
Biochimica et Biophysicu Acta, 751 (1983) 189-200 
Elsevier Biomedical Press 

189 

BBA 51361 

IODINATION OF ARACHIDONIC ACID MEDIATED BY EOSINOPHIL PEROXIDASE, 
MYELOPEROXIDASE AND LACTOPEROXIDASE 

IDENTIFICATION AND COMPARISON OF PRODUCTS 

JOHN TURK s,*, WILLIAM R. HENDERSON b, SEYMOUR J. KLEBANOFF b and WALTER C. HUBBARD ‘,** 

0 Departments of Medicine and Pharmacology, Vanderbilt University, Nashville, TN 37232 and b Department of Medicine, University of 

Washington, Seattle, WA 98195 (U.S.A.) 

(Received November 29th, 1982) 

Key words: Arachidonic acid; Iodination; Peroxidase; Myeloperoxidase; Lnctoperoxidase 

Arachidonic acid undergoes iodination in the presence of hydrogen peroxide, iodide, and either eosinophil 
peroxidase, myeloperoxidase or lactoperoxidase. The profile of products generated by each of the three 
peroxidases is similar as determined by reversed-phase high-performance liquid chromatography. Structural 
analysis of the products indicate that: 1, each of the four double bonds in arachidonic acid is susceptible to 
iodination; 2, arachidonic acid can be multiply iodinated; and 3, the carboxylate moiety does not participate in 
the formation of all products. The isomeric composition of the isolated products indicates that 
peroxidase-mediated iodination of arachidonate is not stereoselective. 

Introduction 

Eosinophils contain a peroxidase which in the 

presence of hydrogen peroxide and iodide exerts a 
cytotoxic effects on tumor cells [1] fungi [2], 

bacteria [3-51 and parasites [6]. The eosinophil 
peroxidase/H,O,/iodide system is known to 

catalyze the iodination of proteins [7], as do com- 

parable systems containing the enzymes thyroid 
peroxidase, lacteroperoxidase or myeloperoxidase 
[8]. Halogenation of target cell-associated protein 
may thus be one of the biochemical mechanisms 
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underlying the cytotoxic effects of peroxidase/ 
H,O,/halide systems. It is possible that covalent 
modification of molecules other than proteins also 
occurs and contributes to the cytotoxic effects of 
peroxidase-containing systems. 

It has recently been demonstrated that un- 

saturated lipids undergo covalent modification in 
the presence of peroxidase/H,O,/halide systems. 

Arachidonic acid is transformed to a variety of 
iodinated compounds, including at least three dis- 

tinct iodolactones by systems containing lactoper- 
oxidase [9,10] or thyroid peroxidase [9]. 

Leukotrienes B4 [ll], C, [11,12] and D, [ll] are 
converted to biologically inactive compounds in 
the presence of eosinophil peroxidase, H,O, and 
iodide. Further, intact eosinophils [ 11,121 and neu- 
trophils [ 13,141, when appropriately stimulated, can 
transform prostaglandins [ 131 and leukotriene C, 
[ 11,12,14] to inactive products by a mechanism 
which involves peroxidase, H,O, and halide ions. 
The transformation of lipid mediators by eosino- 
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phils and neutrophils through the action of the 
peroxidase/H,O,/halide systems may be a mech- 
anism by which these cells modulate hypersensitiv- 

ity reactions. 
We have identified some of the products formed 

during the incubation of arachidonic acid, 

eosinophil peroxidase, H,O, and iodide to gain 
further insight into the nature of the biochemical 

transformations of unsaturated lipids mediated by 
eosinophil peroxidase. These products have been 

compared to those from similar incubations with 
lactoperoxidase and myeloperoxidase. 

Materials and Methods 

Materials 

Eosinophil peroxidase was purified from horse 
eosinophils as described by Jorg et al. [5] and 
myeloperoxidase was purified from canine 

pyometral pus by the method of Agner [15] to the 

end of step 6. Lactoperoxidase was obtained from 
Sigma Chemical Company, St. Louis, MO. Per- 
oxidase activity was determined by guaiacol oxida- 

tion [16]. 1 unit of enzyme is the amount which 
oxidizes 1 pmol of guaiacol/min at 25°C using a 

molar absorbancy for the product, tetraguaiacol, 

of 2.66. lo4 cm-’ at 470 nm [17]. [5,6,8,9,11,12, 
14, 15-2 H,]Arachidonate was prepared from 
eicosatetraynoic acid and deuterium gas as de- 
scribed [18]. Arachidonic acid was obtained from 

NuChek Prep, Elysian, MN; NaI and H,O, from 

Fischer Chemical, St. Louis MO; [5,6,8,9,11,12, 
14,15-3H,]arachidonic acid and Nalz51 from New 

England Nuclear (Boston, MA); guaiacol 
(anhydrous) from Sigma Chemical Co. and cata- 
lase (beef liver; 64700 units/mg) from Worthing- 
ton Biochemical Corp. Freehold, NJ. The catalase 
was dialyzed against water before use. All organic 
solvents were obtained from Burdick and Jackson, 
Muskegon, MI, and all other reagents were of the 
highest commercial grade available. 

Methods 
Peroxidase incubations. Eosinophil peroxidase 

incubations were performed in 0.02 M sodium 
phosphate buffer (pH 5.0), with 1O-4 M NaI (0.5 
PCi ‘251) 1O-4 M H,O,, 10e3 M arachidonic acid 
(10 pCf [ 3H, Jarachidonate), and 122 mU 
eosinophil peroxidase in a total volume of 0.5 ml. 

Incubations were continued for 30 min at 37°C 
and the reaction terminated by the addition of 
0.10 ml of 0.01 M sodium thiosulfate. 

Myeloperoxidase incubations were performed un- 
der similar conditions except that 0.1 M NaCl was 

included in the incubation medium. Lactoperoxi- 
dase incubations with arachidonic acid at pH 5 
and 7 were performed as described elsewhere [9.10]. 

Product recovery and analysis. After the addi- 

tion of sodium thiosulfate the incubation medium 
was diluted with 1 vol. of H,O and extracted twice 
with 2 vol. of CH,Cl,. The combined extracts 
were concentrated to dryness under nitrogen, re- 
constituted in methanol, and chromatographed on 

a Waters (Milford, MA) PBondapak C,8 HPLC 
column (3.9 mm X 30 cm) at a flow rate of 1 ml 
per min with the solvent methanol/water/acetic 
acid (80 : 20 : 0.01, v/v), and sequential l-ml frac- 
tions collected. Aliquots of each fraction were 

employed for detection of 3H activity in a liquid 

scintillation counter and “‘1 activity in a gamma 
scintillation counter. Peaks containing radioactiv- 
ity were extracted from the HPLC solvent with 

CH,Cl, and either rechromatographed or deriva- 
tized for gas-liquid chromatographic (GLC) and 
mass spectrometric (MS) analysis. 

Product derivatization. Methyl esters were pre- 
pared with excess diazomethane in diethyl ether. 
Catalytic hydrogenation was performed in ethanol 
with hydrogen gas and platinum oxide as de- 

scribed [9]. Hydrolysis of hydrogenated lactones 
was performed by dissolving approximately 10 pg 
of these materials in 1.0 ml of dimethoxyethane, 
adding 0.2 ml of 3 N LiOH, and heating the sealed 
reaction vial in a nitrogen atmosphere for 90 min 
at 6O’C. The reaction mixture was then con- 

centrated to dryness under N,, reconstituted in 3 
ml H,O, acidified to pH 5.0 (1 M HCl), and 
extracted twice with CH,CI,. Iodohydrins were 
converted to the corresponding epoxides with 
sodium hydroxide in tetrahydrofuran, and reduc- 
tion of epoxides with LiAlH, was performed as 
described [9]. Silylation was performed with excess 
N,0bistrimethylsilyltrifluoroacetamide (BSTFA, 
Pierce Chemical Co., Rockford, IL) in pyridine at 
60°C for 15 min. 

Product identification. Gas chromatography was 
performed at 220 or 23O’C with a glass GC col- 
umn (1 m X 2 mm internal diameter) packed with 



3% OV-I (gcq 100/120) interfaced with a Riber- 

Mag IO-10 quadrapole mass spectrometer (Ner- 
mag, Inc., Santa Clara, CA). Carbon values for 
materials amenable to GLC analysis were calcu- 
lated from the retention times of a series of 

saturated fatty acid methyl esters. Materials not 
amenable to GC analysis were introduced into the 

mass spectrometer by a desorption probe and were 
subjected to chemical ionization with ammonia or 

methane as reagent gas. 

Results 

A reversed-phase high-performance liquid chro- 
matogram (RP-HPLC) of the products formed by 
incubation of [3H]arachidonic acid with H,O,, 
[ ‘25 Iliodide, and eosinophil peroxidase is shown in 
Fig. 1. The association of 3H and 1251 activities in 
a number of peaks indicated that several iodinated 
arachidonate derivatives were formed. The “‘1 

activity eluted slightly after the 3H activity in 

peaks with larger retention volumes due to the 
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Fig. 1. Reversed-phase high-performance liquid chromatogram 

of the products formed by incubation of arachidonic acid with 

eosinophil peroxidase, hydrogen peroxide and iodide. The reac- 

tion mixture, incubation, product isolation and separation by 

RP-HPLC were performed as described in Methods. 
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TABLE I 

IODINATION OF ARACHIDONIC ACID BY THE EO- 

SINOPHIL PEROXIDASE/H,O,/IODIDE SYSTEM 

The reaction mixture was as described in Methods except that 

eosinophil peroxidase or H,O, was omitted and 10e3 M azide 

or 25 )~g catalase (or catalase heated at 1OO’C for 15 min) was 

added where indicated. Incubations werre terminated and the 

products extracted and analyzed by RP-HPLC as described in 

Methods. The ‘251 activity associated with the ‘H peaks were 

summed and the total indicated as a percentage of that ob- 

served with the complete eosinophil peroxidase + H 202 + 

iodide + arachidonic acid system. The results are the mean of 

four experiments. 

Supplements Iodina- 

tion 

Eosinophil peroxidase + H,O, + iodide + arachi- 

donic acid 100 
Eosinophil peroxidase omitted 3 
H202 omitted 3 
Azide added 1 
Catalase added 1 
Heated catalase added 101 

separation of the tritium and protium forms of 
arachidonate in this RP-HPLC system. Since the 

protium form was much more abundant than the 
tritium form of arachidonic acid in the incubation 

mixture, most of the 12’1 activity was incorporated 
into molecules lacking 3H activity. Incubations 
performed at either pH 5.0 or 7.0 resulted in a 
similar profile of products, but conversion of 

arachidonate was approximately 10 times greater 
at pH 5.0. Substitutions of lactoperoxidase or 
myeloperoxidase for eosinophil peroxidase re- 
sulted in the formation of products with the same 

retention volumes as shown in Fig. 1 with only 
minor variations in their relative abundance. 
Iodinated products were not formed when either 

eosinophil peroxidase or H,O, was omitted from 
the eosinophil peroxidase/ iodide/ H 202/ 
arachidonate system or when azide (which inhibits 

hemeproteins) or catalase (which degrades H,O,) 
was added (Table I). Heated catalase was ineffec- 

tive in inhibiting peroxidase-catalyzed iodination 
of arachidonic acid. These findings indicate that 
the generation of iodinated arachidonate deriva- 
tives was dependent on the peroxidatic activity of 
the eosinophil peroxidase system. 

The identity of compounds present in peaks 
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A-G in Fig. 1 was investigated. Peak C contained 
unconsumed arachidonate, as indicated by the lack 
of “‘1 activity associated with the 3H activity, by 
an RP-HPLC retention volume identical to that of 

standard [3H]arachidonate, and by gas liquid 
chromatographic and mass spectrometric char- 
acterization (data not shown). 

Peak B contained material with an RP-HPLC 
retention volume identical to that of standard 6- 

iodo-5hydroxyeicosatrienoic acid S-lactone (61-5 

HET lactone). Because only limited amounts of 

eosinophil peroxidase were available, the mass of 
arachidonate derivatives generated by the enzyme 
was insufficient for complete GLC-MS characteri- 
zation. To circumvent this difficulty, octadeutero- 

(61-5-HET lactone) was prepared by the action of 
lactoperoxidase on [5,6,8,9,1 1,12,14,15-2H,]ara- 
chidonate [9]. The mass spectrum of this material 
contains fragment ions from the loss of the lactone 

ring plus a deuterium atom at m/z 338 (M - 100) 
from the loss of iodine at m/z 3 11 (M - 127) and 
from the loss of iodine plus water at m/z 292 
(M - (127 + 19)). The water eliminated during 

fragmention contains a deuterium atom account- 

ing for the loss of 19 mass units instead of the 18 
mass units of H,O. The corresponding ions in the 
protium form of the molecule are m/z 332, 303, 

and 285. To demonstrate that this molecule was 
formed in the eosinophil peroxidase system, 1 pg 
of octadeutero-(61-5-HET lactone) was added as 

an internal standard to the reaction mixture after 
completion of the incubation. Peak B was then 

isolated by RP-HPLC, and analyzed by GC-MS 
with selected ion monitoring. The internal stan- 
dard is indicated by a peak of ion current at m/z 

311. The elution time of this peak corresponds to 
carbon value of 23.9 [9]. Co-eluting peaks at m/z 

332, 303 and 285 indicated that 61-5-HET lactone 
had been formed during the incubation of 

arachidonic acid with eosinophil peroxidase, H,O, 
and iodide. The relative abundances of the ions at 
m/z 332, 303 and 285 in the eosinophil per- 
oxidase-derived material were identical to those of 
the ions at 338, 311 and 292 in the deuterated 
internal standard. 

Peaks D and E were found to contain 15-iodo- 
14-hydroxyeicosatrienoic acid w-lactone (151- 14- 
HET lactone) and 14-iodo-15-hydroxyeico- 
satrienoic acid w-lactone (141- 15-HET lactone), re- 

spectively [lo], by methods similar to those de- 
scribed above. 

The predominant peak obtained from incuba- 
tion of arachidonic acid with the eosinophil per- 

oxidase (EPO) system was peak A, designated 
A EPO’ When A EPO was rechromatographed with a 

solvent system of methanol/water/acetic acid 

(75 : 25 : 0.0 1, v/v), a single, symmetrical peak with 
an elution volume of 14- 19 ml was seen. A quo- 

tient of 1.87 was obtained when the ratio of “‘1 to 
‘H activities in this peak was divided by the 

corresponding ratio in the 151-14-HET lactone 
peak from the same incubation, suggesting that the 
material and A,,, was doubly iodinated. The 

short retention volume of A,,, on RP-HPLC 
indicated that AEPO was more polar than the 

iodolactones in peaks B, D and E. These data 

suggested that AEPO contained materials with free 

hydroxyl groups and/or a free carboxyl moiety. 

Large scale incubations were performed with 
lactoperoxidase (LPO)/H ,O,/iodide, and 

arachidonate (10 mg) to obtain sufficient material 
(designated A rpo ) for structural analysis. The 

RP-HPLC retention volume of A,,, was identical 

to that of AEPO. Although neither the unde- 

rivatized form nor the methyl ester of ALP0 could 
by analyzed by GLC, trimethylsilylation of the 

methyl ester of A,,, resulted in a derivative which 

was amenable to GLC analysis (carbon value, 

26.0). These observations suggested that A,,, 
contained compounds with both a free carboxyl 

moiety and free hydroxyl groups. 
A partial electron-impact mass spectrum of the 

methyl ester/trimethylsilyl ether derivative of 
A Lpo is shown in Fig. 2, panel A. The molecule 
was postulated to be a double iodohydrin at the 
8,9 and 14,15 positions on the basis of prominent 
ions at m/z 383 (((CH,),SiO)CHCHICH,(CH), 

(CH,),CO,CH,)+, m/z 313 (((CH,),SiO) 
CHCHI(CH,),CH,)+ and a less abundant ion at 
m/z 437 (M - 3 13). These assignments were sup- 

ported by the mass spectrum of the methyl 
ester/trimethylsilyl ether derivative of the oc- 
tadeutero form of A,,o which contained promi- 
nent ions at m/z 387 (((CH,),SiO)C’HC’HICH, 

(C2H)2(CH2)3CWH3)+, m/z 315 (((CH,), 
SiO)2HC2HI(CH,),CH3)+ and a less abundant 
ion at m/z 443 (M - 315) (data not shown). 

The postulated molecular ion (m/z 750) could 
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Fig. 2. Panel A, partial electron-impact mass spectrum of the methyl ester/trimethylsilyl ether derivative of the material in peak 

A Lpo. Panel B, partial methane chemical ionization mass spectrum of the methyl ester/trimethylsilyl ether derivative of the material 

in RP-HPLC peak A,,,. 

not be demonstrated by electron-impact mass 
spectrometry. The methyl ester/trimethylsilyl ether 

derivative of A,,, was therefore subjected to 

chemical ionization mass spectrometry with 
methane (CH,) as reagent gas (Fig. 2, panel B). 
The presence of ions at m/t 751 (M + H’) 749 

(M - H+) and 767 (M + (CH,)+) is consistent 
with a molecular weight of 750 for the material 

and ALPO. Chemical ionization mass spectrometry 
with NH, as reagent gas gave a prominent ion at 

m/z 768 (M + (NH,)+) which further substanti- 
ates a molecular weight of 750 for this material. 
Other ions in the CH, chemical ionization mass 
spectrum of the methyl ester/trimethyl derivative 

of ALP, include m/z 735 (it4 - 15, loss of CH,), 
679 (M - 71, loss of C16-C20), 661 ((M + 1) - 90, 
loss of trimethylsilanol), 623 (M - 127, loss of I), 
589 (M - (90 + 71), loss of trimethylsilanol + 

C16-C20), 551 ((M- l)-(127+71), loss of I 

and C16-C20) and 533 (M- (127 + 90), loss of I 
and trimethylsilanol). The presence of these frag- 

ment ions is consistent with a molecular weight for 
A Lpo of 750, but does not indicate the positions of 
iodohydrins in the fatty acid chain. 

To establish firmly the locations of the hy- 
droxyl groups of the iodohydrins in A,,,, the 
material was subjected to catalytic hydrogenation. 

This resulted in saturation of the double bonds 
and loss of iodine via exchange with hydrogen, 
leaving the hydroxyl groups as the major frag- 
ment-orienting moieties [9,10,19]. The methyl es- 
ter/trimethylsilyl ether derivative of the hydro- 
genation product of ALpo exhibited a carbon value 
of 24.0. Its electron-impact mass spectrum is shown 
in Fig. 3. Ions were observed at m/z 502 (M), 501 
(M- I), 487 (M- 15, loss of CH,) and 471 (M 



m/z 

Fig. 3. Electron-impact mass spectrum 
in RP-HPLC peak A,,,. 

of the methyl ester/trimethylsilyl ether derivative of the hydrogenation product of the material 

245 

- 31, loss of OCH,). These ions are consistent 
with the presence of one derivatized carboxyl group 
and two derivatized hydroxyl groups on a saturated 
20-carbon chain. The presence of derivatized hy- 

droxyl groups at carbons 8 or 9 and at carbons 14 
or 15 is indicated by the fragment ions at m/z: 

173 (((CH,),SiO)CH(CH,),CH,)+, 187 (173 + 

CH,), 245 (((CH,),SiO)CH(CH,),CO,CH,)+, 
259 (245 + CH,), 345 (M- 157, loss of (CH,), 
CO,CH,), 359 (345 + CH,), 417 (M - 85, loss of 
(CH2),CH,), and 431 (417 + CH,). 

It was anticipated that the iodine atoms in 
A rPo would be substituents of carbon atoms in 
arachidonic acid that had participated in iodo- 
hydrin formation and that these carbon atoms 
would be adjacent to those bearing hydroxyl groups 
[9,10,19]. To evaluate this possibility, A,,, was 
subjected to base-catalyzed dehydrohalogenation 
which results in the replacement of each iodohydrin 
with an epoxy group [9]. The methyl ester of this 
material was subjected to catalytic hydrogenation 

to saturate the double bonds. The mass spectrum 
of the resultant compound (carbon value, 22.8) 

contained ions at m/z 354 (M), 339 (M - 15, loss 

of CH,); 336 (M- 18, loss of H,O), 323 (M- 31, 
loss of OCH,) and 305 (M - 49, loss of OCH, 
and H,O). These fragment ions indicate the pres- 
ence of one derivatized carboxyl group and two 

epoxy groups on an otherwise saturated 20-carbon 
chain. The ions of lower mass range in the mass 

spectrum did not indicate the locations of the 
epoxy groups. The presence of ether linkages rather 
than epoxy groups could not be excluded. 

The methyl ester of the hydrogenated double 
epoxide was therefore treated with lithium 
aluminum hydrided. Such treatment converts the 
epoxides to a mixture of isomers bearing hydroxyl 
groups at one or the other of the carbon atoms 
that had originally participated in the formation of 
the epoxides [9]. In addition, the carboxylate ester 
is converted to an alcohol [9]. Ethers are inert to 
this treatment. The electron-impact mass spectrum 
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of the trimethylsilyl ether derivative (data not 
shown) of the resultant material (carbon value 
24.4) contained several fragment ions. Ions were 

observed at m/z: 546 (M), 545 (M - 1) and 531 
(M - 15). These ions were consistent with the 
presence of two derivatized secondary hydroxyl 

groups and one derivatized primary hydroxyl group 
on a saturated 20-carbon chain. The mass spec- 
trum obtained was felt to reflect a mixture of 

isomers bearing derivatized secondary hydroxyl 

groups at carbon atoms 8 or 9 and at carbon 
atoms 14 or 15 on the basis of the following ions, 
m/z: 173 (((CH,),SiO)CH(CH,),cH,)+, 187 
(173 + CH,), 289 (((CH,),SiO)CH(CH,),CH,O- 
Si(CH,),)+, 303 (289 + CH,), 345 (M- 201, loss 
of (CH,),CH,OSi(CH,),); 359 (M - 187, loss of 
201 minus CH,), 461 (M - 85, loss of 
(CH,),CH,) and 475 (M- 71, loss of 85 minus 

CH,). 
These mass spectral data indicate that A,,, 

contains a mixture of isomeric compounds with: 1, 
a 20-carbon linear chain; 2, two hydroxyl groups 
with one at either carbon 8 or 9 and the other at 
either carbon 14 or 15; 3, two iodine atoms with 
one at either carbon 8 or 9 and the other at either 
carbon 14 or 15; 4, two double bonds; and 5, one 
carboxyl group at carbon 1. Assuming that the 

double bonds remain at C5,6 and at Cl 1,12 and 
retain the configuration of the precursor fatty acid 
[9,10,19], the mixture of compounds in peak A can 
be assigned the following structures: (1) 8,15-di- 
iodo-9,14-dihydroxyeicosa-5,ll -cis-dienoic acid; 

(2) 9,14-diiodo-8,15-dihydroxyeicosa-5,ll -cis-dien- 

oic acid; (3) 8,lbdiiodo-9,15-dihydroxyeicosa- 
5,11-cis-dienoic acid and (4) 9,15-diiodo-8,1Cdihy- 

droxyeicosa-5,ll -cis-dienoic acid. 
The materials contained in A,,, and A,,, 

appeared to be identical, based on experiments 
utilizing A Lpo generated from octadeutero- 

arachidonate (*HaA,,,). Octadeuterated ALP0 
was added as an internal standard to the products 
of an incubation of eosinophil peroxidase, 
arachidonate, H,O, and iodide. AEpo was then 
isolated by RP-HPLC converted to the methyl 
ester/trimethyl derivative, and subjected to GC- 
MS analysis with selected ion monitoring. Co-elut- 
ing peaks in ion current (carbon value, 26.0) were 
observed at m/z 387 (internal standard) and at 
m/z 313,383 and 437 from the double iodohydrin 

formed during the incubation with eosinophil per- 

oxidase. 
Peaks F and G (Fig. 1) contained singly 

iodinated compounds as judged from the ratio of 
‘25I to 3H activities, which was identical to that of 

151-14-HET lactone. The extremely non-polar be- 
havior of these materials on RP-HPLC suggested 
that they contained neither a free hydroxyl nor a 
carboxyl group. Structural analyses of material in 

peaks F and G were performed with material 
derived from incubation with lactoperoxidase, des- 

ignated, respectively, F,,, and GLPO. These 
materials were not amenable to GLC analysis be- 

fore or after treatment with diazomethane and 

excess silylating reagent. 
The scheme depicted in Fig. 4 was employed 

for structural analysis of the monoiodinated 

material in peaks FLpO and GLPO. Because the 
materials contained in these peaks were not 

amenable to vapor-phase analysis, they were intro- 

duced into the mass spectrometer operating in the 
chemical ionization mode (reagent gas, methane) 
with a desorption probe. Desorption-chemical 
ionization mass spectroscopic analysis of the 
material in peaks F,,, and G,,, in this manner 
gave a mass spectrum (spectrum not shown) typi- 
cal of those obtained during similar analysis of 
iodolactones previously identified [9, lo]. Ions in 
the desorption-chemical ionization mass spectrum 
typical of iodolactones and their intensities rela- 
tive to the base peak (in parenthesis) include: m/z 

431 (M+ 1; (24%)) 429 (M- 1; (6%)) 303 (M- 

127, loss of I; (base peak)) and 285 (M - 145, loss 
of I + H,O; (16%)). These data are consistent with 

the presence of an iodolactone or a mixture of 

iodolactones in peaks F,,, and G,,,. 
Catalytic hydrogenation of unsaturated iodolac- 

tones, in addition to saturating the double bonds 
in the fatty acid chain, results in the substitution 
of hydrogen for the atom of iodine [9,10,19]. Re- 
duction of the monoiodinated material in peaks 
F Lpo and GLpo with H, in the presence of 
platinum oxide followed by desorption-chemical 
ionization mass spectrometry indicated the pres- 
ence of one or more saturated 20 carbon alkyl 
lactones (Fig. 4). Ions in the mass spectrum and 
their relative abundancies (in parenthesis) include: 

m/z311(M+l;(basepeak)),309(M-1;(95%)), 
327 ((M+(CH:); (11%)) and 293((M+ l)- 18, 
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Fig. 4. Scheme for structural analysis of materials contained in RP-HPLC peaks FLpo and G,,,. The sequence of analysis is 

illustrated with a single compound for clarity. Reaction conditions are detailed in Methods. The modes of mass spectroscopic analysis 

employed are abbreviated as follows: CH,DCl, desorption-chemical ionization with methane as reagent gas and CC-MS(EI), 

el~tron-impact gas-liquid chromatography-mass spectrometry. M denotes the mass of the molecular ion. Chemical modification and 

derivatization procedures are abbreviated as follows: H,/PtGa, catalytic hydrogenation; NaOH/H,O, base-catalyzed dehydroiodina- 

tion; CH,N,, esterification with excess diazomethane; LiAIH,, reduction with lithium aluminum hydride; LiOH/H,O, hydrolysis 

with lithium hydroxide and BSTFA = silylation. The values of M depicted in the figure are those determined during mass 

spectroscopic analysis of each product or mixture of products. 

loss of water; (40%)). These data indicate the 
presence of one or more saturated 20-carbon alkyl 

lactones (M = 3 10). Typically, a fragment ion aris- 
ing from the loss of water is observed in mass 
spectral analysis of hydrogenated products of 
monoiodinated iodolactones formed from un- 
saturated fatty acids [9,10,19J. These data further 
substantiate the presence of one or more iodolac- 
tones in peaks FLpo and G,,,, but does not 
indicate which of the carbon atoms participated in 
iodohydrin formation. 

Alkaline (lithium hydroxide) hydrolysis of 
saturated alkyl lactones derived from iodohydrins 

converts the intramolecular ester to the monohy- 
droxy carboxylic acid (Fig. 4). The position of the 
hydroxyl moiety of the original iodohydrin can be 
determined via GLC-MS analysis of the methyl 
ester/trimethylsilyl ether derivative of the mono- 
hydroxy carboxyhc acid (M = 414, carbon vaiue 
= 22.0). Typically, fragmentation during electron 
impact of saturated monohydroxy fatty acids so 
derivatized occurs between the silylated hydroxyl 
moiety and a-carbon atoms [2OJ. The fragment 
ions that are formed from such compounds de- 
rivatized in this manner and the position of the 
carbon atom bearing the derivatized hydroxyl 
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TABLE I1 

FRAGMENT IONS FORMED DURING ELECTRON IM- 

PACT VIA a-CLEAVAGE OF ESTERIFIED, SILYLATED 

SATURATED 20-CARBON MONOHYDROXY FATTY 

ACIDS 

TABLE III 

FRAGMENT IONS FORMED DURING ELECTRON IM- 

PACT VIA a-CLEAVAGE OF ESTERIFIED SATURATED 

20-CARBON MONOEPOXIDES 

Frag- 

ment 

ions, 

m/r 

Position 

of 

epoxide 

Frag- 

ment 

ions, 

m/r 

Position 

of OH 

moiety 

173,343 c-15 

187,329 c-14 

215,301 c-12 

229,287 c-11 

257,259 c-9 

271,245 C-8 

299,217 C-6 

3 13,203 c-5 

group giving rise to those fragment ions are listed 

in Table II. The presence of fragment ions at each 
of the m/z values listed in Table II from the 
hydrogenated-alkaline hydrolysis product from 

peaks F,,, and GLPO indicated that the material 
present was a mixture of iodolactones arising from 
iodohydrin formation at each of the four double 

bonds of arachidonic acid. These data further sug- 
gest that the OH moieties of the iodohydrins were 

introduced at each terminus of the double bonds 
of arachidonic acid. 

In order to determine the presence of iodohy- 
drins, the material in peaks FLpO and GLPo was 

subjected to base-catalyzed (NaOH) dehydro- 
iodination followed by esterification (diazometh- 
ane) and catalytic hydrogenation (Fig. 4). Such 
treatment converts lactonized monoiodohydrins to 

the corresponding saturated, esterified mono- 
epoxides [9,10.19]. The fragmentation pattern of 
the methyl ester of different saturated 20-carbon 
monoepoxides during electron impact have been 
determined [21]. Typically, ions in the mass spec- 
tra of such compounds include m/z 340 (M), 322 

(M- 18, loss of H,O) and 309 (M-31, loss of 
OCH,). Additional fragmentation occurs between 
the epoxide and a-carbon atoms. Table III lists the 
characteristic fragment ions arising from cx-clea- 
vage of the saturated fatty acid chain defining the 
position of the different monoepoxides. The pres- 
ence of these fragment ions in the mass spectrum 
of material from peaks F,,, and GLPo after 
base-catalyzed dehydroiodoination, esterification 

143.239 C-5,6 
197,185 C-8.9 

227,155 c-11,12 

269,113 c-14,15 

and catalytic hydrogenation indicates that the 
material in these peaks was a mixture of lactonized 
monoiodohydrins. 

Additional evidence for the presence of a mix- 
ture of saturated 20-carbon monoepoxides (and 
not ethers) derived from the material in peaks 
F LPO and GLPO was obtained via reduction of the 

products generated by base-catalyzed dehydro- 
iodination and catalytic hydrogenation with 
lithium aluminum hydride (LiAlH,) as shown in 

Fig. 4. Reduction of these epoxides with LiAlH, 
converts the epoxides to a mixture of isomeric 

secondary alcohols and the carboxylate ester to a 

primary alcohol [9,19]. After silylation, the 
LiAlH,-reduced material was analyzed via GLC- 
MS analysis. A mass spectrum of the LiAlH,-re- 

duced product (carbon value, 22.5) is shown in 
Fig. 5. The fragment ions at m/z 457 (M - 1) and 
443 (M - 15) indicate the presence of a compound 
or a mixture of isomeric compounds having a 
molecular weight of 458. The remainder of the 
fragment ions in the mass spectrum and sub- 

stituents comprising those fragment ions (Fig. 5) 
indicate that after LiAlH, reduction a mixture of 
silylated dials are present. Specifically, the diols 
present and fragment ions indicating their pres- 
ence include: 1,5(m/t 247, 313); 1,6 (m/z 261, 
299); 1,8 (m/z 271, 289); 1,9 (m/z 257, 303); 1,ll 
(m/z 229, 331); 1,12 (m/z 215, 345); 1,14 (m/z 
187, 373) and 1,15 (m/z 173, 387). 

The mixture of compounds contained in peaks 
F Lpo and GLPO P eaks thus may be assigned the 
following structures: (1) 6-iodo-5-hydroxyeicosa- 
8,11,16trienoic acid 1,5-lactone; (2) 5-iodo-6-hy- 
droxyeicosa-8,11,14_trienoic acid 1,6-lactone; (3) 
g-iodo-9-hydroxyeicosa-5,11,14-trienoic acid 
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c~0siccy, C~OSiKn,), 

Fig. 5. Electron-impact mass spectrum of material from RP-HPLC peak FLPo after base-catalyzed dehydroiodination. hydrogenation, 

reduction with LiAIH,, and trimethylsilylation. 

1,9-lactone; (4) 9-iodo-8-hydroxyeicosa-5,11- 14- 
cis-trienoic acid 1,8-lactone; (5) l l-iodo-12-hy- 
droxyeicosa-5,8,14-trienoic acid 1,12-lactone; (6) 

12-iodo-l l -hydroxyeicosa-5,8,14-trienoic acid 
l,ll-lactone; (7) 15-iodo-14-hydroxyeicosa-5,8,1 l- 
trienoic acid 1,lClactone and (8) 14-iodo- 1 S-hy- 
droxyeicosa-5,8,1 I-trienoic acid 1,15-lactone. 

The structural basis for the RP-HPLC separa- 
tion of compounds in peaks F and C has not been 
formally established but is likely related to stereo- 
chemical configurations of the two populations of 
compounds. Iodohydrin formation generates two 
optical centers with four possible diastereoisomers, 
some of which may be separable by RP-HPLC. 
The presence of geometric isomers about the dou- 
ble bonds cannot be excluded, but it is not obvious 
how the geometry of double bonds not participat- 
ing in iodohydrin formation could be altered by 
the peroxidase reaction. 

It has not been directly established that the 

materials in peaks F and G derived from incuba- 
tions with eosinophil peroxidase and myeloper- 

oxidase are identical to those described above, but 
this is considered likely on the basis of their reten- 

tion volume on RP-HPLC and the overall similar- 
ity of products generated by eosinophil per- 

oxidase, myeloperoxidase and lactoperoxidase. 

Discussion 

The data presented above constitute the first 
demonstration of the following features of per- 
oxidase-mediated iodination of arachidonate: 1, 
eosinophil peroxidase and myeloperoxidase, like 
lactoperoxidase, can catalyze the iodination of 
arachidonate, and the profile of products gener- 
ated by each of the three enzymes is similar; 2, 
each of the four double bonds in arachidonate is 
susceptible to iodination in the presence of per- 
oxidase/H,O,/iodide systems; 3, multiple iodina- 
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tion of arachidonate can occur; 4, iodohydrin for- 
mation can occur without participation of the 
carboxyl group. The lack of regional specificity 
and apparent lack of stereospecificity in the 

iodination of arachidonate suggests that this pro- 
cess does not necessarily involve direct interaction 

of arachidonate and the peroxidase enzyme. Par- 
ticipation of the enzyme in this process may be 
limited to the generation of an oxidized iodine 

species (e.g., HOI or iodinium ion) which then 
reacts non-specifically with arachidonate. The sim- 

ilar profile of iodinated arachidonate derivatives 
produced by three different peroxidases is compat- 
ible with this hypothesis. Brominated and 
chlorinated derivatives of arachidonic acid also 
may be formed by peroxidase systems containing 
these halides. The possibility that halogenated de- 
rivatives of arachidonic acid may have biological 

activity remains to be explored. 

Formation of compounds analogous to those 
described here could be among the mechanisms by 

which myeloperoxidase and eosinophil peroxidase 

inactivate prostaglandins and leukotrienes [ 11, 
12,141. Leukotrienes derived from initial di- 

oxygenation of arachidonate at carbon 5 retain a 
non-conjugated cis double bond between carbons 
14 and 15 which could undergo transformation to 
an iodohydrin, or possibly an iodolactone. Simi- 
larly, bisenoic prostaglandins and the recently de- 
scribed leukotrienes derived from initial di- 
oxygenation at carbon 15 [22] retain a non- 
conjugated cis double bond between carbons 5 and 
6 which could also undergo transformations analo- 

gous to those described here. These processes may 

not represent the sole mechanism of inactivation 

of prostaglandins or leukotrienes by peroxidase- 
containing phagocytes. Covalent modification of 

the conjugated double bond system or the sulfur- 
containing substituent of leukotriene C, could al- 
soo occur [ 12,141. Hydroxyl radicals (OH’ ) gener- 
ated either by the iron-catalyzed interaction of 
superoxide and H,O, (Haber-Weiss reaction) or a 
direct interaction between iron and H,O, 
(Fenton-type reaction) inactivate the chemotactic 
activity of leukotriene B4 [23] and the slow-react- 
ing substance bioactivity of leukotrienes C,, D,, 
and E, (Henderson, W.R. and Klebanoff, S.J., 
unpublished data). Since OH’ are generated by 
phagocytes during the respiratory burst, their in- 

teraction with arachidonic acid metabolites may 

be an additional mechanism by which phagocytes 

modulate the activity of these potent mediators. 
The products formed by the interaction of 
leukotrienes and (OH’ ) have not been defined. 

All previously identified iodinated arachidonate 

derivatives formed by peroxidase-dependent mech- 

anisms have been lactones [9,10]. Formation of 

such compounds requires the presence of a free 
carboxyl group in the unsaturated fatty acid in 
which iodohydrin formation occurs. The isolation 
and identification of double iodohydrins retaining 

a free carboxyl group demonstrates that the 
carboxyl group need not participate in the forma- 
tion of all iodonated products of arachidonic acid. 
This suggests that esters of arachidonic acid and 

perhaps other polyunsaturated fatty acids may 
also be iodinated by the peroxidase systems. We 
have recently demonstrated the iodination of 

methyl arachidonate by eosinophil peroxidase, 
H,O, and iodide (Hubbard, W.C., unpublished 

data). It is therefore possible that arachidonate 

and other polyunsaturated fatty acids esterified to 
glycerol in membrane phospholipid and other cell- 

ular lipids could undergo peroxidase-mediated 

halogenation. Such a process could contribute to 
the cytotoxicity of peroxidase/H,O,/halide sys- 
tems. 
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