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implicates 15-lipoxygenase-2 in biosynthesis of resolvin D5*
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Abstract The two oxylipins 7S,14S-dihydroxydocosahexae-
noic acid (diHDHA) and 7S,17S-diHDHA [resolvin D5
(RvD5)] have been found in macrophages and infectious in-
flammatory exudates and are believed to function as special-
ized pro-resolving mediators (SPMs). Their biosynthesis is
thought to proceed through sequential oxidations of DHA
by lipoxygenase (LOX) enzymes, specifically, by human
5-LOX (h5-LOX) firstto7(S)-hydroxy-4Z,8E,10Z,13Z,16Z,19Z-
DHA (7S-HDHA), followed by human platelet 12-LOX (h12-
LOX) to form 7(S),14(S)-dihydroxy-4Z,8E,10Z,12E,16Z,
19Z-DHA (7S,14S-diHDHA) or human reticulocyte 15-LOX-1
(h15-LOX-1) to form RvD5. In this work, we determined that
oxidation of 7(S)-hydroperoxy-4Z,8E,10Z,13Z,16Z,19Z-DHA
to 7S,14S-diHDHA is performed with similar kinetics by
either h12-LOX or h15-LOX-1. The oxidation at C14 of DHA
by h12-LOX was expected, but the noncanonical reaction of
h15-LOX-1 to make over 80% 7S,14S-diHDHA was larger
than expected. Results of computer modeling suggested that
the alcohol on C7 of 7S-HDHA hydrogen bonds with the
backbone carbonyl of Ile399, forcing the hydrogen abstrac-
tion from C12 to oxygenate on C14 but not C17. This result
raised questions regarding the synthesis of RvD5. Strikingly,
we found that h15-LOX-2 oxygenates 7S-HDHA almost exclu-
sively at C17, forming RvD5 with faster kinetics than does
h15-LOX-1. The presence of h15-LOX-2 in neutrophils and
macrophages suggests that it may have a greater role in biosyn-
thesizing SPMs than previously thought. We also determined
that the reactions of h5-LOX with 14(S)-hydroperoxy-
47,77,10Z,12E,16Z,19Z-DHA and 17(S)-hydroperoxy-4Z,7Z,
10Z,13Z,15E,19Z-DHA are kinetically slow compared with
DHA, suggesting that these reactions may be minor biosyn-
thetic routes in vivo.llil Additionally, we show that 7S,14S-
diHDHA and RvD5 have anti-aggregation properties with
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platelets at low micromolar potencies, which could directly
regulate clot resolution.—Perry, S. C., C. Kalyanaraman,
B. E. Tourdot, W. S. Conrad, O. Akinkugbe, J. C. Freedman, M.
Holinstat, M. P. Jacobson, and T. R. Holman. 15-Lipoxy-
genase-1 biosynthesis of 7S,14S-diHDHA implicates 15-li-
poxygenase-2 in biosynthesis of resolvin D5. J. Lipid Res.
2020. 61: 1087-1103.
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docosahexaenoic acid

Inflammation plays an essential role in the body, and in
its acute form, it involves the upregulation of localized

Abbreviations: DGLA, dihomo-gamma-linoleic acid; 7-epi-MaR1,
7(S),14(S)-dihydroxy-4Z,8E,10E,127,16Z,19Z-DHA; FLAP, 5-lipoxygen-
ase-activating protein; GLA, gamma-linoleic acid; h5-LOX, human 5-li-
poxygenase; h12-LOX, human platelet 12-lipoxygenase; h15-LOX-1,
human reticulocyte 15-lipoxygenase-1; h15-LOX-2, human epithelial
15-lipoxygenase-2; LOX, lipoxygenase; MaR1, 7(R),14(S)-dihydroxy-
47,8E,10E,127,16Z,192-DHA; PDB, Protein Data Bank; RvD5, resolvin
Db5; 7S-HDHA, 7(S)-hydroxy-47,8E,107,13Z,16Z,19Z-DHA; 14S-HDHA,
14(S)-hydroxy-47,77,10Z,12E,16Z,19Z-DHA; 17S-HDHA, 17(S)-hydroxy-
47,77,107,137,15E,192-DHA; 5S-HETE, 5(S)-hydroxy-6E,87,11Z,
14Z-eicosatetraenoic acid; 12S-HETrE, 12(S)-8Z,10E,14Z-hydroxy-
eicosatrienoic acid; 7S-HpDHA, 7(S)—hydroperoxy—42,8E, 107,137,167,
19Z-DHA; 8-HpDHA, 8(S)-hydroperoxy-4Z,6E,10Z,137,16Z,19Z-DHA;
11-HpDHA; 11(S)-hydroperoxy-4Z,7Z,9E,13Z,16Z,19Z-DHA; 16-HpDHA;
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inflammatory signaling molecules and cytokines that at-
tract neutrophils to an area of injury (1). Over time, an
area of injury begins producing specialized pro-resolving
mediators (SPMs), which actively downregulate the im-
mune response (2), a process referred to as the resolution
of inflammation. Misregulation of the transition to resolu-
tion can extend the early beneficial effects of acute inflam-
mation into the damaging effects of chronic inflammation,
as seen in cardiovascular disease (3-5), diabetes (6, 7),
and autoimmune disorders (8).

SPMs are oxylipins produced by the oxygenation of fatty
acids by cyclooxygenases, lipoxygenases (LOXs), and cyto-
chrome P450s (9). LOXs catalyze the stereospecific peroxi-
dation of PUFAs containing a bis-allylic carbon moiety (10).
The two 15-LOX isozymes, human reticulocyte 15-LOX-1
(h15-LOX-1 or ALOX15), primarily expressed in reticulo-
cytes and macrophages (11, 12), and human epithelial
15-LOX-2 (h15-LOX-2 or ALOX15b), expressed in mac-
rophages, neutrophils, skin, hair roots, and prostate (3, 13,
14), are named for their ability to stereospecifically oxygen-
ate at C15 of AA (10). h15-LOX-1 converts AA into a mixture
of approximately 90% 15(S)-hydroperoxy-57,8Z,117,13E-
eicosatetraenoic acid (15S-HpETE) and 10% 12(S)-hydro-
peroxy-57,87,10E,14Z-eicosatetraenoic acid (12S-HpETE),
while h15-LOX-2 oxygenates substrates with strict regio-
specificity (15), producing only 15-HpETE from AA. hl5-
LOX-1is implicated in many diseases, such as inflammation,
stroke, colorectal cancer, and atherosclerosis (11), while
h15-LOX-2 has only recently been identified as playing a
role in atherosclerosis and inflammation (4, 16).

Many SPMs are synthesized at sites of inflammation and
maresin 1 [7(R),14(S)-dihydroxy-4Z,8E,10E,127,16Z,19Z-
DHA (MaR1)], which is made from DHA (17), plays a role
in the resolution of inflammation by reducing platelet
aggregation (18), reducing neutrophil chemotaxis, and
increasing phagocytosis in leukocytes (19). In conjunction
with the detection of MaR1 in cell extracts, Serhan and
coworkers discovered three analogs of MaR1, 7(S),14(S)-
dihydroxy-4Z,8E,10E,127,16Z,19Z-DHA  (7-epi-MaR1),
7(R),14(S)-dihydroxy-4Z,8E,10E,12E,16Z,19Z-DHA (i.e.,
EEFEMaR1), and 7(S),14(S)-dihydroxy-4Z,8E,10Z,12E,16Z,
19Z-DHA (7S,14S-diHDHA) (Fig. 1) (17). These three
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7(S),14(S)-dihydroxy-4Z,8E,10Z,12E,16Z,19Z-docosahexaenoic acid
(7S,145-diHDHA)

HO OH
% 78 175,
HOOC
7(S),17(S)-dihydroxy-4Z,8E,10Z,13Z,15E,19Z-docosahexaenoic acid

(7S,17S-diHDHA or RvD5)

Fig. 1. Structures of 7S,14S-diHDHA and 7S,17S-diHDHA (or
RvD5). Note that the molecules are drawn with an artificial straight
chain shape in order to highlight their similarities and differences
more clearly.
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analogs were shown to affect macrophage chemotaxis but
were less potent than MaR]1. In particular, 7S,14S-diHDHA
appeared to be biosynthesized in a di-oxygenation fashion
without an epoxide intermediate, distinct from the other
analogs. Its structure suggests that it is synthesized through
two sequential LOX oxygenation reactions at C7 and Cl14,
without the requirement of a hydrolase to open the epoxide
intermediate (20-22). Given these oxygenation sites, as well
as the enzymatic preferences of specific LOX isozymes, it
is reasonable to assume that the biosynthesis of 7S,14S-
diHDHA involves human 5-LOX (h5-LOX) oxidizing
DHA at C7, with human platelet 12-LOX (h12-LOX) oxi-
dizing at C14, but it is unclear which oxidation occurs
first (Scheme 1, pathway 2).

The other SPM, which is of importance with regard to
this work, is resolvin D5 (RvD5) [or 7(S),17(S)-dihydroxy-
47,8E,10Z,13Z,15E,19Z-DHA (7S,17S-diHDHA)] (Fig. 1).
RvD5 is a D-series resolvin made from DHA (23, 24), which
enhances phagocytosis in neutrophils and macrophages
and reduces expression of the pro-inflammatory mole-
cules, NF-kB and TNF-a (25), and has been identified in
human blood, hemorrhagic exudates, and synovial fluid
(26, 27). Like 7S,14S-diHDHA, the production of RvD5
appears to require two oxygenation events and is proposed
to occur through the sequential reaction of two LOXs
(27, 28). Because many cell types contain only a single LOX,
oxylipins with multiple oxygenation sites are often created
by the interaction of multiple cell types in an area of in-
flammation through a process called transcellular biosyn-
thesis (29-31). RvDb5 has been isolated from neutrophils
(32) and is produced late in the process of blood coagula-
tion, increasing over the lifetime of a clot (33). Polymor-
phonuclear leukocytes have been shown to convert
17(S)-hydroxy-4Z,77,10Z,13Z,15E,19Z-DHA (17S-HDHA)
into 4(S),17(S)-dihydroxy-5E,7Z,10Z,13Z,15E,19Z-DHA
(4S,17S-diHDHA) and RvD5 (27), suggesting that h5-LOX
reacts with 17-HDHA to produce RvD5.

As stated above, LOX isozymes play a key role in the bio-
synthesis of SPMs; however, the biosynthetic molecular
mechanism for specific SPMs is poorly defined. For 78,14S-
diHDHA, the current understanding of its biosynthetic
pathway is based on the substrate specificity of h5-LOX and
h12-LOX with AA and experimental evidence that the non-
specific LOX inhibitor, baicalein, reduces the production
of MaR1 and 14(S)-dihydroxy-47,77,10Z,12E,16Z,19Z-DHA
(14S-HDHA) (34). However, baicalein is not a selective
inhibitor (35) and LOXs can produce different products
depending on the fatty acids or oxylipin used (36-38). For
example, h15-LOX-1 produces 41% of the noncanonical
product, 14(S)-hydroperoxy-47,77,10Z,12E,16Z,19Z-DHA
(14S-HpDHA), from DHA, which is proposed to be linked
to human evolution and the human inflammatory response,
with only higher primates having this LOX function (39).
This ability of h15-LOX-1 to oxygenate either C17 or C14
on DHA raises the possibility that h15-LOX-1 could gener-
ate significant amounts of 7S,14S-diHDHA from DHA (40),
as shown in Scheme 1, pathway 3.

For RvDb5, the generally accepted biosynthetic pathway is
through transcellular biosynthesis, but a specific biosynthetic
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sequence has not been clearly identified. One proposed
pathway is that h5-LOX, expressed in macrophages (41,
42) and polymorphonuclear leukocytes (27), produces
7(S)-hydroxy-4Z,8E,10Z,137,16Z,192-DHA (7S-HDHA)
from DHA, and then h15-LOX-1 reacts with 7S-HDHA to
produce RvDb5 by oxidation at C17 (43). This is a reason-
able assumption because h15-LOX-1 oxygenates C17 of
DHA efficiently; however, because h15-LOX-1 also makes a
significant amount of the C14 product and h15-LOX-2 is
expressed at higher levels than h15-LOX-1 in both neutro-
phils and macrophages (4, 13, 44), it is possible that h15-
LOX-2, and not h15-LOX-1, may be involved in the
formation of RvD5 from 7S-HDHA (Scheme 1). It should
be noted that LOXs produce the hydroperoxy product, but
the reducing environment of the cell quickly reduces them
to the hydroxy products (45), such as 7S,14S-diHDHA and
78,17S-diHDHA (RvD5).

Given the biological importance of SPMs, such as 7S,14S-
diHDHA and 7S,17S-diHDHA (RvD5), and the multiple
possible biosynthetic pathways for their production, we in-
vestigated two critical aspects of the biosynthetic routes to
producing these two SPMs: the ease of which LOXs can
perform the proposed reactions in vitro (i.e., kinetics) and
the specificity of LOXs when the substrate is an oxylipin, as
opposed to an unoxidized fatty acid. We probed these ef-
fects in the production of both 7S,14S-diHDHA and 7S,17S-
diHDHA (RvD5) and determined that not only are the
rates greatly affected by the nature of the oxylipin sub-
strate, but the product profile is also altered, raising the
possibility that unrecognized noncanonical LOXs may be
involved in SPM production.

MATERIALS AND METHODS

Expression and purification of h15-LOX-1, h15-LOX-2,
h12-LOX, and h5-LOX

Overexpression and purification of WT h15-LOX-1 (UniProt
entry P16050), h12-LOX (UniProt entry P18054), h5-LOX (Uni-
Prot entry P09917), and h15-LOX-2 (UniProt entry O15296)
were performed as previously described (46-48). The purity of
h12-LOX, h15-LOX-1, and h15-LOX-2 were assessed by SDS gel
to be greater than 85% and metal content was assessed on a

Altered positional specificity of h15-LOX-1 with 7-HDHA

Finnigan inductively coupled plasma mass spectrometer, via com-
parison with iron standard solution. Cobalt-EDTA was used as an
internal standard. The WT h5-LOX used in the kinetics of this
work was not purified due to a dramatic loss in activity and was
therefore prepared as an ammonium-sulfate precipitate. The
amount of h5-LOX contained in the ammonium-sulfate pellet
was assessed by comparing values obtained by a Bradford assay
and quantitative Western blotting using purified stable-h5-LOX
mutant as a positive control. Western blots were performed using
rabbit anti-5-LOX polyclonal (Cayman Chemicals) primary
antibody diluted 1:500 and goat anti-rabbit-HRP (Abcam) sec-
ondary antibody diluted 1:5,000. The stable-h5-LOX mutant was
expressed in Rosetta 2 cells (Novagen) transformed with the
pET14b-Stable-5-LOX plasmid (a gift from Marcia Newcomer
of Louisiana State University) and grown in Terrific Broth con-
taining 34 pg ml~' chloramphenicol and 100 ug ml~" ampicil-
lin at 37°C for 3.5 h and then placed at 20°C for an additional
26 h. Cells were pelleted and resuspended in 50 mM Tris (pH
8.0), 500 mM NaCl, 20 mM imidazole with 1 wM pepstatin, 100
M PMSF, and DNasel (2 Kunitz/g) (Sigma). The cells were
lysed in a French pressure cell and centrifuged at 40,000 g for
20 min. Lysate was applied to a Talon nickel-IDA Sepharose col-
umn and eluted with 50 mM Tris (pH 8.0), 500 mM NaCl, and
200 mM imidazole. The final product was stored at —80°C with
10% glycerol.

Production and isolation of oxylipins
7(S)-hydroperoxy-4Z,8E,10Z,137,16Z,192-DHA  (7S-HpDHA)
was synthesized by reaction of DHA (25-50 uM) with h5-LOX.
The reaction was carried out for 2 h in 800 ml of 25 mM HEPES
(pH 7.5) containing 50 mM NaCl, 100 pM EDTA, and 200 pM
ATP. The reaction was quenched with 0.5% glacial acetic acid,
extracted three times with 1/3 vol dichloromethane, and evapo-
rated to dryness under Ny. The products were purified isocrati-
cally via HPLC on a Higgins Haisil semi-preparative (5 pm, 250 x
10 mm) C18 column with 50:50 of 99.9% acetonitrile, 0.1% acetic
acid and 99.9% water, 0.1% acetic acid. 7S HDHA was synthesized
as performed for 7S-HpDHA with trimethyl phosphite added as a
reductant prior to HPLC. 7S,14S-diHDHA was synthesized by re-
action of 20 uM 7S-HDHA with h15-LOX-1 in 300 ml of 25 mM
HEPES (pH 7.5) and purified as described above. 14S-HpDHA
was synthesized by reaction of DHA (25-50 uM) with h12-LOX.
The reaction was carried out for 30 min in 1,000 ml of 256 mM
HEPES (pH 8.0) The reaction was quenched with 0.5% glacial
acetic acid, extracted three times with 1/3 vol dichloromethane,
and evaporated to dryness under Ny. The products were purified
isocratically via HPLC on a Phenomenex Luna semi-preparative
(5 pm, 250 x 10 mm) silica column with 99:1 of 99.9% hexane,
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0.1% wrifluoroacetic acid and 99.9% isopropanol, 0.1% trifluoro-
acetic acid. 14S-HDHA was synthesized as performed for 14S-Hp-
DHA with trimethyl phosphite added as a reductant prior to HPLC.
17(S)-hydroperoxy-4Z,72,102,13Z,15E,19Z-DHA (17S-HpDHA)
was synthesized by reaction of DHA (25-50 uM) with soybean 15-
LOX. The reaction was carried out for 1 h in 800 ml of 100 mM
borate (pH 9.0). 17S-HDHA was synthesized by reducing 17S-Hp-
DHA with trimethyl phosphite prior to HPLC. 7(S),17(S)-dihy-
droxydocosahexaenoic acid (7S,17S-diHDHA or RvD5) was
synthesized by reacting 7S-HDHA (20 uM) with h15-LOX-2 in 300
ml of 25 mM HEPES (pH 7.5), with subsequent reduction/ purifi-
cation, as described above. The isolated products were assessed to
be greater than 95% pure by LC-MS/MS.

Steady state kinetics of h15-LOX-1 and h12-LOX with DHA,
7S-HDHA, and 7S-HpDHA

h15-LOX-1 reactions were performed at ambient temperature
inalcm? quartz cuvette containing 2 ml of 25 mM HEPES (pH
7.5) with substrate (DHA, 7S-HDHA, or 7S-HpDHA). DHA con-
centrations were varied from 0.25 to 10 pM, 7S-HDHA concentra-
tionswere varied from 0.3 to 15 pM, and 7S-HpDHA concentrations
were varied from 0.3 to 20 pM. Concentration of DHA was deter-
mined by measuring the amount of 17S-HpDHA produced from
complete reaction with soybean LOX-1. Concentrations of 7S-
HDHA and 7S-HpDHA were determined by measuring the absor-
bance at 234 nm. Reactions were initiated by the addition ~200
nM h15-LOX-1 and were monitored on a Perkin-Elmer Lambda
45 UV/VIS spectrophotometer. Product formation was deter-
mined by the increase in absorbance at 234 nm for 7S-HpDHA
(Eogamm = 25,000 M™' cm ™) and 270 nm for 7S,14S-diHDHA
(&970nm = 40,000 M 'em ') (34, 49, 50). 7S,17S-diHDHA has a UV
absorbance maximum of 245 nm; however, due to overlap with the
substrate peak at 234 nm, formation of this product was measured
at 254 nm using an extinction coefficient of 21,900 M 'em o
adjust for the decreased rate of absorbance change at this peak
shoulder (20). KaleidaGraph (Synergy) was used to fit initial
rates (at less than 20% turnover), as well as the second order
derivatives (k,,/Ky) to the Michaelis-Menten equation for the
calculation of kinetic parameters. h12-LOX reactions were per-
formed similarly as for h15-LOX-1 except that buffers were 25 mM
HEPES (pH 8), and reactions were initiated by the addition
~50 nM h12-LOX.

Steady state kinetics of h5-LOX with DHA, 14S-HDHA,
14S-HpDHA, 17S-HDHA, and 17S-HpDHA

All h5-LOX kinetic reactions were carried outin 256 mM HEPES
(pH 7.5) containing 50 mM NaCl, 100 pM EDTA, and 200 pM
ATP. Steady state kinetics of h5-LOX with DHA were determined
as for h15-LOX-1. V, . assay of h5-LOX with 14S-HDHA, 14S-Hp-
DHA, 17S-HDHA, and 17S-HpDHA were carried out in 15 ml of
buffer containing 10 M substrate. Reactions were initiated by the
addition ~600 nM ammonium-sulfate-precipitated h5-LOX and
were monitored on a Perkin-Elmer Lambda 45 UV/VIS spectro-
photometer. Reactions were quenched at 0, 5, 10, 20, 30, and 60
min. Each quenched reaction was extracted three times with 1/3
vol of DCM and reduced with trimethyl phosphite. The samples
were then evaporated under a stream of N, to dryness and recon-
stituted in 90:10 acetonitrile:water containing 0.1% formic acid
and 3 uM 13-HODE as an internal standard. Control reactions
without enzyme were also conducted and used for background
subtraction, ensuring that oxylipin degradation products were re-
moved from analysis. Reactions were analyzed via LC-MS/MS us-
ing a Synergi 4 pM Hydro-RP 80 A C18 LC-column with polar
endcapping (150 x 2 mm). Mobile phase solvent A consisted of
99.9% water and 0.1% formic acid, and solvent B consisted of
99.9% acetonitrile and 0.1% formic acid. Analysis was carried out

1090 Journal of Lipid Research Volume 61, 2020

over 60 min using isocratic 50:50 A:B for 0-30 min followed by a
gradient from 50:50 A:B to 75:25 A:B from 30 to 60 min. The
chromatography system was coupled to a Thermo-Electron LTQ
LC-MS/MS instrument for mass analysis. All analyses were per-
formed in negative ionization mode at the normal resolution set-
ting. MS/MS was performed in a targeted manner with a mass list
containing the following m/z ratios (+0.5): 343.4 (HDHAs), 359.4
(diHDHAs), and 375.4 (triHDHAs). Products were identified by
matching retention times, UV spectra, and fragmentation pat-
terns to known standards, or in the cases were MS standards were
not available, structures were deduced from comparison with
known and theoretical fragments. MS/MS fragments used to
identify 7,14-diHDHA included: 341, 297, 221, 177, 141, and 123.
MS/MS fragments used to identify 7,17-diHDHA included: 341,
297, 261, 243, 199, and 141. MS/MS integrated peak areas were
normalized to a 13-HODE internal standard and fitted to deter-
mine V,,. The catalytic activity relative to protein weight for
h5-LOX was calculated by comparing V,,,, to protein concentration,
which was determined by quantitative Western blotting, described
above. For comparison of biosynthetic flux with h5-LOX, K, values
for each enzyme and substrate were converted to V,,,, at 10 uM
using the Michaelis-Menten equation and then multiplied by the
percentage of total product represented by each reaction product.

Steady state kinetics of h15-LOX-2 with DHA, 7S-HDHA,
and 7S-HpDHA

h15-LOX-2 reactions were performed at room temperature in
alcm’ quartz cuvette containing 2 ml of 25 mM HEPES (pH 7.5)
with substrate (DHA, 7S-HDHA, and 7S-HpDHA). DHA concen-
trations were varied from 0.75 to 50 wM; 7S-HDHA concentra-
tionswere varied from 0.6 to 30 uM; and 7S-HpDHA concentrations
were varied from 0.6 to 25 wM. The concentration of DHA was
determined by measuring the amount of 17S-HpDHA produced
from complete reaction with soybean LOX-1 and confirmed
by measuring turnover with h15-LOX-2. Concentrations of 7S-
HDHA and 7S-HpDHA were determined by measuring absor-
bance at 234 nm. Reactions were initiated by the addition
h15-LOX-2 (~220 nM final concentration) and were monitored
on a Perkin-Elmer Lambda 45 UV /VIS spectrophotometer. Prod-
uct formation was determined by the change in absorbance at 234
nm for 7S-HDHA (&934,, = 25,000 M~ ¢cm™ "), 270 nm for 7S,14S-
diHDHA (8979, = 40,000 M~ ' cm "), and 254 nm for 7S,17S-diH-
DHA (89540m = 21,900 M™" em™") (20, 34, 49, 50). KaleidaGraph
(Synergy) was used to fit initial rates (at less than 20% turnover)
as well as the second order derivatives (k,,/K,;) to the Michaelis-
Menten equation for the calculation of kinetic parameters.

Product analysis of LOX reactions

Reactions were carried out in 2 ml of 25 mM HEPES (pH 7.5)
with stirring at ambient temperature. Reactions with DHA and AA
contained 10 puM substrate and ~200 nM h15-LOX-1 and hl15-
LOX-2 in 2 ml of buffer. Those with h15-LOX-1 and 7S-HDHA,
7S-HpDHA, 14S-HDHA, and 14S-HpDHA contained 20 uM sub-
strate and ~600 nM of enzyme in 4 ml of buffer. Those with h15-
LOX-2 and 7S-HDHA, 7S-HpDHA, 17S-HDHA, and 17S-HDHA
contained 4 ml of buffer, 10 wM of substrate, and ~450 nM of
enzyme. The reaction of h5-LOX with DHA contained 10 wM sub-
strate and ~400 nM ammonium-sulfate-precipitated enzyme and
was analyzed by LC-MS, as described above for h5-LOX kinetics.
Reactions of h15-LOX-1, h15-LOX-2, and h12-LOX were analyzed
by LC-MS as described above, with the exception that the LC gra-
dient was carried out over 25 min using isocratic 40:60 A:B for
0-10 min followed by a gradient from 40:60 A:B to 75:25 A:B from
10 to 25 min. In order to minimize the formation of secondary
products, reactions were quenched at less than 50% turnover.
The presence of tri-HDHA secondary products was assessed by



monitoring at MS/MS filter of 359.4. Any tri-HDHAs observed
were quantitated and included in the area of their respective par-
ent di-HDHA.

Chiral chromatography

7S,14S-diHDHA and 7S,17S-diHDHA were synthesized by h15-
LOX-1 and h15-LOX-2, respectively, and isolated via HPLC as
described above. 7S,14S-diHDHA produced by h5-LOX was syn-
thesized in 15 ml of buffer containing 10 uM 14S-HDHA and ~6
pM of ammonium-sulfate-precipitated h5-LOX. Purified 7S,14S-
diHDHA and 7S,17S-diHDHA were analyzed via LC-MS/MS using
a Chirapak AD-RH 2.1 x 150 mm, 5 pM chiral column coupled to
a Thermo electron LTQ. Mobile phase solvent A consisted of
99.9% water, 0.1% formic acid and solvent B consisted of 99.9%
acetonitrile, 0.1% formic acid. Analysis was carried out over 60
min using isocratic 35:65 A:B for 0—30 min followed by a gradient
from 35:65 A:B to 75:25 A:B from 30 to 60 min. MS/MS condi-
tions were the same as described above. Retention times and frag-
mentations were compared with RvD5, Marl, and 7-epi-Mar
standards purchased from Cayman Chemicals (Ann Arbor, MI).

Oxylipin titration into human platelets

The University of Michigan Institutional Review Board ap-
proved all research involving human volunteers. Washed platelets
were isolated from human whole blood via serial centrifugation
and adjusted to 3.0 x 10° platelets per milliliter in Tyrode’s buffer
(10 mM HEPES, 12 mM NaHCOs;, 127 mM NaCl, 5 mM KCI, 0.5
mM NaH,PO,, 1 mM MgCly, and 5 mM glucose), as previously
published. Platelets (250 wl at 3.0 x 10° platelets per milliliter)
were dispensed into glass cuvettes and incubated with the indi-
cated oxylipin in halflog increments (0-10 wM) for 10 min at
37°C. Oxylipin-treated platelets were stimulated with 0.25 pg/ml
of collagen (Chrono-log) under stirring conditions (1,100 rpm)
at 37°C in a Chrono-log Model 700D lumi-aggregometer, and
platelet aggregation was recorded for 6 min.

In order to determine whether 7S-HDHA was enzymatically
converted to another chemical ex vivo, 1 ml of platelets (1.0 x 10
platelets per milliliter) was incubated with either 10 pM 7S-
HDHA, 10 pM 5(S)-hydroxy-6E,8Z,11Z,14Z-eicosatetraenoic acid
(bS-HETE) (positive control), or vehicle (DMSO) for 10 min at
37°C and then pelleted by centrifugation at 1,000 g for 2 min.
Supernatant was transferred to a fresh tube and snap-frozen. Oxy-
lipins were extracted and analyzed via UPLC-MS/MS, as described
previously (9). The m/z transitions for 7S-HDHA, 7S,14S-diH-
DHA, 7S,17S-diHDHA were m/z 343.5—141, m/z 3569.5—141, and
m/z359.5—199, respectively.

Molecular modeling

A structure of h15-LOX-1 (ALOX15) is not available in the Pro-
tein Data Bank (PDB). Therefore, we constructed a homology
model of h15-LOX-1 from its sequence (UniProt entry P16050)
using the substrate mimetic inhibitor-bound, high-resolution
structure of porcine 12-LOX (PDB entry 3rde). The h15-LOX-1
sequence is 86% identical to the porcine 12-LOX sequence, with
both being considered ALOX15 genes. The homology model was
constructed using Prime software (version 5.4, Schrodinger Inc.).
During the modeling step, we retained the cocrystallized inhibi-
tor, metal ion (Feg+), and a hydroxide ion that coordinated the
metal ion from the homolog structure. The model was subse-
quently energy minimized using the Protein Preparation Wizard
module of Maestro (version 11.8, Schrodinger Inc). During this
step, hydrogen atoms were added to the protein, cocrystallized li-
gand, and the hydroxide ion. Hydrogen atoms of the titratable
residues were adjusted and side chains of Tyr, Thr, Ser, Asn, and
GIn were optimized so that they could make better hydrogen
bonding interactions. The structure was finally minimized such

that the heavy atoms do not move beyond 0.3 A from their starting
positions. Structures of DHA and 7S-HDHA were modeled using
the Edit/Build panel of Maestro and energy minimized using Lig-
Prep software (Schrodinger Suite 2018-4, Schrodinger Inc.). Both
DHA and 7S-HDHA were docked to the h15-LOX-1 model using
the docking software Glide (version 8.1, Schrodinger Inc.) with
the extra-precision docking score. We used the cocrystallized
ligand coordinates to define the binding pocket. During the
ligand-docking step, the protein was initially kept rigid, but despite
extensive ligand conformation sampling, no low-energy docking
pose was identified for the ligands. Therefore, we used InducedFit
docking (Schrodinger Inc.), in which residues in the active site of
the protein and ligand are treated flexibly. Specifically, during
the initial docking step, side chains of Phe352, Ile413, Ile417,
Met418, Cysb59, and Leub88 were deleted to accommodate DHA
and 7S-HDHA, because they appeared to block key portions of
the active site. After generating the initial docking pose, side
chain rotamers of these residues plus Arg402 and GInb595
(which have the potential to form hydrogen bonds with the li-
gand) were optimized. These docking and side chain optimiza-
tion steps were iterated until a converged low energy docking
pose was obtained.

For h15-LOX-2, structure-based docking calculations were per-
formed using the available crystal structure of human ALOX15b
(PDB entry 4nre). From the crystal structure, we retained the pro-
tein, Fe™ ion, cocrystallized inhibitor, polyoxyethylene detergent
(C8E), present in the active site, and a hydroxide ion that coordi-
nates the metal ion; all other atoms were deleted. Prior to dock-
ing, the structure was subjected to the protein-preparation step
using Maestro’s Protein Preparation Wizard (Maestro version
11.8, Schrodinger Inc.). Although the cocrystallized inhibitor
bound in a U-shaped binding mode, it did not have a carboxylate
group, and it had only 21 atoms in the main chain as opposed to
22 atoms present in DHA or 7S-HDHA. Therefore, we performed
flexible-receptor flexible-ligand docking using InducedFit dock-
ing software (Schrodinger Inc.). During InducedFit docking, only
the following active site residues were treated flexibly: Phe365,

Val426, Val427, Arg329, and Asp602.

RESULTS

Biosynthesis of 7S,14S-diHDHA

As discussed in the introduction, there are three pro-
posed routes by which 7S,14S-diHDHA can be synthesized
by LOXs (Scheme 1, pathways 1-3). These three pathways
were therefore investigated in vitro to implicate possible in
vivo biosynthetic routes. It should be emphasized that be-
cause these are di-oxygenation pathways, the di-hydroper-
oxide is formed in each of the pathways; however, the
biologically isolated molecule, 7S,14S-diHDHA, is the
reduced form due to cellular glutathione peroxidases.

Pathway 1: DHA with h12-LOX to 14S-HpDHA, then h5-
LOX to 7S,14S-diHpDHA

The first possible route for biosynthesis of 7S,14S-diH-
DHA involves oxygenation of DHA by h12-LOX to form
14S-HpDHA (Scheme 1, pathway 1). In order to study the
ability of h12-LOX to form 14S-HpDHA, steady state kinet-
ics and product profiles were measured. The £, for h12-
LOX with DHA was measured to be 14 s~ ', while the kea/ Kt
was found to be 13 571}14M71 (Table 1), demonstrating that
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TABLE 1. Steady-state kinetic values of h12-LOX and h15-LOX-1 with DHA, 7S-HDHA, and 7S—HpDHA
Enzyme Substrate Reat (sec™) kea/ Kyt (secfl;LMil) Ky (nM)
h12-LOX AA 9.7+1 5.8+0.4 1.7+ 0.3

DHA 14«1 13+2 1.1+£0.2
7S-HDHA 3.3+0.2 1.8+0.5 1.8+0.5
7S-HpDHA 0.68 £0.1 0.25 + 0.1 2.7+1
h15-LOX-1 AA 10+ 1 2.1+0.3 5.0+0.3
DHA 0.95+0.1 0.68 + 0.2 1.4+0.3
7S-HDHA 3.1+0.1 0.51 +0.09 6.1+0.5
7S-HpDHA 0.57 +0.08 0.080 + 0.02 6.9+0.8

DHA is a comparable substrate to AA for h12-LOX in vitro
(51, 52). The product profile indicates that the majority of
oxylipin is oxygenated at C14 (greater than 80%), with
minor amounts oxygenated at Cl11, as previously reported
(53, b4).

After DHA reacts with h12-LOX to form 14S-HpDHA,
it may subsequently react with hb5-LOX to form
7(S),14(S)-dihydroperoxy-4Z,8E,10Z,12E,16Z,19Z-DHA
(7S,14S-diHpDHA) (Scheme 1, pathway 1), the oxi-
dized form of 7S,14S-diHDHA. In order to study the
ability of h5-LOX to react with 14S-HDHA and 14S-Hp-
DHA, steady-state kinetic values and product profiles
were assessed, but no activity was observed by UV-VIS
spectroscopy (i.e., no change in absorbance at 254, 270,
or 302 nm being detected). Using the more sensitive
LC-MS/MS method, the V,,,, values for 14S-HDHA and
14S-HpDHA were determined to be 0.00038 and 0.0015
(mol/secfl/rnolfl) at 10 uM substrate, respectively
(Table 2). If we compare the V,,, at 10 uM of DHA (vide
supra), the V,,, values of 14S-HDHA and 14S-HpDHA
are 368-fold and 93-fold slower than that of DHA, indi-
cating that 14-oxylipins are poor substrates of h5-LOX.
Comparatively poor reactivity with oxygenated sub-
strates has been demonstrated previously for soybean
15-LOX (55). Even with this lowered kinetic rate, the
major product in both reactions was the 7S,14S-oxy-
lipin, along with trace amounts of 8,14-oxylipin and
tri-oxygenated products. Unfortunately, the low levels
of tri-oxygenated products did not allow for reliable
identification.

Pathway 2: DHA and h5-LOX to 7S-HpDHA, then
h12-LOX to 7S,14S-diHpDHA (oxidized form of
7S,14S-diHDHA)

The second possible route for biosynthesis of 7S,14S-
diHDHA begins with oxygenation of DHA by h5-LOX to
form 7S-HpDHA (Scheme 1, pathways 2 and 3). The ability
of h5-LOX to form products from DHA was assessed
through kinetic measurements and product profiles. The
V,ax for DHA at 10 pM was determined to be 0.14 mol/
secfl/molf1 (Table 2), similar to the reported value of 0.14
mol/sec ' /mol~" for AA [converted from k., and K, at
10 uM AA in (36)]. Interestingly, the reaction of h5-LOX
with DHA was found to produce eight different products,
with 7S-HpDHA being the major product at 52%, and seven
minor products comprising the remaining 48% (Table 3,
supplemental Fig. S1). The 4-product was not observed,
consistent with results obtained from h5-LOX in neutro-
phils (37, 56) and monocytes (57). In macrophages, forma-
tion of 4HDHA has been shown to occur independently of
5-LOX and 5-LOX-activating protein (FLAP) activity (58).
It is important to note that the increased nonspecificity of
h5-LOX with DHA relative to AA is a common observation
for other LOX isozymes as well (see below). This appears
to be a function of the structural difference between DHA
and AA, with the increased length and unsaturation of
DHA leading to a substrate-binding mode that promotes
greater product diversity relative to AA.

The 7S-HpDHA produced by h5-LOX from DHA con-
tains bis-allylic carbons that may react further with h12-
LOX to produce the di-oxygenated oxylipin, 7S,14S-diHDHA

TABLE 2. V,,, values of h5-LOX, h12-LOX, and h15-LOX-1 with DHA, 14S-HDHA, 14S-HpDHA, 7S-HDHA, and 7S-HpDHA

75,14S-diHDHA

Enzyme Substrate V,ux (mol/ sec '/ molfl) Biosynthetic Pathway Flux*
h5-LOX DHA 0.14 £ 0.03 0.073
14S-HDHA 0.00038 + 0.0002 0.00038
14S-HpDHA 0.0015 + 0.0006 0.0015
h12-LOX DHA 12+1 9
7S-HDHA 2.8+0.2 2.3
7S-HpDHA 0.53 £ 0.08 0.44
h15-LOX-1 DHA 0.84 +0.09 0.34
7S-HDHA 1.9+0.1 1.7
7S-HpDHA 0.30 + 0.4 0.19

Values determined at 10 wM substrate concentration. The V,,,, for h5-LOX was approximated by determining
the amount of h5-LOX in the ammonium sulfate pellet by Western analysis relative to a known standard. Reactions

with DHA represent the first step of the two biosynthetic steps, such as h15-LOX-1 V,

x percent 14S-HDHA, while

nax

reactions with oxylipins represent the second step of the two biosynthetic steps, such as h15-LOX-1 V,,,. x percent

7S,14S-HDHA.

“Biosynthetic flux is calculated by multiplying each

v,

by the percentage of total product from that reaction

max

that serves as substrate for the next step toward synthesis of 7S,14S-diHDHA.
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TABLE 3. Distribution of products created by reaction of h5-LOX with DHA (10 uM)

Substrate 7-HpDHA 8-HpDHA 11-HpDHA

13-HpDHA

14HpDHA  16HpDHA  17-HpDHA  20-HpDHA

DHA 52+ 9% 1+1% 4+2%

2+1%

18 +4% 4+ 2% 16 + 6% 3+2%

7S-HpDHA is the major product at 52% of the total, and seven minor products comprise the remaining 48%.

(Scheme 1, pathway 2). To test this possibility, steady-state
kinetic values were determined for the reaction of h12-
LOX with 7S HDHA and 7S-HpDHA. The k,,s for 7S-HDHA
and 7S-HpDHA were found to be 3.3 s ' and 0.68 s,
respectively, and the k,,,/Ks for 7S-HDHA and 7S-HpDHA
were found to be 1.8 s 'pM ' and 0.25 s 'pM ", respec-
tively (Table 1), which are markedly greater than the ki-
netic parameters of h5-LOX with the 14-oxylipins. The
products of h12-LOX reacting with 7S-HDHA were exclu-
sively di-oxygenated oxylipins, with 82% of 7S,14S-diHDHA
and 18% of 7S,17S-diHDHA being generated (Table 4,
supplemental Fig. S2). The production of 7S,17S-diHDHA
is a remarkable result because h12-LOX is known to
produce mostly 14S-HpDHA and only a minor amount of
11S-HpDHA from DHA (Table 4). The formation of
11S-HpDHA from DHA and h12-LOX indicates that DHA
inserts deeper into the cavity for hydrogen atom abstrac-
tion at C9. However, with 7S-HDHA as the substrate, the
minor product is 7S,17S-diHDHA, not 7S,11S-diHDHA,
suggesting that 7SS HDHA does not enter as deeply into the
active site, allowing for abstraction at C15 and the genera-
tion of 75,17S-diHDHA. The reaction of 7S-HpDHA with
h12-LOX produced comparable products as those from 7S-
HDHA, indicating that no dehydration occurred to form
the epoxide or its derivatives (Table 4).

Pathway 3: DHA and h5-LOX to 7S-HpDHA, then
h15-LOX-1 to 7S,14S-diHpDHA (oxidized form of
7S,14S-diHDHA)

The third pathway involves the noncanonical reaction
of h15-LOX-1 with 7S-HpDHA to produce 7S,14S-diHp-
DHA, which is subsequently reduced to 7S,14S-diHDHA
(Scheme 1, pathway 3). h15-LOX-1 was reacted with
DHA, 7S-HDHA, and 7S-HpDHA, demonstrating com-
parable rates between DHA and 7S-HDHA, but a slower
rate for 7S-HPDHA, with k,,/K,;values of 0.68, 0.51, and
0.08 s"'wM ™" for DHA, 7S-HDHA, and 7S-HpDHA, re-
spectively (Table 1). Even more surprising, the k,, value
for 7S-HDHA was over 3-fold greater than that for DHA.
These results indicate that DHA is still the more efficient

TABLE 4. Distribution of products produced by h12-LOX with

substrate at low concentration (i.e., the fastest rate of
substrate capture, k,/K,;) (59), but 7S-HDHA is an alterna-
tive substrate to DHA at high concentration, having the
fastest rate of product release (k) (59).

To determine the oxylipins generated by h15-LOX-1
from 7S-HDHA and 7S-HpDHA, the reaction products
were isolated and analyzed via LC-MS/MS. Surprisingly,
when h15-LOX-1 was reacted with 7S-HDHA, 90% of the
products were 7S,14S-diHpDHA (i.e., the oxidized form of
78,14S-diHDHA), with only 10% of 7(S),17(S)-dihydroper-
oxy-4Z,8E,107,137,15E,19Z-DHA (75,17S-diHpDHA) being
produced (Table 5, supplemental Fig. S3). Along with the
primary di-HDHA products, minor amounts of tri-HDHA
secondary products were produced in the reaction, repre-
senting less than 4% of the total and comprising mainly
7,16,17-triHDHA, indicating that the low ratio of 7S,17S-
diHDHA to 7S,14S-diHDHA was not due to formation of
tri-HDHA products. When 7S-HpDHA was used as the sub-
strate, the products were comparable, with 65% 7S,14S-di-
HpDHA (i.e., the oxidized form of 7S,14S-diHDHA) and
35% 7S,17S-diHpDHA. The specificity of h15-LOX-1 and
7S-HDHA (90% 7,14-oxylipin) is markedly different
than that seen with DHA where only 40% of the 14-oxylipin
is observed. This difference is even more dramatic with AA
as the substrate for h15-LOX-1, where only 10% of the »-9
product, 12-HpETE, is made. To confirm the product
structures, UV-VIS absorbance maxima, C18 reverse-phase
retention times and MS/MS fragmentations were matched
to known patterns for 7S,14S-diHDHA (supplemental Fig.
S3), confirming that h15-LOX-1 has a different positional
specificity in its reaction with 7S-HDHA than it does with
DHA. For comparison, h15-LOX-1 reacts with DHA to gen-
erate 48% of the canonical w-6 product, 17S-HpDHA, with
a variety of minor products [40% 14S-HpDHA and 12%
11S-HpDHA (Table 5)] (18). The presence of 40% 14S-
HpDHA is consistent with oxidation at the w-9 position
(10% 12-HpETE from AA); however, the observation of the
11S-HpDHA minor product is unusual and indicates that the
added length and unsaturation of DHA leads to multiple pro-
ductive catalytic poses of DHA in h15-LOX-1, similar to those

TABLE 5. Distribution of products generated by h15-LOX-1
with DHA, 7S-HDHA, and 7S-HpDHA (10 pM), as determined by

7S-HDHA (10 pM), as determined by LC-MS/MS LC-MS/MS
Substrate 14-Product 17-Product Substrate 11-Product 14-Product 17-Product
7S-HDHA 82+ 6% 18 £+ 4% DHA" 12+1% 40 +5% 48 + 4%
7S-HpDHA 79"+ 4% 18+ 3% 7S-HDHA 0 90 + 6% 10 £ 6%
7S-HpDHA 0 65 + 8% 35+ 8%

The major product of the reaction of h12-LOX with 7S-HDHA is
75,14S-diHpDHA. Note that the abbreviations “14-Product, etc.” in the
column headings are used to simplify the complexity of the table labels.

“A peak of approximately 3% of the total area was observed that
had a parent mass of a di-HDHA; however, its exact nature was
undetermined due to its small area.

Altered positional specificity of h15-LOX-1 with 7-HDHA

h15-LOX-1 shows altered positional specificity when reacting with
7S-HDHA and 7S-HpDHA. Note that the abbreviations “11-Product,
etc.” in the column headings are used to simplify the complexity of the
table labels.

“These data were previously published (18)
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seen with h5-LOX. These rates and product profiles support
both pathways 2 and 3 (Scheme 1) as the most likely in vitro
biosynthetic routes for 7S,14S-diHDHA production.

Reaction of 7S-HDHA and 7S-HpDHA with h15-LOX-2 in
biosynthesis of 7S,17S-diHDHA

As observed above, h15-LOX-1 only produces a small
amount of 7S,17S-diHDHA when reacting with 7SS HDHA.
This result raises the possibility that h15-LOX-2 could be
the primary LOX isozyme responsible for the generation of
78,17S-diHDHA (RvD5). In order to study this reaction fur-
ther, h15-LOX-2 was reacted with DHA, 7S-HDHA, and 7S-
HpDHA, and all three were determined to have comparable
rates (Table 6). The k,,, for DHA was 3.0 s ', the koo fOT
7S-HDHA was 2-fold higher at 5.8 s”!, while the k,, for 7S-
HpDHA was 3.4 s”'. Due to the lower K, for DHA, the %,/
K, for DHA was 2-fold greater than that of 7S-HDHA (%,,,/
Ky = 0.15 s 'puM™ ") and 3-fold greater than 7S-HpDHA
(kou/Kyi = 0.08 s 'uM'). These values indicate that DHA
has the fastest rate of substrate capture at low substrate con-
centrations, k,,/K,;, but 7S-HDHA has the fastest rate of
product release at high substrate concentrations, k., (59).
For comparison, the kinetic parameters for h15-LOX-2 and
AA are 0.96 s for k,, and 0.19 s'pM "' for /Ky, similar
to published values (15, 51), indicating that at low substrate
concentration, 7S-HDHA is a comparable substrate to that
of AA, but DHA is preferred. These data support pathway 5
(Scheme 1) as the most likely in vitro biosynthetic route for
RvD5 production.

To determine the oxylipins produced by h15-LOX-2
from DHA, 7S-HDHA, and 7S-HpDHA, the reaction
products were isolated and analyzed via LC-MS/MS. The
reaction of h15-LOX-2 with DHA produced 95% 17S-
HDHA, 3% 14S-HDHA, and 2% 20-HDHA (supplemen-
tal Fig. S4), similar to its high level of specificity with AA
as the substrate (i.e., greater than 95% 15-HpETE) and
consistent with the literature (36). The reaction of 7S-
HDHA with h15-LOX-2 produced 100% 7S,17S-diHDHA
(supplemental Fig. S5), while reaction with 7S-HpDHA
produced 98% 7S,17S-diHDHA and 2% 7S,20-HDHA
(Table 7). The 7S,17S-diHDHA produced by h15-LOX-2
from 7S-HDHA was compared with standards and found
to have identical UV-VIS maxima, LC-MS/MS retention
time, and fragmentation as 7S,17S-diHDHA (RvD5). It
should be noted that no products were observed from
the reaction of h15-LOX-2 with either 17S-HDHA or 17S-
HpDHA using UV-VIS spectroscopy or LC-MS/MS, indi-
cating that 7S,17S-diHDHA is not biosynthesized through
the reverse orientation of the substrate. In addition, h15-
LOX-2 was not observed to produce the 16,17-epoxide
product from 17S-HpDHA, reinforcing its selective reactivity

TABLE 6. Steady-state kinetic values for h15-LOX-2 with DHA,
7S-HDHA, and 7S-HpDHA

Substrate e (se€”) hea/Koy (sec” ' uM ) Ky (wM)
AA 0.96 + 0.09 0.19 + 0.02 50+0.3
DHA 3.0+0.3 0.27 £ 0.03 11+2
7S-HDHA 5.8+0.4 0.15 + 0.02 40+ 4
7S-HpDHA 34+04 0.08 £ 0.01 41+7
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TABLE 7. Distribution of products made from h15-LOX-2 with
DHA, 7S HDHA, 7S-HpDHA, 17S-HDHA, and 17S-HpDHA (10 pM),
as determined by LC-MS/MS

Substrate 14-Product 17-Product 20-Product
DHA 3+1% 95 + 2% 2+ 1%
7S-HDHA 0% 100+ 1% 0%
7S-HpDHA 0% 98+ 1% 2+1%
17S-HDHA No reaction No reaction No reaction
17S-HpDHA No reaction No reaction No reaction

No reaction was detectable after the incubation of h15-LOX-2
with either 17S-HDHA or 17S-HpDHA. Note that the abbreviations
“lI4-Product, etc.” in the column headings are used to simplify the
complexity of the table labels.

to abstracting only from the w-8 carbon to produce the
-6 oxygenation product.

Formation of 7S,17S-diHDHA by h5-LOX from
17S-HDHA and 17S-HpDHA

17S-HDHA was reacted with h5-LOX to investigate the
rate of 7S,17S-diHDHA synthesis, relative to the produc-
tion of 7S,17S-diHDHA from h15-LOX-2 and 7S-HDHA.
Despite achieving complete turnover of DHA with h5-LOX
in ~1 min, an identical amount of h5-LOX did not pro-
duce an observable reaction with 17S-HDHA or 17S-Hp-
DHA when monitoring at 254 and 270 nm, using UV-VIS
spectroscopy. However, analyzing the reaction at multiple
time points using LC-MS/MS allowed for the estimation of
the V,,,, value. Compared with the reaction of h5-LOX with
AA and DHA, the reaction rates with 17S-HDHA and 17S-
HpDHA were over 100-fold slower (Table 8). The products
of the reaction of h5-LOX with both 17S-HDHA and 17S-
HpDHA were approximately 90% 7S,17S-diHDHA, along
with minor amounts of 16,17-diHDHA and 10,17-diHDHA.
For comparison, similar reactions were performed with
h15-LOX-2 and the 7S-oxylipins, and the V,,, rates were
significantly greater than observed with h5-LOX (Table 8),
indicating that pathway 6 in Scheme 1 is not efficient in
vitro. As with h15-LOX-2, it is possible that 7S,17S-diHDHA
could also be biosynthesized through a reverse binding
orientation to hb5-LOX, however, no reaction was ob-
servable between h5-LOX and 7S-HDHA or 7S-HpDHA,
using UV-VIS spectroscopy. When analyzed by LC-MS/MS,
7S,17S-diHDHA was observed, but the reaction rates of
h5-LOX with 7S-HDHA and 7S-HpDHA were over 1,000-
fold slower than with AA and DHA and were considered
inconsequential (i.e., no reaction).

Chiral chromatography characterization of 7S,14S-
diHDHA and 7S,17S-diHDHA (RvD5)

We predicted that the oxygen on C14 of 7S,14S-diH-
DHA is in the S-configuration because h15-LOX-1 typically
performs stereospecific oxygenation generating the S-con-
figured product when the substrate enters the active site
methyl-end first. To determine the relative stereochemis-
try of the 7S,14S-diHDHA produced by reacting 7S-HDHA
with h15-LOX-1, the products of this reaction were isolated,
reduced, and compared with standards via reverse phase
chiral chromatography. MaR1 and 7-epi-MaR1 standards
(Cayman Chemicals) and the 7S,14S-diHDHA produced by



TABLE 8. 'V, values of reaction steps in the biosynthesis of RvD5 were calculated at 10 WM substrate
concentration for comparison

Enzyme Substrate Vo (mol/sec” ' /mol ') 7S,17S-diHDHA Biosynthetic Pathway Flux*
h5-LOX DHA 0.14 £ 0.03 0.073
17S-HDHA 0.0012 £ 0.0004 0.0012
17S-HpDHA 0.0014 £ 0.0005 0.0014
h12-LOX DHA 12+1 0
7S-HDHA 2.8+0.2 0.5
7S-HpDHA 0.53 £ 0.08 0.1
h15-LOX-2 DHA 1.3+0.1 1.3
7S-HDHA 1.2+0.1 1.2
7S-HpDHA 0.67 +0.08 0.65
h15-LOX-1 DHA 0.84 + 0.09 0.39
7S-HDHA 1.9+0.1 0.19
7S-HpDHA 0.30 £ 0.04 0.11

Reactions with DHA represent the first step of the two biosynthetic steps, such as h15-LOX-1 V,,,, x percent
17S-HDHA, while reactions with oxylipins represent the second step of the two biosynthetic steps, such as h15-LOX-1

Viax X percent 7S,17S-HDHA.

“Biosynthetic flux is calculated by multiplying each V,,,. by the percentage of total product from that reaction
that serves as substrate for the next step in the synthesis of 7S,17S-diHDHA.

h15-LOX-1 from 7S-HDHA eluted at distinct times when
analyzed via chiral HPLC (Fig. 2). 7-epi-MaR1 eluted with
a retention time of 45.5 min, MaR1 with a retention time
of 37.9 min, and the enzymatically-synthesized 7S,14S-diH-
DHA eluted with a retention time of 22.4 min. All three
compounds shared identical fragmentations when analyzed
via LC/MS/MS. As no 7R,14S-EZE-diHDHA or 7S,14S-EZE-
diHDHA standards are commercially available, resolution

reacting h15-LOX-1 with a racemic mixture of 7R/S-HDHA,
resulting in two peaks at 20.8 and 22.4 min with identical
fragmentations and UV-spectra. Because h5-LOX also typi-
cally generates product in the S-configuration from sub-
strates that enter the active site methyl-end first, the reaction
of h5-LOX with 14S-HDHA is predicted to produce 7S,14S-
diHDHA. A comparison of this product with that generated
by h15-LOX-1 from 7S-HDHA revealed a chiral reten-

of these two isomers from one another was confirmed by tion time of 22.4 min, identical to that of the 7,14-diHDHA
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tained a central peak at ~270 nm, surrounded by
shoulders at ~260 and ~280 nm, consistent with the
presence of a conjugated triene. Shoulders of equal
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8 1 pisLoxa + 242 Fig. 2. Chiral chromatograms and UV-maxima of
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E J ucts formed by h15-LOX-1 and h15-LOX-2 from 7S-
= 4 . HDHA and 7R/S-HDHA and by h5-LOX from
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& 3 - - and RvD5 standards. All 7,14-diHDHA isomers con-
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Altered positional specificity of h15-LOX-1 with 7-HDHA
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7R,14S-diHDHA  7(R),14(S)-dihydroxy-4Z 8E,10Z,12E,16Z,19Z-DHA  A,D,F 20.8 min
78,148-diHDHA  7(8),14(S)-dihydroxy-4Z,8E,10Z,12E,16Z,192-DHA  B,E,G 22.4 min
MaR1 7(R),14(S)-dihydroxy-4Z,8E, 10E,12Z,16Z,192DHA O 37.9 min
7R,17S-diHDHA  7(R),17(S)-dihydroxy 4Z,8E,10Z,13Z,15E,19Z-DHA  HK 432 min
7-epi-MaR1 7(8),14(S)-dihydroxy-4Z,8E,10E,12Z,16Z,192-DHA M 45.5 min
7S,17S-diHDHA  7(S),17(S)-dihydroxy 4Z,8E,10Z,13Z,15E,19Z-DHA  C,LJLN 51.0 min
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produced by h15-LOX-1 from 7S-HDHA. This indicates
that both oxylipins are 7S,14S-diHDHA, just produced
through a different order of LOX biosynthetic steps. While
it is conceivable that both h15-LOX-1 and h5-LOX change
their product profile and generate the R-configuration
oxylipin, this is not the case based on the chiral column
results. It should be noted that a small 7R,14S peak is gener-
ated by the reaction of 14S-HDHA with h5-LOX. In addi-
tion, a small 7R,14S-diHDHA peak is generated by the
reaction of 7SS HDHA with h15-LOX-1, indicating that the
7S-HDHA synthesized by h5-LOX from DHA contained a
small contaminate of 7R-HDHA. Together, these two obser-
vations indicate that while the major product of h5-LOX is
the S-configured product, a small amount of the R-product
is also made.

Along with chiral retention times, UV spectra were com-
pared to further differentiate the double bond geometry of
the various products. All 7,14-diHDHA products contained
a central peak at ~270 nm, surrounded by shoulders at
~260 nm and ~280 nm, consistent with the presence of a
conjugated triene. In Marl and 7-epi-MaR1, the shoulders
at 281 and 261 nm were of equal intensity, indicative of a
conjugated triene with EEZ configuration (60-62). In con-
trast, the 7,14-HDHA produced enzymatically showed a
more intense shoulder at 260 nm than at 280 nm, indicat-
ing the EZE configuration (63). It should be noted that we
have attempted to determine the absolute stereochemistry
of 7S,14S-diHpDHA by generating the double Mosher de-
rivative, but unfortunately low yields from enzymatic syn-
thesis and NMR peak overlap prohibits the assignment of
the molecules’ stereochemistry.

To determine the relative stereochemistry of the 7,17-
oxylipin produced by h15-LOX-2 and 7S-HDHA, the
molecule was compared with an RvD5 standard using
reverse-phase chiral HPLC coupled to MS/MS. The chi-
ral HPLC retention time, MS/MS fragmentation, and
UV=spectra of the 7,17-oxylipin produced by h15-LOX-2
from 7S-HDHA matched those of the RvD5 standard
(Cayman Chemicals) (Fig. 2), strongly suggesting its
identity to be 7S,17S-diHDHA (RvD5). 7S,17S-diHDHA
and 7R,17S-diHDHA were resolved under these condi-
tions and demonstrated UV-maxima of 240-245 nm, in-
dicative of two separate conjugated dienes

v,

/S ﬁ-/\L

- o

Molecular modeling of DHA and 7S-HDHA bound to
h15-LOX-1

The shift in product profile seen between h15-LOX-1 re-
acting with DHA and 7S-HDHA suggests that these sub-
strates must bind differently in the active site, and therefore
molecular modeling was employed to assess this possibility.
Extra-precision Glide scores were used to approximate li-
gand binding free energy, with lower negative scores repre-
senting tighter binding (64). Figure 3 shows the InducedFit
docking poses of DHA and 7S-HDHA with h15-LOX-1, with
corresponding extra-precision docking scores for these
poses of —9.5 and —10.8, respectively. In the docking
model, the carboxylate groups of both DHA and 7S-HDHA
form hydrogen bonds with the side chain of Arg402 and
the hydrophobic tails of both substrates are buried deep
in the hydrophobic pocket created by residues Phe352,
Ile417, and Ile592. This aligns with previous structural
work carried out on h15-LOX-1 (65). However, a key differ-
ence is that the C7 hydroxyl group of 7S-HDHA forms a
hydrogen bond with the backbone carbonyl oxygen of
I1e399. This difference in binding between DHA and 7S-
HDHA is manifested in their distances between the iron-
hydroxide oxygen atom and the hydrogen on the reactive
carbons, C12 and C15. The modeling data indicate that
for 7S HDHA, the C12 pro-S hydrogen is markedly closer
(2.6 A) to the iron-hydroxide moiety than C15 hydrogen
(5.9 A) (Table 9). Considering that C12 hydrogen atom
abstraction leads to 7S,14S-diHDHA, while C15 hydrogen
atom abstraction leads to 7S,17S-diHDHA, these docking re-
sults are consistent with the enzymatic results. For DHA, the
distance for the C15 pro-S hydrogen (3.8 A) is slightly shorter
than that of C12 (4.1 A), consistent with the experimental
results, but the distance difference is not as distinct as that for
7S-HDHA, possibly due to the more homogeneous hydro-
phobic nature of DHA compared with 7S-HDHA.

Molecular modeling of DHA and 7S-HDHA bound to
h15-LOX-2

For h15-LOX-2, we used the same InducedFit docking
method with the extra-precision scoring function. The extra-
precision docking score of the low-energy docking pose
of DHA and 7S-HDHA against h15-LOX-2 are —7.09 and
—9.31, respectively, and their docking poses are shown in

Fig. 3. InducedFit docking poses of DHA (A) and
7S-HDHA (B) against the active site of h15-LOXI.
DHA and 7S-HDHA atoms, hydroxide ion, and metal
ion are shown in ball-and-stick representation. Protein
residues are shown in stick representations. Carbon
atoms of DHA, 7S-HDHA, and protein are shown in
pink, cyan, and gray, respectively; nitrogen, oxygen,
and hydrogen atoms are shown respectively in blue,
red, and white. Fe* is shown in orange. Hydroxide
oxygen to C12-hydrogen and Cl15-hydrogen distances
of DHA and 7S-HDHA are also shown. Below each

\i

{ docking structure, a cartoon representation is pre-
sented for positional emphasis.

H15-LOX-1/ DHA H15-LOX-1/ 75-HDHA IMBBQE?% ‘wa;ﬁ*
oy oy,
R @
Argd02 = Metd1s Arga02
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TABLE 9. Distances between the hydroxide ion and oxygen atom
and the pro-S hydrogens of the reactive carbons (C12 and C15) of
DHA and 7S-HDHA against h15-LOX-1

TABLE 10. Distances between the hydroxide ion and oxygen atom
and the pro-S hydrogen of the reactive carbons (C12 and C15) of DHA
and 7S-HDHA with h15-LOX-2

Hydroxide Oxygen to pro-S Hydroxide Oxygen to pro-S

Hydroxide Oxygen to pro-S Hydroxide Oxygen to pro-S

Substrate C12-Hydrogen Distance (A) C15-Hydrogen Distance A) Substrate C12-Hydrogen Distance (A) C15-Hydrogen Distance (A)
DHA 4.1 3.8 DHA 7.2 4.1
7S-HDHA 2.6 5.9 7S-HDHA 4.0 2.7

Fig. 4. Both substrates bind into the active site tail first, uti-
lizing a U-shaped binding mode. The carboxylate groups of
both DHA and 7S-HDHA make a salt-bridge interaction
with the R429 residue on the helix a12. In contrast, h15-
LOX-1 utilizes R402 (helix a11) to hydrogen bond with the
carboxylate group of the substrate, previously reported to
be important for catalysis (65), possibly leading to their dif-
ferent product specificities. The hydrophobic tails of both
substrates are buried deeply in the hydrophobic pocket cre-
ated by residues F365, 1420, 1421, V427, F438, and L607.
The hydroxyl group of 7S-HDHA makes a hydrogen-bond
to the backbone carbonyl oxygen of .419. The distance be-
tween reactive pro-S hydrogen of C15 and the oxygen atom
of the hydroxide ion is 4.1 A and 2.7 A for DHA and 7S
HDHA, respectively (Table 10). These distances are shorter
than the pro-S hydrogen of C12 and the oxygen atom of the
hydroxide ion for DHA and 7S-HDHA (7.2 Aand 4.0 A, re-
spectively) (Table 10). These two binding modes are consis-
tent with the enzymatic reaction involving abstraction of the
pro-S hydrogen from C15 for both DHA and 7S-HDHA, to
produce the 17-product exclusively (Table 10) (66-70) and
not the 14-product from C12 hydrogen abstraction.

Effect of 7S,14S-diHDHA and RvD5 on platelets

Previous studies have shown that DHA and the hl12-
LOX-derived oxylipins of DHA have antiplatelet effects
(71). Therefore, to determine the effect of RvD5, 7S,14S-
diHDHA, and related maresin isomers on platelet activa-
tion, washed platelets were treated with oxylipins in half-log
increments and then stimulated with collagen (0.25 pg/ml)
in an aggregometer. 7S,14S-diHDHA fully inhibited platelet
aggregation at 10 uM, while reducing aggregation by 65%
at 3 uM. (Fig. 5). Platelets treated with 3 and 10 uM of RvD5
had an approximate reduction in aggregation of 65% and

leud19

90%, respectively, while MaR1 and 7-epi-MaR1 were the
least potent, reducing aggregation by approximately 70%
at 10 uM. 12(S)-8Z,10E,14Z-hydroxy-eicosatrienoic acid
(12S-HETYE), a h12-LOX-derived oxylipin of dihomo-
gamma-linoleic acid (DGLA) with known antiplatelet activity
(72-74), displayed slightly greater potency than 7S,14S-
diHDHA and 7S,17S-diHDHA (RvD5), reducing collagen-
mediated platelet aggregation by 68% at 1 uM. Together, this
data demonstrates that 12-HETYE was more potent than both
78,17S-diHDHA (RvD5) and 7S,14S-diHDHA for inhibiting
collagen-induced platelet aggregation; however, at 10 uM,
all three molecules inhibited aggregation completely. It
should be noted that these conditions (0.25 pg/ml collagen
as activator) are more sensitive to inhibition than our previ-
ously published conditions (20 pM PARI-AP as agonist) (73)
and therefore demonstrate a greater effect on aggregation at
lower concentrations of 12S-HETYE.

Platelet lipidomics with 7S-HDHA

The reduction in aggregation seen in platelets incubated
with 7S-HDHA could be caused by either the 7S-HDHA
itself or by a biosynthetic product produced by platelets
during incubation. To investigate the latter possibility, plate-
lets were incubated with 7S-HDHA and analyzed for the
presence of 7S-HDHA metabolites using LC-MS/MS.
Although large amounts of unreacted 7S-HDHA were de-
tectable in the samples, no levels of any di-HDHAs or tri-
HDHASs were detectable. As a control, platelets incubated
with 5S-HETE were also analyzed for the presence of 5S-
HETE metabolites. Although large levels of 12-HETE were
detectable from endogenous AA, no appreciable levels of
5S-HETE/h12-LOX metabolites were detectable down to
2 ng/ml. This is an unexpected result because h12-LOX
is capable of reacting with 7S-HDHA in vitro to produce

Fig. 4. InducedFit docking poses of DHA (A) and
7S-HDHA (B) against the h15-LOX-2 active site. DHA
and 7S-HDHA atoms, hydroxide ion, and metal ion
are shown in ball-and-stick representation and protein
residues are shown in stick representation. Carbon
atoms of DHA and 7S-HDHA are shown in green
color and proteins are shown in gray color; nitrogen,
oxygen, and hydrogen atoms are shown respectively
in blue, red and, white colors. Fe™ ion is shown in
orange. The distance between the reactive pro-S hydro-
gen atom of C15 and the oxygen atom of the hydrox-
ide ion is 4.1 A and 2.7 A for DHA and 7S-HDHA,

HI5-LOX-2/ 7S-HDHA A7 & y
ld-.z? "

respectively (values not shown). Below each dock-
ing structure, a cartoon representation is presented
for positional emphasis.

Altered positional specificity of h15-LOX-1 with 7-HDHA
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Fig. 5. The effect of MaR1, 7-epi-MaR1, 7S,14S-diHDHA, 7S,17S-
diHDHA (RvD5), 7SS HDHA, 12SHETYE, Marl, and 7-epi-Marl on
aggregation of activated platelets. Washed human platelets were
treated with vehicle (DMSO) or MaRl, 7-epi-MaRl1, 7S,14S-diH-
DHA, 7S,17S-diHDHA, 7S-diHDHA, or 12S-HETYE in half-log incre-
ments ranging from 1 to 10 wM for 10 min and then stimulated with
collagen (0.25 pg/ml) in an aggregometer. Note that the data for
7S,14S-diHDHA and 78,17S-diHDHA are nearly identical and thus
overlap significantly. Data represent the mean = SEM of five inde-
pendent experiments. Statistical analysis was performed using the
one-way ANOVA test comparing the aggregation of platelets treated
with each concentration of oxylipin to the aggregation of vehicle-
treated platelets. ¥*¥P< 0.01, *#*P < 0.001, ****P < 0.0001.

78,14S-diHDHA. The fact that no 7S,14S-diHDHA is pro-
duced suggests that 7S-HDHA is most likely the bioactive
species; however, we cannot discount the possibility that a
trace product that has significantly higher biological activ-
ity is the active species. In addition, it is surprising that
7S-HDHA does not react appreciably with h12-LOX in the
cellular milieu of the platelet, considering the ability of
h12-LOX to react with 7S-HDHA in vitro. We are currently
investigating this result in more detail with the hypothesis
that a component of the cellular milieu, such as a protein,
or small molecule affects h12-LOX reactivity.

DISCUSSION

Biosynthesis of 7S,14S-diHDHA

75,14S-diHDHA is an analog of MaR1 (17) and is pro-
posed to have a distinct biosynthetic pathway from MaR1.
Its structure suggests three possible routes for its biosynthe-
sis. Pathway 1 involves the oxidation of DHA at C14 by h12-
LOX, followed by oxidation at C7 by h5-LOX; however, the
in vitro data of this work suggests this is a very unfavorable
biosynthetic route. Although DHA is a good substrate for
h12-LOX, forming 14S-HpDHA at a rate similar to 125
HpETE formation from AA (52), the second step in this
pathway is kinetically unfavorable (Table 2).

For pathway 2 in Scheme 1, DHA is oxidized at C7 by
h5-LOX followed by oxidation at Cl4 by h12-LOX. In
comparison to pathway 1, pathway 2 is a kinetically favor-
able in vitro biosynthetic route. The first step, formation
of 7S-HpDHA from DHA by h5-LOX, occurs rapidly with a
Vuax comparable to that of AA kinetics. The second step is
also favorable, as the reaction of h12-LOX with 7S-HDHA
has k., and &,/ K,;values that are within 10-fold the rate
of DHA. The slowest step in this pathway (i.e., the rate-
determining step) is over 350 times faster than the reaction
of h5-LOX with 14S-HDHA.
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Interestingly, pathway 2 also presents a possible novel
pathway to biosynthesizing 7S,17S-diHDHA (RvD5) with
h12-LOX. The production of 7S,17S-diHpDHA is 18% of
that of 7S,14S-diHpDHA, which is a significant percentage
given the potency of RvD5 (25). The result also indicates a
product promiscuity rarely seen for h12-LOX. h12-LOX
produces over 95% 12S-HpETE from AA, so to produce
18% 7S,17S-diHpDHA is noteworthy. Another interesting
aspect of this result is the mechanism of 7S,17S-diHpDHA
formation. For 75,17S-diHpDHA to form, h12-LOX must
abstract from C15 of 7S-HpDHA, which indicates that the
methyl tail of 7S-HpDHA is not positioned as deep in the
active site pocket as that for 7S,14S-diHpDHA formation.
These data suggest that the alcohol on C7 of 7S-HpDHA
could interact with the active site and prevent the full pen-
etration of the methyl tail into the bottom of the active site
pocket.

The final biosynthetic route examined, pathway 3, is the
oxidation of DHA at C7 by h5-LOX followed by oxidation
at C14 by h15-LOX-1 and is 2 noncanonical pathway. h15-
LOX-1 reacts with DHA and produces a majority of 17S-
HpDHA (48%), with a smaller amount of 14S-HpDHA
(40%). As shown with AA (65), product specificity is dic-
tated by the methyl end of the fatty acid, with the majority
of oxygenation occurring on the w-6 carbon (C15 for AA
and C17 for DHA), with a minority occurring on the -9
carbon (C12 for AA and C14 for DHA). Therefore, it is
reasonable to expect a similar distribution of products with
7S-HDHA as the substrate; however, this is not the case.
Pathway 3 produces over 9-fold more of 7S,14S-diHDHA
than 7S,17S-diHDHA. In addition, this unusual product
pathway is kinetically favorable in vitro. Both the first step,
formation of 7S-HpDHA from DHA by h5-LOX, and the
second, reaction of 7S-HDHA with h15-LOX-1, occur rela-
tively rapidly. These results indicate that, although the hy-
droxyl group on C7 has a large effect on the positional
specificity of the enzyme, it has little effect on catalysis,
leading to a favorable overall kinetic condition. In sum-
mary, if we consider the product of both the rate and the
percent product formation (i.e., the biosynthetic flux,
Scheme 2), the data indicate that the most efficient path-
way for making 7S,14S-diHDHA is thru h5-LOX and then
h12-LOX or h15-LOX-1 and not vice versa because the re-
action of h5-LOX with 14-HpDHA is markedly slower and
hence rate-limiting.

Although changes in the positional specificity of LOXs
have been demonstrated before (20), the finding that h15-
LOX-1 primarily oxygenates C17 on DHA, but C14 on 7S
HDHA, issurprising. In order to obtain abetterunderstanding
of this binding event, DHA and 7S-HDHA were docked to a
model of h15-LOX-1. In the case of DHA, both C12 and C15
are at a reasonable distance for hydrogen abstraction (75),
whereas in case of 7SS HDHA, C12 is closer to the metal ion
than C15, supporting the experimental results (Table 9).
The model explains this result by having the hydroxyl group
at C7 in 7SHDHA forming a hydrogen bond with the back-
bone carbonyl of 1399, which subsequently positions C12
closer to the metal ion. Without a similar restraint, the flexi-
bility of DHA positions both C12 and C15 close to the metal
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ion, helping to explain the greater number of products made
by h15-LOX-1 from DHA compared with AA. This model
suggests that 7S-HDHA is positioned further inside the active
site than DHA, overcoming steric interactions to position
C12 for hydrogen atom abstraction (Fig. 3). We are currently
investigating the active site of h15-LOX-1 with mutagenesis to
better understand the binding requirements of h15-LOX-1
in more detail.

Biosynthesis of 7S,17S-diHDHA (RvD5)

The discovery of pathway 3 as a relevant route to the bio-
synthesis of 7S,14S-diHDHA raises questions with respect
to the biosynthetic route to making 7S,17S-diDHA (RvD35).
Previously, 7S,17S-diDHA (RvD5) was proposed to be bio-
synthesized from DHA in two steps: initial oxygenation
of C7 by h5-LOX followed by oxygenation of C17 by
h15-LOX-1 (27, 28). This hypothesis was based on the
prevalence of h15-LOX-1 in the inflammasome and the
preference of h15-LOX-1 to oxygenate DHA at C17. How-
ever, our work shows that h15-LOX-1 shifts its positional
specificity when reacting with 7S-HDHA in vitro, mainly
creating 7S,14S-diHDHA and very litde 7S,17S-diHDHA.
This marked change in substrate specificity indicates that
another LOX, such as h15-LOX-2, could be responsible for
the biosynthesis of RvDb5.

h15-LOX-2 reacts favorably with DHA, compared with
AA, EPA, DGLA, and GLA (76), indicating that h15-LOX-2
maintains similar rates of product release (k) across a
wide range of fatty acid substrates (59). Because the reac-
tion of h15-LOX-2 with DHA produces 95% 17S-HDHA,
and the fact that h15-LOX-1-specific inhibitors do not
block production of 17S-HDHA in neutrophils and eosino-
phils (44), it is possible that h15-LOX-2 is the source of
78,17S-diHDHA because 7S-HDHA and 7S-HpDHA are vi-
able substrates of h15-LOX-2, with greater k,, values than
DHA.

With respect to the biosynthetic pathway of RvD5, the
fact that RvD5 contains two hydroxyls on C7 and C17 sug-
gests three likely routes for the biosynthesis of RvD5 from
DHA (pathways 4, 5, and 6, Scheme 1). The first route
could be the oxygenation at C7 by h5-LOX followed by
oxygenation of C17 by a 15-LOX isozyme (Pathway 4 or 5),

Altered positional specificity of h15-LOX-1 with 7-HDHA

h15-LOX-2

=\/
17S-HDHA

h15-LOX-2 lﬁ-LOX
(1.2)

Scheme 2. Comparison of pathways for the biosyn-
OH thesis of RvD5 and 78,14S-diHDHA. The total biosyn-
== thetic flux for the reactions of h5-LOX, h12-LOX, and
h15-LOX-1 with DHA, 14S-HpDHA, and 7SHpDHA
are compared by multiplying V;., values (mol/sec 'y
mol ') at 10 wM substrate by the percent product for
each reaction. In all pathways, turnover by h5-LOX is
the rate-limiting step, and we have assumed that the
hydroperoxides are reduced to the alcohols.

75,178-diHDHA

either h15L.LOX-1 or h15-LOX-2. The second route is the
reverse, with oxygenation of C17 by a 15-LOX isozyme, fol-
lowed by oxygenation of C7 by h5-LOX (pathway 6). In the
current study, we find that h5-LOX reacts well with DHA;
however, it reacts significantly more slowly with 7S-HDHA
and 17S-HDHA. For a direct comparison, the V, ,,mx at 10 pM
substrate was determined to be 0.14 mol/sec / mol ! for
hb5-LOX with DHA (Table 8), which is over 100 times
greater than the rate observed with 17S-HDHA (V,,,, =
0.0012 mol/sec /mol Lat 10 pM). This is consistent with
the low reactivity of h5-LOX and 14S-HDHA, indicating
that h5-LOX does not react well with oxygenated deriva-
tives of DHA and brings into question pathway 6 as a viable
in vivo biosynthetic route. Pathway 4 also appears unfavor-
able because the current work indicates that h15-LOX-1
reacts with 7SHDHA to produce 90% 7S,14S-diHDHA
(see above). It therefore appears that h15-LOX-1 may
not contribute significantly to the in vitro biosynthesis of
RvD5. h15-LOX-2, however reacts well with 7SSHDHA
(Vypar = 1.2 mol/sec '/mol " at 10 M) (Table 8), indicat-
ing that the rate of oxygenation at C7 by h5-LOX followed
by oxygenation of C17 by h15-LOX-2 is a markedly faster
pathway than the rate of oxygenation of C17 by h15-LOX-2
followed by oxygenation of C7 by h5-LOX. Therefore, if we
calculate the biosynthetic flux [i.e., the rates multiplied by
the percent product formation (Scheme 2)], it is apparent
that the preferred pathway of RvDb production in vitro is
thru h5-LOX and then h15-LOX-2.

The h15-LOX-2 active site tolerates substrates which are
oxygenated close to the carboxylate end (15), which is con-
sistent with the methyl-end of the substrate binding at the
bottom of the active site (65, 77, 78), allowing for the ab-
straction of a hydrogen atom from C15 and the subsequent
oxidation at C17. In order to understand this binding event
in more detail, DHA and 7S-HDHA were modeled into the
active site of h15-LOX-2. Both substrates bind in a tail first
U-shaped binding mode with their carboxylate groups
forming a salt-bridge with R429 on the helix al2. Their
hydrophobic tails are buried deep in a hydrophobic pocket
created by residues F365, 1.420, 1421, V427, F438, and 1607
(Fig. 4), and the reactive pro-S hydrogen of C15 of 7S-
HDHA is 2.7 A from the active site hydroxide-ferric moiety.
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This binding mode is consistent with the abstraction of the
pro-S hydrogen atom from C15 to produce 7S,17S-diHp-
DHA. Parenthetically, the pro-S hydrogen is also abstracted
in the formation of 12-HETE, 5-HETE, and 15-HETE by
h12-LOX, h5-LOX, and h15-LOX-1, respectively (66-70).

Biological consequences

The above experimental results were performed under
conditions different from the cellular milieu; however, if
we consider that the in vitro biosynthetic pathways outlined
above for 7S,14S-diHDHA and 7S,17S-diHDHA could be
viable in in vivo systems and that both molecules are bio-
logically active, then this data opens up the possibility for
involvement of new cells types not previously considered in
SPM formation. For example, cellular interactions within
blood clots are proposed to lead to the synthesis of SPM
through the process of transcellular biosynthesis (29, 30);
therefore, cell types that contain h5-LOX and h15-LOX-1
may participate in the transcellular biosynthesis of 7S,14S-
diHDHA. Also, h15-LOX-1 is expressed at high levels in
macrophages (79-81), while h5-LOX is expressed at high
levels in neutrophils (82-84), and becaise they are often
colocalized at sites of inflammation and thrombosis, these
two cell types may be involved in the transcellular biosynthe-
sis of 7S,14S-diHDHA. In addition, macrophages can express
both h5-LOX and h15-LOX-1, so in the simplest terms, mac-
rophages may be able to synthesize 7S,14S-diHDHA without
participation of other cell types for transcellular biosynthesis.
This is especially relevant because we did not observe plate-
lets producing 7S,14S-diHDHA when given 7S-HDHA; there-
fore, the cellular milieu may affect h12-LLOX activity because
we observe 7S,14S-diHDHA in vitro. We are currently investi-
gating these biosynthetic pathways in platelets and macro-
phages in more detail to identify both the pathway and the
cell type that make these oxylipins.

Second, if h15-LOX-2 is the primary enzyme involved in
the in vivo RvDb biosynthesis, then the role of h15-LOX-2
in human disease could be larger than expected. It is
known that h15-LOX-2 converts the h5-LOX-derived pro-
inflammatory oxylipins, 5S-HETE and 5,6-diHETE, into
pro-resolving molecules, such as lipoxins, in vitro (85).
With the knowledge that h15-LOX-2 also efficiently pro-
duces RvD5 from 7S-HDHA, it could be that h15-LOX-2 is
important in mediating the switch between inflammation
and resolution. For example, neutrophils express both hb-
LOX and h15-LOX-2, so it is conceivable that neutrophils
produce RvD5 independently, without the need for a tran-
scellular synthesis mechanism. However, it should be noted
that RvD5 production has been observed by exposing iso-
lated neutrophils to 17S-HpDHA (44), suggesting that h5-
LOX can produce RvD5 in neutrophils. This result is in
contrast to our in vitro results and suggests that there may
be a factor in the neutrophils, similar to the role of FLAP,
which could increase the h5-LOX activity with 17SSHDHA
(86). In macrophages, DHA-derived SPM production is af-
fected by subcellular localization of h5-LOX and its interac-
tion with FLAP (58). Nuclear localization of h5-LLOX can
be altered by signaling of resolvin D1 (7S,8R,17S-triHDHA)
through a calcium-mediated kinase pathway (87), suggesting
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that other DHA-derived SPMs, such as 17S-HDHA, may
have similar effects. We are currently investigating this dis-
crepancy further by investigating neutrophils with our se-
lective LOX inhibitors.

With respect to blood coagulation, this work shows that
RvD5 has micromolar potency in inhibiting platelet activa-
tion, indicating that h15-LOX-2 may also play a role in he-
mostasis. RvDb levels are reduced in blood treated with
anticoagulants in vitro (88) and RvD5 formation does not
occur during initial platelet activation; however, it is pro-
duced in later stages of clot progression (88). Given our
result that RvD5 reduces platelet activation, the production
of RvD5 could be a signal to diminish the clot size. Given
that platelets do not produce h15-LOX-2 and thus cannot
make RvDb5, these results suggest that RvD5 is formed by
h15-LOX-2 in macrophages and/or neutrophils, which mi-
grate into the area of late-stage clots and increase their
RvD5 production by increasing the h15-LOX-2 expres-
sion but not that of h15-LOX-1 (4). We are currently
investigating the role of h15-LOX-2 in more detail with
our specific/potent h15-LOX-2 inhibitors (48) with the
hope of understanding the correct biosynthesis pathway
of RvDb5 and hence its role in coagulation and athero-
sclerotic disorders.

CONCLUSIONS

75,14S-diHDHA is synthesized in vitro by the sequential
reactions of h5-LOX and h12-LOX with DHA. However, we
have also discovered an alternative biosynthetic pathway for
the production of 7S,14S-diHDHA, which involves h15-
LOX-1. The alcohol on 7S-HDHA changes the binding po-
sition of the oxylipin in the active site, thus altering the
product specificity and possibly affecting our understand-
ing of in vivo biosynthetic pathways. It first indicates a pos-
sible alternative biosynthetic pathway for 7S,14S-diHDHA
in vivo; but more importantly, the result indicates that our
knowledge of LOX reactivities with fatty acids may not ex-
tend to oxylipins, and therefore further study is needed to
determine the exact biosynthetic pathways for each oxy-
lipin, such as lipoxins, protectins, and maresins. Impor-
tantly, these results suggest that LOX-products observed
during in vivo studies may originate from noncanonical bio-
synthetic routes involving previously overlooked cell types.

In addition, this result suggests that the biosynthesis of
7S,17S-diHDHA (RvD5) is achieved with h15-LOX-2, and
thus its role in human disease may be more important than
previously suspected. These results are especially relevant
because we have discovered that both 7S,14S-diHDHA and
7S,17S-diHDHA (RvD5) are micromolar anti-aggregation
effector molecules that could possibly be synthesized di-
rectly from macrophages or neutrophils, respectively, with-
out the need for a transcellular mechanism of biosynthesis,
suggesting that both 78,14S-diHDHA and 7S,17S-diHDHA
(RvD5) may be more intimately involved in stopping the
aggregation process in clot resolution than previously sus-
pected. Thus, targeting the kinetics of platelet aggregation
or clot resolution at sites of inflammation by inhibiting the



biosynthesis of either 7S,14S-diHDHA and 7S,17S-diHDHA
(RvD5) may represent a new therapeutic target for future
development.

Data availability

All data are contained in the article or the supplemental
material. Accession IDs: P18054, h12-LOX; 015296, h15-
LOX-2; P09917, h5-LOX; P16050, h15-LOX-1.58
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