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ARTICLE I I 

Linoleic Acid Metabolism in the Red Alga Lithothamnion corallioides: 
Biosynthesis of 11(R)-Hydroxy-9(Z),12(Z)-octadecadienoic Acid 
Mats Hamberga, *, Wi l l iam H. Gerwick b and Per Arvid ~sen c 
aDepartment of Physiological Chemistry, Karolinska Institutet, S-104 01 Stockholm, Sweden, bCollege of Pharmacy, Oregon State 
University, Corvallis, Oregon 97331 and CDepartment of Botany, Kristiansand Museum, N-4602 Kristiansand, Norway 

Incubat ion of [1-14C]linolcic acid with an enzyme prep- 
aration obtained from the red alga Lithothamnion cor- 
allioides CROUAN resul ted in the  format ion  of 11- 
hydroxy-9(Z),12(Z)-octadecadienoic acid as well as smaller 
amounts  of 9-hydroxy-10(E),12(Z)-octadecadienoic acid, 
13-hydroxy-9(Z),11(E)-octadecadienoic acid and 11-ketw 
9(Z),12(Z)~ctadecadienoic acid. Steric analysis showed 
tha t  the 11-hydroxyoctadecadienoic acid had the (R) con- 
figuration. The 9- and l~hydroxyoctadecadienoic  acids 
were not optically pure, but  were due to  mixtures of 75% 
(R) and 25% (S) enantiomers (9-hydroxyoctadecadienoate), 
and 24% (It) and 76% (S) enantiomers {13-hydroxy- 
octadecadienoate). U-Hydroxyoctadecadienoic acid was 
unstable at  acidic pH. In acidified water, equal par ts  
of 9(R,S)-hydroxy-lO(E),12(Z)-octadeeadienoate and 
13(R,S)-hydroxy-9(Z),ll(E)q)ctadecadienoate, plus smaller 
amounts  of the corresponding (E),(E) isomers were pro- 
duced. In aprotic solvents, acid t rea tment  resulted in 
dehydrat ion and in the formation of equal amounts  of 
8,10,12- and 9,11,1&octadecatrienoates. The enzymatic  
conversion of linoleic acid into the hydroxyoctadeca- 
dienoic acids and the ketooctadecadienoic acid was 
oxygen-dependent; however, inhibitor experiments indi- 
cated tha t  neither l ipoxygenase nor cytochrome P-450 
were involved in the conversion. This conclusion was sup- 
por ted  by experiments  with lsO 2 and HzlsO, which 
demonstra ted tha t  the hydroxyl  oxygen of the hydroxy- 
octadecadienoic acids and the keto oxygen of the 11- 
ketooctadeeadienoic acid were derived from water and not  
from molecular oxygen. 
Lipids 27, 487-493 (1992). 

Studies carried out during the last years have documented 
the importance of lipoxygenases in the metabolism of 
polyunsaturated fa t ty  acids in marine algae (for a review, 
see ref. 2). The majori ty  of oxylipins thus  produced are 
formed by sequences tha t  involve arachidonic acid 12- 
lipoxygenase in the initial step. An example of this is the 

*To whom correspondence should be addressed at the Department 
of Physiological Chemistry, Karolinska Institutet, Box 60400, S-104 
01 Stockholm, Sweden. 

Abbreviations: ETYA, 5,8,11,14-eicosatetraynoic acid; GC/MS, 
gas chromatography/mass spectrometry; GLC, gas-liquid chro- 
matography; 12(R),13(SFcfiHETE, 12(R],13(SFdihydroxy-5(Z),8(Z], 
10(E),14(Z~eicosatetrasnoic acid; 5-HETE, 5-hydroxy~o(E),8(Z),l l(Z), 
14(Z)-eicosatetraenoic acid; ll-HETE, ll-hydroxy-5(Z),8(Z),12(E), 
14{Z)-eicosatetrasnoic acid; 12-HETE, 12-hydroxy-5(Z),8(Z),10{E), 
14(Z)-eicosatetraenoic acid; 15-HETE, 15-hydroxy-5(Z),8(Z),ll(Z), 
13(E)-eicosatetraenoic acid; 9-HOD, 9-hydroxy-lO(E),12(Z)- 
octadecadienoic acid; 13-HOD, 13-hydroxy-9(Z], 1 l(E)-octadecadienoic 
acid; 12(S)-HPETE, 12(SFhydroperoxy-5(Z),8(Z),lO(E),14(ZFeicosa- 
tetraenoic acid; MC, (-)-menthoxycarbonyl; Me3Si, trimethylsilyl; 
NDGA, nordihydroguaiaretic acid; TLC, thin-layer chromatography. 
The term "oxylipin" was introduced recently (tel 1) as an encom- 
passing term for oxygenated compounds which are formed from fatty 
acids by reaction(s) involving at least one step of mono- or di- 
oxygenase-catalyzed oxygenation. 

conversion of arachidonic acid into 12(R),13(S~dihydroxy- 
5(Z),8(Z),10(E),14(Z~eicosatetraenoic acid (12(R),13(S~ 
diHETE) (3), a transformation that occurs by initial lipoxy- 
genasecatalyzed oxygenation of arachidonic acid into 12(S~ 
hydroperoxy-5(Z),8(Z),10(E),14(Z~eicosatetraenoic acid (12(S~ 
HPETE), followed by hydroperoxide isomerasecatalyzed 
conversion of the hydroperoxide into the diol fatty acid (1). 

Guerriero et aL (4) recently isolated the ethyl esters of 
an array of oxylipins from the calcareous red algae Litho- 
thamnion corallioides and Lithothamnion calcareum. 
Apart from the previously known esters of 5-, 11-, 12- and 
15-hydroxyeicosatetraenoic acids (5-, 11-, 12- and 15- 
HETE), three new esters oxygenated at C-13 were ob- 
tained, i.a, ethyl 13-hydroxy.5(Z),8(Z),l l(Z),14(Z~eicosa- 
tetraenoat~ ethyl 13-hydroxy-5(Z],8(Z),11(Z),14(Z),17(ZF 
eicosapentaenoate and ethyl 8-hydroxy-13-keto-5(Z),9(E), 
11(E],14(E~eicosatetraenoate~ The unusual structures of 
the three latter compounds prompted an investigation of 
the metabolism of 14C-labeled polyunsaturated fatty 
acids in Lithothamnior~ The present work is concerned 
with transformations of [14C]linoleic acid in the presence 
of an enzyme preparation of Lithothamnion coraUioides 
and with the reaction mechanisn~ 

EXPERIMENTAL PROCEDURES 

I.inoleic acid was purchased from NuChek Prep, Inc. (Ely- 
sian, MN). [1-z4C]Linoleic acid was obtained from Amer ~ 
sham Laboratories (Amershan~ U.K.) and added to the 
unlabeled acid to provide a specimen having a specific 
radioactivity of 5.3kBq/ttmol. 9(R,S)-HOD, 9(R, SF 
hydroxy-10(E),12(EFoctadecadienoic acid, 13(/~S)-HOD 
and 13(R,S~hydroxy-9(E),1 l(E)~ctadecadienoic acid were 
prepared by treatment of the corresponding hydroperox- 
ides (5) with sodium borohydrid~ Methyl 11-hydroxy-12- 
octadecenoate was obtained by deoxygenation of methyl 
11-hydrtmT-12,1~~oate (Hamberg, IVL, unpul~ 
fished data). [9,10,12,13-2H4]Linoleic acid was prepared by 
partial deuteriation of 9,1~ecadiynoic acid as described 
previously {6). The isotopic composition of the sample was 
93% tetradeuteriated and 7% trideuteriated molectfle~ IsO 2 
(97-98%) was obtained from Cambridge Isotope Labora- 
tories (Woburn, MA) and H21so {98.7 atom%) was pur- 
chased from Isotec, Inc. (MiAmi.qburg, OH). 
Enzyme preparatiorL The red alga Lithothamnion cor- 

allioides CROUAN was collected at 10-15 m depth in a 
semi-exposed sound on the Southern coast of Norway in 
June, 1991, and kept at -77~ Batches of about 90 g of 
frozen algae were crushed and ground in a mortar with 
liquid nitrogen. The coarse powder (85 g) was added to 
0.09 M potassium phosphate buffer, pH 7.4 {85 mL), and 
homogenized at 0~ with an Ultra-Turrax {JAnke and 
Kunkel, Staufen, Germany). The homogenate was cen- 
trifuged at 9,300 • g for 15 rain and the resulting super~ 
natant was further centrifuged at 105,000 • g for 60 vain. 
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Ammonium sulfate fractionation carried out with the high 
speed supernatant provided precipitates obtained at 
0-30%, 30-55% and 55-80% saturation. The 30-55% 
precipitate, which contained more than 90% of the linoleic 
acid oxidizing activity, was dissolved in potassium 
phosphate buffer and used as the enzyme soum~ The pr~ 
tein concentration (7) was 2 mg/mL. If desired, the 30-55% 
ammonium sulfate precipitate could be stored at -30~ 
for several weeks without loss of activity. 
Incubations and treatments. [1-14C]Linoleic acid (300 

/~M) was stirred with enzyme preparation at 22~ for the 
times indicatecL Five volumes of methanol were added and 
the mixture diluted with water, acidified to pH 4, and 
rapidly extracted with two portions of diethyl ether. The 
combined ether phases were w~shed until neutral reaction 
and dried over magnesium sulfate. The product obtained 
after evaporation of the ether was esterified by treatment 
with diazomethane and subjected to thin-layer radiochrc~ 
matography. Recovery of radioactivity from added labeled 
substrate was 90-95%. 
Chemical methods. Hydrogenation was carried out with 

palladium on calcium carbonate as the catalyst (8). Prep- 
aration of (-)-menthoxycarbonyl {MC) derivatives and prc~ 
cedures for oxidative ozonolysis and steric analysis of MC 
derivatives by gas-liquid chromatography (GLC) were per~ 
formed as described (9,10). 

Chromatographic and instrumental methods. Thin-layer 
chromatography (TLC) was carried out with precoated 
plates (Kieselge160, 0.25 ram) from E. Merck {Darmstadt, 
Germany). The solvent systems consisted of mixtures of 
ethyl acetate/hexane in the proportions indicated. Thin- 
layer argentation chromatography was performed with 
plates coated with Silica gel G/AgNO8 (9:1, w/w) and a 
solvent system consisting of ethyl acetate/hexane (25:75, 
vol/vol). Radioactivity on TLC plates was determined with 
a Berthold Dfinnschichtscanner II (Wildbad, German-T) 
interfaced with a Macintosh SE/30 PC. GLC was carried 
out with a Hewlett-Packard {Avondal~ PA) model 5890 
gas chromatograph equipped with a methyl silicone capil- 
lary column {length, 25 m; film thickness, 0.33 fern). Gas 
chromatography/mass spectrometry (GC/MS) was per- 
formed with a Hewlett-Packard Model 5970B mass selec- 
tive detector connected to a Hewlett~Packard Model 5890 
gas chromatograph. Ultraviolet spectroscopy was carried 
out with a Hewlett-Packard Model 8450A diode array 
spectrophotometer, and infrared spectra were obtained 
with a Perkin-Elmer (Uberlingem Germany) model 257 in- 
frared spectrrophotometer. Radioactivity was measured 
with a Packard (Downers Grove IL) Tri-Carb Model 4450 
liquid scintillation counter. 

RESULTS 

Isolation of products formed from linoleic acid. Figure 1A 
shows a thin-layer radiochromatogram of the esterified 
product obtained following incubation of 300 gM [1-14C]- 
linoleic acid with the enzyme preparation at 22~ for 20 
min. The reaction product consisted of three compounds 
(Compounds A1, A2 and A3) having a polarity typical for 
hydroxyoctadecadienoates, as well as a fourth compound 
(Compound B; Rf - 0.52), which migrated like a ketooc- 
tadecadienoate. Compound B was directly obtained in a 
purity which was satisfactory for structural analysis. In 
order to obtain Compounds A1-A 3 in pure form, a broad 
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FIG. 1. A: Thin-layer radiochromatogram of esterified product ob- 
tained following incubation of [1-14C]linoleie acid (300 FM) with en- 
zyme preparation (2 mL} at 22~ for 20 min. Solvent system, ethyl  
aeetate/heYane (1:9, vol/vol). B: Thin-layer argentation radiochroma- 
togram of material present in zone of compounds A 1 -I- A 2 -I- A 3 in 
A. Solvent system, ethyl acetate/hexane (25:75, vol/vol). 

zone of silica gel containing these compounds was scraped 
off and the material subjected to thin-layer argentation 
chromatography. As seen in Figure 1B, this resulted in 
separation of a major hydroxyoctadecadienoate (Com- 
pound AI; Rf -- 0.37) from two minor hydroxyoctadeca- 
dienoates (Compounds A2 and A3). The two latter com- 
pounds were separated on plain silica gel using a solvent 
system of ethyl acetate/hexane {2:8, vol/vol; Compound 
A 2, Rf -- 0.39; Compound A 8, R~ = 0.44). 
Structure of Compound At. Compound A I accounted 

for 71% of the reaction product formed from linoleic acid. 
The UV spectrum of Compound A~ did not show any 
specific absorption band in the region 200-320 nm, 
demonstrating the absence of a conjugated diene struc- 
tur~ Infrared spectroscopy showed absorption bands at 
interalia 3350-3620cm -I {hydroxyl) and 1735cm -I 
(ester carbonyl). No band was observed in the region 
950-1000 cm -I, thus excluding the presence of (E) dou- 
ble bond(s). Analysis of the Me3Si derivative of Com- 
pound A~ by GC/MS showed a single peak having a C- 
value of 19.41. The mass spectrum (Fig. 2) showed promi- 
nent ions at interalia m/e 382 (M, 38%), 311 [M - 71; loss 
of "{CH2)4-CH3, 32], and 225 {[CH=CH-CH(OSiMe3)- 
CH--CH-(CH2)4-CH3] +, 44). The spectrum was similar 
to those of the MesSi derivatives of the methyl esters of 
9- and 13-hydroxyoctadecadienoic acids (9- and 13-HOD). 
Catalytic hydrogenation performed on Compound AI 
provided methyl 11-hydroxy-stearate as judged by GC/MS 
analysis of the Me3Si derivative Prominent ions ap- 
peared at m/e 371 (M - 15; loss of "CH 3, 4%), 339 [M -- 
(15+32), 19], 287 [Me3SiO+=CH-{CH2)9-COOCH3, 
100], and 201 [Me3SiO+--CH-(CH2)6-CH3, 71]. 
The data mentioned indicated that Compound A~ was 

a methyl octadecadienoate having a hydroxyl group at 
C-11. In order to determine the absolute configuration of 
C-11 and the positions of the double bonds, a sample of 
Compound AI (250 ~g) was stirred with palladium on 
calcium carbonate (5 rag) in ethyl acetate (3 rnL) under 

LIPIDS, Vol. 27, no. 7 (1992) 



489 

BIOSYNTHESIS OF ll-HYDROXYOCTADECADIENOIC ACID 

73 , O S I M e 3  

:~.2~s 31,1 

L, . . . .  JJL ~ . . . . . . . . . .  ~ . . . . . .  c... . .~,LL. 
100 20O 300 

NDI=/Chaege 

I 
FIG. 2. Mass spectrum of the Me3Si derivative of methyl ll(R~ 
hydroxy-9(Z),12(Z)-octadecadienoate (Compound AI). 

hydrogen gas for 3 min. The partially hydrogenated prod- 
uct obtained was a mixture of ll-hydroxystearate, two 
isomeric ll-hydroxyoctadecenoates, and unreacted methyl 
11-hydroxyoctadecadienoate as judged by GC]MS analy- 
sis. Oxidative ozonolysis performed on the MC derivatives 
yielded methyl hydrogen azelate {from methyl 11-hydroxy- 
9,12-octadecadienoate and methyl 11-hydroxy-9-octadece~ 
noate), the MC derivative of 2(R)-hydroxynonanoic acid 
(from methyl 11-hydroxy-9-octadecenoate), as well as the 
MC derivative of methyl hydrogen 2(S)-hydroxy-l,12- 
dodecanedioate (from methyl 11-hydroxy-12-octadeceno- 
ate). On the basis of the results obtained, Compound A1 
was assigned the structure of methyl ll(R~hydroxy- 
9(Z), 12(Z~octadecadienoate. 

Structures of Compounds A2 and Ae Compounds A2 
and A s each accounted for 5% of the product formed 
from linoleic acid. The UV spectra of the two compounds 
showed a strong absorption band at 234 nm (solvent, 
methanol; ~ = 26,000), indicating the presence of a con- 
jugated diene structure. The C-value of the MesSi 
derivatives found on GLC analysis of Compounds A2 and 
A s was 19.81 [references, MesSi derivatives of the methyl 
esters of 9-HOD (C-19.81), 13-HOD (C-19.81), 9-hydroxy- 
lO(E),12(E)-octadecadienoic acid (C-20.20), and of 13- 
hydroxy-9(E),ll(E)-octadecadienoic acid (C-20.36)]. The 
mass spectra of the Me3Si derivative of Compounds A2 
and A3 were identical with those of the corresponding 
derivatives of the methyl esters of 9- and 13-HOD, respec- 
tively. Prominent ions were observed at m/e 382 (M), 311 
[M - 71; loss of "(CH2)4-CH3] and 225 {due to the ion 
MesSiO+=CH-(CH=CH)2-(CH2)4-CH3 in the spectrum 
of the derivative of 9-HOD, due to the ion [(CH=CH) 2- 
CH(OSiMes)-(CH2)4-CH3] + in the spectrum of the 
derivative of 13-HOD}. The fragmentation patterns of the 
derivatives of 9- and 13-HOD were similar; however, the 
intensity of the m/e 225 ion was greater than that of the 
m/e 311 ion in the spectrum of the derivative of 9-HOD, 
whereas the reverse was true in the spectrum of the 
derivative of 13-HOD. Catalytic hydrogenation of Com- 
pounds A2 and As produced methyl 9- and 13-hydroxy- 
stearates, respectively, as demonstrated by GC/MS. Ox- 
idative ozonolysis performed on the MC derivative of 
Compound A 2 yielded the MC derivative of methyl 

hydrogen 2-hydroxysebacate [(R)/(S), 75:25], while the 
same treatment of the MC derivative of Compound As 
afforded methyl hydrogen azelate plus the MC derivative 
of 2-hydroxyheptanoic acid [(R),(S), 24:76]. Thus, Com- 
pound A 2 was methyl 9-hydroxy-lO(E),12{Z~octadecadi- 
enoate [75% of the (R) enantiomer], whereas Compound 
As was identical to methyl 13-hydroxy-9(Z),ll(E~octa- 
decadienoate [76% of the (S) enantiomer]. 

Structure of Compound ]3. Compound B accounted for 
13% of the reaction product formed from linoleic acicL The 
UV spectrum showed a strong absorption band at 255 rim 
(solvent, methanol; e = 17,000). Mass spectrometric analy- 
sis of Compound B showed a molecular ion at n ~  308 (6%), 
as well as high intensity ions at m/e 277 {M - 31; loss of 
�9 OCH 8, 6), 211 [ M -  97; loss of "CH=CH-(CH2)4-CHa, 
16], 183 [ M -  125; loss of "CO-CH=CH-(CH2)4-CH3, 
16], 151 {[CH=CH-CO-CH=CH-(CH2)4-CHs] +, 42}, and 
125 [O+~C-CH=CH-(CH2)4-CHs, 36]. Catalytic hydro- 
genation of Compound B yielded methyl ll-ketostearate 
as judged by GC/MS. The data mentioned indicated that 
Compound B was a methyl ll-ketooctadecadienoat~ The 
ultraviolet spectroscopic data further suggested that the 
two double bonds were not present as a conjugated diene, 
but were part of a 3-keto-l,4-pentadiene structur~ 

Proof for the location and geometry of the double bonds 
was obtained by an experiment in which the products 
formed from Compound B upon sodium borohydride 
reduction were analyzecL Thus, Compound B (240 ~g) was 
treated with NaBH 4 (30 mg) in methanol (3 mI,) at 22~ 
for 30 min. Analysis by TLC showed two bands of similar 
intensity. The more polar material was identified as 
methyl 11-hydroxy-9(Z),12(Z)~ctadecadienoate by GC/MS 
using the authentic compound as referenc~ The less polar 
material was due to a 1:1 mixture of methyl 11-hydroxy-9- 
octadecenoate (C-value of Me3Si derivative" 19.54; promi- 
nent ions at nde 369 ( M -  15; loss of "CHs, 1%), 337 
[ M -  (15 + 32), 4] and 285 [Me3SiO+=CH-CH=CH - 
(CH2)7-COOCH3), 100]) and methyl l l-hydroxy-12-octa- 
decenoate (C-value of Me3Si derivative, 19.65; prominent 
ions at m/e 369 ( M - 1 5 ;  loss of "CH3, 2%), 337 
[ M -  (15 + 32), 5], and 199 [Me3SiO+=CH-CH=CH - 
(CH2)4-CH3, 100; mass spectrum identical with that of 
the Me3Si derivative of the authentic compound ]. The 
positions of the hydroxyl group and of the double bond 
in the two hydroxyoctadecenoates were established by ox- 
idative ozonolysis performed on the MC derivatives. This 
treatment afforded methyl hydrogen azelate and the MC 
derivative of 2(R,S)-hydroxynonanoic acid (from the MC 
derivative of methyl 11-hydroxy-9-octadecenoate) and the 
MC derivative of methyl hydrogen 2(/~S~hydroxy-l,12- 
dodecanedioate (from the MC derivative of methyl l l-  
hydroxy-12-octadecenoate). On the basis of the data pre- 
sented, Compound B was assigned the structure methyl 
11-ket~9(Z),l 2(Z~octadecadienoate. 

Acid-induced conversions of methyl 11(R)-hydroxy- 
9(Z),12(Z)-octadecadienoate A solution of methyl 11(//) ~ 
hydroxy-9(Z),12(Z~octadecadienoate (250 Fg) in dlmethox- 
yethane (5 mL) was treated with water (10 mL) and 2 M 
HC1 (0.1 mL) at 22~ for 15 rain. Analysis of the product 
by TLC and GC/MS demonstrated complete conversion 
of the methyl 11-hydroxyoctadecadienoate into four iso- 
meric hydroxyoctadecadienoates. These compounds were 
identified, using the authentic materials as references, 
as the methyl esters of 9-HOD (43%), 13-HOD (43%), 
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9-hydroxy-lO(E],12(EFoctadecadienoic acid (7%) and 13- 
hydroxy-9(E),11(Efoctadecadienoic acid {7%}. The four 
hydroxyoctadecadienoates were racemic as shown by ox- 
idative ozonolysis performed on the MC derivatives, which 
produced the MC derivatives of methyl hydrogen 2(R,S~ 
hydroxysebacate and 2(R,S~hydroxyheptanoic acid. 

In another experiment, methyl 11(R~hydroxy-9(Z),12(ZF 
octadecadienoate (27 ~g) in methanol (3 mL) was treated 
with 2 M HC1 (2 ~tL) at 23~ This treatment was accom- 
panied by the appearance of a UV absorption band with 
Xm= = 234 mn (E = 27,000). AS shown in Figure 3, ap- 
pearance of the absorption band was rapkL Disappearance 
of the ll-hydroxyoctadecadienoate in the acidified metha- 
nol solution followed first order kinetics with a half-life 
time of 32 s. The products formed were analyzed by 
GC/MS and found to be a 1:1 mixture of 9-methoxy-10,12- 
octadecadienoate [base peak at true 167, due to CH30 += 
CH-{CH=CH)2-(CH2)4-CH3] and 13-methoxy-9,11-octa- 
decadienoate [base peak at rnk 253, due to CH3 O+= 
CH-(CH=CH)2-(CH2)7-COOCH3]. GCJMS analysis of the 
hydrogenated derivatives was in full accordance with 
these structures. 

The following experiment was carried out in order to 
investigate the fate of methyl l l(R~hydroxy-9(Z),12(Z~ 
octadecadienoate in an acidified aprotic solvent. Methyl 
11-hydroxyoctadecadienoate (18 ~g) in acetonitrile (3 mI,) 
was treated with 70% (w/w) perchioric acid (5 pL). The UV 
spectrum recorded after 1 min at 23~ showed absorp- 
tion bands indicative of a conjugated trien~/.6, at 259 urn, 
269 nm {~--50,000), and 280 mn [Fig. 4; reported for 
9(Z),11(E],13(E~octadecatrienoic acid: bands at 261, 270 
and 281 ran; and for 9(E),l l(E),13(E)-octadecatrienoic acid: 
bands at 258, 268 and 279 mn (11)]. GC/MS analysis of 
the material showed two pairs of peaks, La, at C-18.99 
(21%) and 19.11 (21%), and at C-19.41 (29%) and 19.45 
(29%). The mass spectra recorded on these peaks showed 
an intense molecular ion at mk 292, but were otherwise 
relatively non-informative Catalytic hydrogenation per- 
formed on the product yielded a single compound, i.a, 
methyl stearate (m/e 298). I t  was thus clear that  the prod- 
uct formed upon acid treatment of methyl 11-hydroxy- 
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FIG. 3. Appearance of absorbance at 234 nm upon treatment of 
methyl l l(R)-hydmxy-9(ZA12(Z)-oeftadee~dienoate (27 ~g) in methnol 
(3 mL) with 2/~L of 2 M HCI. Inset: Plot of change in absorbance 
at 234 nm (log scale) vs. time. 
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FIG. 4. UV spectra recorded on a solution of 18 ~g of methyl ll(R)- 
hydroxy-9(Z), 12(Z)-octadecadienoate in 3 mL of acetonitrile before 
(solid line) and 1 min after (dashed line) addition of 5 ~L of 70% (w/w) 
lmrchloric acid. 

octadecadienoate in acetonitrile was due to four isomeric 
methyl octadecatrienoates. It appeared that the two fac- 
tors causing separation of the octadecatrienoatos upon 
GLC were different positions of the triene moiety, and 
geometrical isomerism of the trien~ The geometrical con- 
figurations of the conjugated trienes were not determined; 
however, the fact that  oxidative ozonolysis performed on 
the octadecatrienoate mixture yielded equal amounts of" 
methyl hydrogen suberate and methyl hydrogen azelate 
localized the conjugated triene structures in the carbon 
chain, and demonstrated that the octadecatrienoates were 
due to equal amounts of methyl 8,10,12- and 9,11,13- 
octadecatrienoates. 

Incubation of l l-hydroxy~ and 11-ketooctadecadienoates. 
Figure 5A shows the time course of the formation of ox- 
idized products {9-, 11- and 13-hydroxyoctadecadienoic 
acids plus 11-ketooctadecadienoic acid) from linoleic acid 
when incubated with the enzyme preparation. As seen, 
oxidation proceeded linearly in the time interval 0-30 rain 
and then leveled off because of depletion of substrat~ No 
oxidation was observed when heat-inactivated enzyme 
was usecL In order to obtain information of possible in- 
terconversions between the 1 l~xygenated products, sam- 
ples of [1-14C]llr162 
acid and [l:4C]ll-ketc~9(Z),12(Z)~ctadecadienoic acid 
were prepared by incubation of [l:4C]linoleic acid and 
isolated as the free acids by silicic acid open column 
chromatography. The 11-ketooctadecadienoic acid thus ob- 
tained was radiochemically pur~ whereas the 11-hydroxy- 
octadecadienoic acid was contaminated with 14% of a 
mixture of equal parts of 9- and 13-HOD. Re-incubation 
of [l:4C]ll-ketooctadecadienoic acid (100 ~V[) with the 
enzyme preparation at 22~ for 20 rnln did not result in 
conversion into hydroxyoctadecadienoate(s) or other prod- 
ucts. Similar reincubation of [1-14C]11-hydroxyoctadeca- 
dienoic acid resulted in a low yield {5%) of 11-ketooctadeca- 
dienoic aci& Slow conversion of ll-hydroxyoctadeca- 
dienoic acid into 11-ketooctadecadienoic acid was con- 
firmed by a time-course study (Fig. 5B). Significant for- 
marion of �9 and 13-HOD from ll-hydmxyoctadeca~enoic 
acid was not observed. 
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FIG. 5. A: Time course of the oxidation of linoleic aeld into 9-, U- 
and 13-hydroxyoctadecadienoic adds and ll-ketooctadecadienoic aci& 
E n z y m e  preparation (I0 mL; - �9 - �9 - �9 - )  o r  h e a t - i n a c t i v a t e d  (95~  
10 min) enzyme preparation (I0 mL; _m_m_m_) were stirred with 
[1-14C]linoleic acid (300/#_M) at 22~ and aliquots of 2 mL were 
removed at times indicated. The percentage conversion of linoleie 
acid into the three hydroxyoctadecadienoic acids and the 11-keto- 
octadecadienoic acid was determi-ed by thin-laye~ radiochromatog- 
raphy. B: Time course of the convers/on of ll-bydroxyectadecadienoic 
acid into II-ketooctadecadienoie acid. E n z y m e  p r e p a r a t i o n  (8 mL} 
was stirred with [1-14C]U.bydroxyoctadecadianoie acid (100 ~M) at 
22~ and aliquots of 2 mL were removed at times indicated. The 
p e r c e n t a g e  c o n v e r s i o n  into 11-ketooctadecadienoic acid was deter -  
mined by thln-layer radiochromatography. 

In order to facilitate interpretation of results obtained 
with linoleic acid incubated in the presence of 1802 and 
H2180 {see below), reincubations of 11-hydroxy- and 
11-ketooctadecadienoic acids (100 ~M) were also carried 
out with enzyme preparation dissolved in potassium 
phosphate buffer (1.6 roT J) and H2180 (0.4 roT J). As seen in 
Table 1, 11-ketooctadecadienoic acid, either produced from 
11-hydroxyoctadecadienoic acid or recovered following in- 
cubation of 11-ketooctadecadienoic acid, contained a small 
fraction of solvent zsO {incorporation, 7-8% of the 
theoretical). As expected, 11-hydroxyoctadecadienoic acid 
recovered following incubation of this hydroxy acid did 
not contain any zsO in the C-11 hydroxyl group. 

180 experiments. Linoleic acid (300 ~M) was incubated 
a t  22~ for 20 min with  the enzyme prepara t ion under  
an atmosphere of xsO 2. As seen in Table 2, the 11-hydroxy- 
and 11-ketooc~deca~'enoic acids produced were comple te  
ly devoid of xsO. A small  (2.5%) incorporat ion was ob- 
served in 9- and 13-HOD. As a check, following aspira- 
t ion of the reaction mixture  a t  the end of the  incubat ion 
period, the incubation vessel was injected with  linoleic 
acid and soybean lipoxygenas~ The linoleic acid 13-hydr~ 
peroxide thus  formed was reduced into 13-HOD. Mass  
spectrometr ic  analysis of the Me3Si derivat ive of the 
methyl  ester of this compound showed sat isfactory incor~ 
porat ion of 180. 

In  another experiment, linoleic acid was stirred with the 
enzyme prepara t ion in the  presence of H21sO. As seen in 
Table 2, the result ing 11-hydroxy- and 11-ketooctadeca- 
dienoates showed virtually complete incorporation of xsO 
in the hydroxyl  and keto groups, respectively. Incorpora- 
t ion of xsO in ~ and 13-HOD was extensive bu t  not  com- 
plet~ i.~, 79-86% of the  theoretical. 

Incubation of [9,10,12,13-2H4]linoleic acid. E n z y m e  
prepara t ion (2 mL) was stirred a t  22~ for 20 rain with 
300 ~M [9,10,12,13-2H4]linoleic acid. The hydroxyocta- 
decadienoates were isolated and converted into the Me~Si 
derivatives. Selected moni tor ing of the  ions m/e 225, 226, 
227, 228 and 229 showed tha t  11-hydroxyoctadecadienoic 
acid, as well as 9- and 13-HOD, were due to 93% of tetra- 
deuteriated and 7% trideuteriated molecules. This isotopic 
composi t ion was the same as t ha t  of the  incubated deu- 
ter iated linoleic acid, thus  showing tha t  the hydrogens a t  
carbons  9, 10, 12 and 13 were retained in the conversion 
of linoleic acid into the three hydroxyoctadecadienoic 
acids. 

Effect of anaerobiosis and enzyme inhibitors. Conver- 
sion of linoleic acid into oxidized products  was s t r ic t ly  
dependent  on the presence of oxygen (Table 3). Further-  
more, sodium azide in 5 mM concentrat ion inhibited the  
react io~ The lipoxygenase inhibitor nordihydroguaiaretic 
acid gave only weak inhibition, and two other  well- 
established lipoxygenase inb_ibitor~ 5,8,11,14~eicosatetray- 
noic acid and esculetin, were wi thout  effect. One c y t ~  
chrome P-450 inhibitor, me ty rapon~  lacked inhibitory ef- 
fect, whereas another  one  SKF-525A, gave modera te  in- 
hibition when tested in i mM concentratiom Furthermor~ 

TABLE 1 

Isotope Composition of Compounds Isolated Following Incubation of U-Hydroxy- and ll-Ketoectadecadienoic 
Acids with Enzyme Preparation in the Presence of H21sO 

Isotope composition (%)b 

11-Hydroxyoctadecadienoic acid 11-Ketooctadecadienoic acid 
Compound incubated a 1800 1801 1800 1801 

11-Hydroxyoctadecadienoic acid 100 0 (0) 98.5 1.5 (7) 
11-Ketooctadecadienoic acid -- -- 98.4 1.6 (8) 

aEnzyme preparation (1.6 mL) and H2180 (98.7 atom%, 0.4 mL) were stirred at 22~ for 20 rain with ll(R)- 
hydroxy-9(Z), 12(Z)-octadecadienoic acid (100 ~aM) or 11-keto-9(Z), 12(Z]-octadecadienoic acid (100 ~aM). Five 
volumes of methanol were added and the products isolated and derivatized as described in the text. 

bThe isotopic compositions were determined by selected monitoring of the following ions: m/e 225 and 227 
([CH=CH-CH(OSiMes)-CH=CH-(CH2)4-CH3] +, Me3Si derivative of the methyl ester of 11-hydroxyocta- 
decadienoic acid, and m/e 151 and 153 ([CH=CH-CO-CH=CH-(CH2)4-CH3]+; methyl ester of 
11-ketooctadecadienoic acid. The dwell time used for data acquisition was 50 ms. Numbers in parentheses 
indicate content of 180 relative to the content of 180 in the water of the incubation mixture. 
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TABLE 2 

Isotope Composition of Compounds Isolated Following Incubation of Linoleic Acid 
with Enzyme Preparation in the Presence of 1802 and H2180 

Isotope composition (%) 

Incubation with 1802b Incubation with H2180 c 

Compound analyzed a 1800 1801 1800 1801 

ll-Hydroxyoctadecadienoic acid 100.0 0 80.1 19.9 {101) 
9-HOD 97.5 2.5 83.0 17.0 (86) 
13-HOD 97.5 2.5 84.5 15.5 (79) 
ll-Ketooctadecadienoic acid 100.0 0 80.6 19.4 (98) 

aThe isotopic composition was determined by selected monitoring of the ions m/e 225 and 227 (hydroxy- 
octadecadienoates}, and 151 and 153 {11-ketooctadecadienoate). 

bEnzyme preparation (10 mL) in a sealed vessel was purged with argon and evacuated in five cycles. 1802 
(97-98 atom%, 0.1 L) was introduced, and the reaction was started by injection of linoleic acid (300 ~M. 
The mixture was stirred at 22~ for 20 rain and then added to five volumes of methanol. Products were 
isolated and derivatized as described in the text. 

CEnzyme preparation (4 mL) and H2180 {98.7 atom%, 1 mL) was stirred at 22~ for 20 rnin with 300 ~M 
linoleic acid. Five volumes of methanol were added and the products isolated and derivatized as described 
in the text. Numbers in parentheses indicate percentage content of lso relative to the content of 180 in 
the water of the incubation mixture. 

TABLE 3 

Effect of Anaerobiosis and Enzyme Inhibitors on the Oxidation 
of Linoleic Acid 

Conversion 
Condition a (% of control) b 

Control I00 
Heat-treated enzyme (95~ i0 rain) 0 
Anaerobiosis < 1 
Sodium aside (5 raM) 22 
SKF-525A (1 mM) 50 
Diethyldithiocarbamate (1 raM) 63 
NDGA (0.1 raM) 75 
2,2'-Dipyridyl (I raM) 100 
Esculetin (0.I raM) I01 
Metyrapone (1 raM) 101 
ETYA (0.1 raM) 101 

aThe enzyme preparation was stirred at 22~ for 5 rain with inhibitor 
and then stirred for additional 20 rain in the presence of [ 1 - 1 4 C ]  - 
linoleic acid. Anaerobiosis was accomplished by repeated argon- 
purging and evacuation of the enzyme preparation contained in 
a sealed vessel. 

bThe control incubation showed 49% conversion into the three 
hydroxyoctadecadienoic acids and the ketooctadecadienoic acid. 

slight inhibition was noted in the presence of the copper ~ 
chelat ing agent, diethyldithiocarbamate~ 

DISCUSSION 

Several mechanisms exist  for introduction of molecular 
oxygen in the format ion of oxylipins. A quant i ta t ively  
large pa r t  of oxylipins is formed by  sequences t ha t  are 
init iated by l ipoxygenase-catalyzed oxygenation. Com- 
pounds formed in this way include leukotrienes and lipox- 
ins formed by  initial 5-lipoxygenation of arachidonic acid 
in animal t issue (12), jasmonic  acid and a host  of other  
biologically active compounds  formed by initial 9- and 
13-1ipoxygenation of linoleic and a-linolenic acids in plants  

(13), and a var ie ty  of products  formed in algae by  initial 
12-1ipoxygenation of arachidonic and eicosapentaenoic 
acids (2). Prostaglandins  and thromboxanes  const i tu te  a 
group of oxylipins which is formed by initial dioxygena- 
t ion catalyzed by  prostaglandin endoperoxide synthase  
(14). Oxylipins also may  be biosynthesized by cytochrome 
P-450-catalyzed monooxygenat ion,  in animal  (15) as well 
as in plant  t issue (16,17). An additional, recently dis- 
covered mechanism of biosynthesis  of oxylipins consists  
of hydroperoxidedependent epoxidation of fa t ty  acids and 
hydroxy acids in higher plants  (18,19). The present  s tudy  
is concerned with  t ransformat ion  of linoleic acid into 
hydroxy and ketooctadecadienoic acids in the red alga 
Lithothamnion coraUioides by a mechan i sm which ap- 
pears  to be dist inct  f rom previously recognized mech- 
anisms of oxylipin biosynthesis.  

The major  compound formed from linoleic acid upon in- 
cubat ion with the enzyme preparat ion of Lithothamnion 
was found to have the s t ructure  1 l(R~-hydroxy-9(Z),12(Z]- 
octadecadienoic acid (Fig. 6). This novel hydroxy acid was 
related to 13-hydroxyarachidonate and 13-hydroxyeicosa- 
pentaenoate  recently isolated as natura l  products  f rom 
Lithothamnion (4), and also to the methyl  ester  of l l -  
hydroperoxylinoleic acid, which had been obtained earlier 
by  chemical synthesis  (20). The t ransformat ion of linoleic 
acid into ll(R~hydroxy-9(Z),12(Z~octadecadienoic acid 
demons t ra ted  in the present  paper  const i tu tes  the first  
example of an enzymat ic  reaction in which oxygen is in- 
t roduced into a bis-allylic methylene group of a polyun- 
sa tura ted  f a t t y  acid. Interestingly, the oxygen incorpc~ 
ra ted originated in water  ra ther  than  dioxygen. This was 
an unexpected result, and a number  of control experi- 
ments  were performed in order to verify it. For example, 
t ha t  the lack of incorporation of 180 in l l -hydroxyocta-  
decadienoic acid biosynthesized f rom linoleic acid under  
lsO 2 was not  due to technical problems with the 1802 in- 
cubat ions or with the 180-gas itself was shown by a con- 
trol experiment  in which linoleic acid was incubated with 
soybean lipoxygenase using the same atmosphere of 1802 
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FIG.  6. Transformations of ]iaoleic acid in Li thothamnion cor- 
aUioides. The major enantiomers of the 9- and 13-HOD isolated are 
shown. R = (CH2)7"COOH. 

as tha t  used for the L i t h o t h a m n i o n  incubation. The 
linoleic acid 13-hydroperoxide thus  produced showed the 
expected incorporat ion of 1sO. Furthermore,  t h a t  the  in- 
corporat ion of xsO into l l-hydroxyoctadecadienoic acid 
formed from linoleic acid in the presence of H21sO was 
not  due to secondary chemical or enzymat ica l  exchange 
of ~sO into 11-hydroxyoctadecadienoic acid was apparent  
f rom an exper iment  in which 11-hydroxyoctadecadienoic 
acid was separate ly  incubated wi th  the  enzyme prepara-  
t ion in the presence of H21sO. No incorporat ion of ~sO in 
the  re-isolated 11-hydroxyoctadecadienoic acid could be 
detected (Table 1). 

The bis-allylic alcohol group present in 11-hydroxyocta- 
decadienoic acid made the compound sensitive to acid. In  
acidified protic solvents, l l -hydroxyoctadecadienoic acid 
underwent  rapid solvolysis to produce 9- and 13-sub- 
s t i tu ted  derivatives having one pair  of conjugated dou- 
ble bonds. In  aprotic solvents elimination of water  took 
p lace .wi th  the  format ion of derivatives having a con- 
juga ted  tr iene structure.  Fa t t y  acids containing con- 
juga ted  tr iene and te t raene structures,  ag., elaeostearic 
and parinaric acids, occur naturally in plants (21). Possibly 
the facile dehydration of 11-hydroxyoctadecadienoate in- 
to conjugated triene acids may have relevance for the 
biosynthesis of such compounds. 

Two other hydroyoctadecadienoates, i.a, 9- and 13-HOD, 
were obtained as minor compounds following incubation 
of linoleic acid with Lithothamnion. Undoubtedly, part 
of these compounds was formed non-enzymatically from 
11-hydroxyoctadecadienoic acid during the incubation 
period and the isolation procedure However, steric analy- 
sis showed that the 9- and 13-HOD isolated were not 
racemates, but due to ca. 75% of the (R) and (S) enan- 
tiomers, respectively. It thus seemed likely that ca. 50% 
of the 9- and 13-HOD were formed as the racemic com- 
pounds by chemical solvolysis of 11-hydroxyoctadecadi- 
enoic acid, while the remaining 50% were formed as the 

pure (R] and (S) compounds, respectively, by enzymatic 
oxidation of linoleic acid. Interestingly, this oxidation oc- 
curred by a non-lipoxygenase mechanism as judged by the 
extensive incorporation of ~sO from H21sO, but not from 
IsO 2, in the hydroxyl groups of 9- and 13-HOD {Table 21. 
A fourth compound isolated following incubation of 
linoleic acid, 11-ket~9(Z), 12(Z)-octadecadienoic acid, was 
apparently formed by enzymatic oxidation of 11(R)- 
hydroxy-9(Z),12(Z)-octadecadienoic acid {Fig. 5B). As ex- 
pected from its formation from 11-hydroxyoctadecadienoic 
acid, the oxygen of the C-11 keto group of 11-ketooctadeca- 
dienoic acid was derived from water, and not from di- 
oxygen {Table 2). 
The transformation of linoleic acid into 11(R)-hydroxy- 

9(Z),12(Z]-octadecadienoic acid was oxygen-dependent 
{Table 3), involved incorporation of i atom of oxygen from 
water (Table 21, and was not inhibitable, or only moder- 
ately s~ by lipoxygenase and cytochreme P-450 inhibitors 
{Table 3). I f  the  t ransformat ion  occurred by a single en- 
zymat ic  step it  followed, per  definition, t ha t  the  enzyme 
involved was not  an oxygenase  I t  may  be speculated tha t  
an oxidase was responsible for the conversion; however, 
i t  is apparen t  t ha t  fur ther  studies on the  enzyme(s) in- 
volved in the t ransformation are necessary before any con- 
clusions as to the mechanism may  be drawn. Such work 
is in progress in our laboratory. 
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