanobacteria (35,
42-45). Alignment of the predicted amino acid sequence of
CspLOX2 with that of Mn-LOX shows conserved features, e.g.
the four metal ligands and significant differences: One of the
unique features of Mn-LOX is that helix a9, which harbors two
of the metal ligands, contains 28 amino acids with two single
amino acid gaps in comparison with all other known LOX
sequences. On the contrary, the corresponding helix of
CspLOX2 contains 30 amino acids and can be aligned without
gaps, though the sequence differs considerably from that of
plant and animal LOXs (supplemental Fig. S1) (46). Addition-
ally, on helix «18 that harbors the other two iron ligands,
CspLOX2 carries the HXXXNXXQ motif that is conserved
among all LOXs. However, Mn-LOX has a serine residue in the
position of the glutamine.
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FIGURE 5. Analysis of the products formed by CspLOX2 incubated with
PC-20:4(n-6). Enzyme preparation of CspLOX2 was incubated with PC-20:
4(n-6) in 200 mm sodium borate pH 9.5. The reaction products were reduced
and transmethylated. A, GC/MS analysis of the trimethylsilyl ether/methyl
ester derivatives of the reaction products. B, electron impact mass spectrum
of trimethylsilyl ether/methyl ester derivatives of 13-HETE. C, CP-HPLC analy-
sis of conjugated HETE reaction products.

Analysis of the metal content of CspLOX2 showed that it
contained ~0.9 atom of Fe per mol of enzyme, when sufficient
amounts of Fe were present in the growth media. Similar stoi-
chiometry has been reported for soybean LOXs, with an iron/
enzyme ratio of 0.7-1.0, while for mammalian enzymes an even
lower content has been described, e.g. 0.3—0.7 mol of iron/mol
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of LOX (47). Mn-LOX on the other hand has been reported to
contain 0.94 mol of manganese/mol of enzyme, while iron was
below detection limit (40). Interestingly, we observed that upon
expression of CspLOX2 under poor iron conditions, manga-
nese can be incorporated in the active site. Therefore,
CspLOX2 might be a useful tool to directly compare the influ-
ence of the metal ion on LOX catalysis.

As mentioned above, both CspLOX2 and Mn-LOX can pro-
duce significant amounts of bisallylic hydroperoxides.
CspLOX2 converts 18:2(n-6) primarily to 11R-HPODE while,
Mn-LOX produces the stereoisomer 11S-HPODE. The turn-
over rate of 18:2(n-6) by the two enzymes is similar with 31s™'
in the case of CspLOX2 and 26 s~ ' in the case of Mn-LOX (40).
Bisallylic hydroperoxides remained for a long time elusive per-
oxidation products (48). Studies on lipid peroxidation by EPR
have shown that this is not due to unfavorable product forma-
tion. In contrast, in the case of a free linoleyl radical, oxygen-
ation takes place preferably on C11, because at this position
spin density is the highest (49). Kinetic studies on linoleate
autoxidation products, however, demonstrated that the 11-per-
oxyl radical undergoes a much more rapid B-fragmentation
(~2 X 10° s~ 1) than conjugated 9- and 13-peroxy radicals (30
s~1) (1, 50). This implies that in the case of 11-hydroperoxide
formation by CspLOX2, an efficient H-donor exists in close
proximity to C11, which converts the bisallylic peroxy radical to
the corresponding hydroperoxide and therefore prevents
B-fragmentation.

Both CspLOX2 and Mn-LOX can proceed to rearrange the
11-HPODE to produce conjugated hydroperoxides: A single
end product, 13R-HPODE in the case of Mn-LOX (10) and a
mixture of 9R- and 13S-hydroperoxides in the case of
CspLOX2. Previous studies have shown that the metal centers
of manganese and iron enzymes have otherwise similar prop-
erties (40). This rearrangement, however, has been suggested to
be related to the higher redox potential of Mn*" (Mn** <
Mn3* +e”, ~1.5 Vversus Fe?* s Fe*" +e7,0.77 V) (51). The
only iron LOX that has so far been investigated with respect to
its ability to rearrange bisallylic hydroperoxides is soybean
LOX-1. However, it catalyzed 11-HPODE isomerization only at
very high enzyme excess (250 wg/ml) (52) whereas in the case of
CspLOX2, 4 ug/ml were found to be sufficient. On the other
hand, the observed conversion was much slower than that
reported for Mn-LOX. This enzyme has been shown to isom-
erize concentrations of bisallylic hydroperoxide similar to the
ones used in our experiments (50 mm) in 67 min, while
CspLOX2 required about 30 min, similarly to soybean LOX-1
(52). The slower reaction rate in the case of CspLOX2 supports
the fact that the nature of the active site metal may indeed play
a role in this reaction. Notably, while both Mn-LOX and soy-
bean LOX-1 converted 11-HPODE to 13R-HPODE (10, 52),
CspLOX2 produced of a mixture of 13S-HPODE and
9R-HPODE. The fact that CspLOX2 forms both 9R- and 13S-
hydroperoxides in similar amounts, suggests that CspLOX2
may have no specific oxygen channel, which ensures oxygen-
ation in a certain position of the fatty acid hydrocarbon chain.
However, oxygen attack appears to take place only on one face
of the substrate, suggesting that oxygen access on the other side
may be hindered.
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FIGURE 6. Proposed mechanism for CspLOX2 with 18:2(n-6) as sub-
strate. The initiating step of catalysis is the abstraction of a bisallylic pro-S
hydrogen from C11 of 18:2(n-6) leading to the formation of a radical. Oxy-
gen is then reversibly inserted at position C11 and can be converted to
11R-HPODE. Oxygen can alternatively be inserted at C9 or C13 to irrevers-
ibly form 9R-HPODE and13S-HPODE. As proposed by Ref. 10, free radical
conversions are depicted.

Experiments with labeled [(115)-*H]-18:2(n-6) suggest that
CspLOX2 catalyzes an antarafacial oxygen insertion because no
retention of deuterium in the formed products was observed.
Antarafacial oxygenation has been previously reported for all
LOXs, with the exception of Mn-LOX, which also abstracts the
pro-S hydrogen from the C11 of 18:2(n-6), but subsequently
catalyzes the oxygen insertion on the same side of the (12,47)-
pentadiene system (10). The fact that the amounts of bisallylic
hydroperoxide product were reduced when [(115)-*H]-18:2(n-
6) was used as CspLOX2 substrate may be indicative for a kinet-
ically controlled formation of 11R-HPODE. A strong primary
isotope effect was also described for Mn-LOX, but for this
enzyme the proportion of the bisallylic hydroperoxide product
remained unaltered regardless of the isotopically labeled
18:2(n-6) used as substrate (10).

Besides the endogenous PUFA substrate, 18:2(n-6), the spec-
ificity of CspLOX2 was tested with 18:3(n-3) and 20:4(n-6). In
all cases CspLOX2 appears to abstract the (n-8) hydrogen and
catalyzes stereospecific dioxygen insertions at positions (n-8),
(n-6), and (n-10). Other than the case of Mn-LOX, CspLOX2
was able to convert both C18 and C20 PUFAs with a compara-
ble reaction rate. These results suggest that fatty acids enter the
enzyme active site with the methyl end first and that fixation of
the carboxyl group of the fatty acid at a specific position is not
essential for the reaction.

This mode of binding was also supported by the fact that
CspLOX2 could react with PC-20:4(n-6) to produce the same
oxygenated fatty acids that were found with free 20:4(n-6), with
bisallylic 13-HPETE being the main product. The same mode of
binding has been described for 13S-LOXs (53, 54), 9R-LOXs
(23, 44), and Mn-LOX (51). On the other hand, a number of
linoleate 9S-LOX and arachidonate 8S- and 5S-LOX cannot
metabolize such substrates (55-57) and have been thought to
bind fatty acids with the carboxylic end buried in the active site
pocket. The production of the bisallylic product from esterified
substrate has also been reported for Mn-LOX (51).
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In summary, we describe a novel iron LOX, CspLOX2, that
produces bisallylic hydroperoxides as its major products from
all tested PUFA substrates. The substrates apparently bind to
the active site with the methyl group first. With the endogenous
fatty acid 18:2(n-6) CspLOX2 initially catalyzes the abstraction
of the pro-S hydrogen from C11 and then the antarafacial oxy-
gen insertion either reversibly to C11 forming the bisallylic
hydroperoxide 11R-HPODE or irreversibly to C13 or C9 pro-
ducing 13S-HPODE and 9R-HPODE, respectively (Fig. 6). All
in all, CspLOX2 may be a suitable enzyme for structural studies
to further study and understand the underlying mechanism
that leads to the formation of bisallylic hydroperoxides.
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