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5,8,11-Eicosatrienoic acid was converted by mouse
mastocytoma cells stimulated with ionophore A23187
to two slow reacting substances. These were characterized by spectroscopy and by chemical and enzymatic
degradations as two geometrical isomers of 5-hydroxy6-S-glutathionyl-7,9,ll-eicosatrienoic
acid (E,E,Z; leukotriene C3 and E,E,E; 11-trans-leukotriene C3). Corresponding cysteinylglycine compounds ( l e u k o t r i e n e D3
and 11-trans leukotriene D3) were obtained from the
leukotriene C3 isomers by treatment with kidney yglutamyl transpeptidase. The biological effects of leukotrienes C3 and D3, on the isolated guinea pig ileum,
were approximately the same as of leukotrienes derived from arachidonic acid.

acid (n-9) to analogs of leukotrienes C4 a n d D4 as well as to
11-transleukotriene C4and D4analogs, lackingthe AI4 double
bond.
EXPERIMENTALPROCEDURES

Materials-Ionophore A23187 and the SRSantagonist FPL 55712
(20) were kindly provided by R. Hamill of Eli Lilly and P. Sheard of
Fisons Pharmaceutical Laboratories (Loughborough, England). To
prepare 5,8,11-eicosatrienoic acidthe corresponding triynoic acid (21),
25mg in ethyl acetate, 1.25 ml, plus quinoline, 6 mg, and Lindlar
catalyst (22). 6 mg, were stirred under HZ(1 atmosphere) or “Hz (2 Ci,
0.8 ml at NTP) for 80 min at room temperature. HCI, 0.1 N, 2.5 ml,
was added, and the mixture was extracted with diethyl ether. The
ether extract was purified by reverse phase high performance liquid
chromatography on a column (500 X 10 mm) of CIe-Polygosil using
methanol/water, 91, v/v, plus 0.01% acetic acid at 4.5 ml per min as
mobile phase and monitoring the light absorption at 220 nm. 5,8,11Eicosatrienoic acid was eluted after 36 min (yields, 23 mg and 0.2 Ci,
Slow reacting substance, fist described in 1938 as a factor respectively). An aliquot of unlabeled ackl was esterified with diazofrom lung which induces
a characteristic contractionof guinea methane and analyzed by gas-liquidchromatography-mass spectrom( c value 19.7 (3% OV-210), ions at m/e 320 (M), 289 ( M - 31;
pig intestine (1, 2), appears to be an important mediator of etry
.O-CHa), 288, 237, 221, 219, 215, 205, 192, 175, 161, 159, 147, 135, 133,
bronchoconstriction in asthma(3).The structure of SRS’ was 121, 106.93, 87, 79, and 74).
published in 1979 (4, 5), and the stereochemistry was eluciIncubations-CXBGABMCT-1 mastocytoma cells were propadated by total chemical synthesis (6)shortly thereafter (7).
gated intraperitoneally in CXBG or CBGF,mice and harvested as
This compound, 5(S)-hydroxy-6(R)-S-glutathionyl-7,9-trans-described (4). Rat basophilic leukemia cells were grown in spinner
cultures (11). Cell suspensions (lOi/ml) inbuffered salt solution
11,14-cis-eicosatetraenoicacid has beendesignatedleukotriene C4 (8).In addition the 11-transisomer of leukotriene C4 containing D-glucose (4) were preincubated for 2 min at 37°C with
) 5,8,11-eicosatriL-cysteine (10 mM). Ionophore A23187 (20 p ~ plus
was formed in lesser amounts (9). Leukotriene C4 is a potent enoic acid (50-54 p ~ or) A23187 (20 p ~ alone
)
were added as ethanol
stimulator of respiratory smooth muscle contractions in the solutions, and the incubations were continued for 20 min. Cells were
guinea pig and in man’ (about 1000-fold more potent than removed by centrifugation (2500 X g,5 rnin), and supernatants were
histamine) and increases the insufflation pressure and
the made 80%in ethanol.
Isolation of Leukotrienes-The purification scheme consisted of
capillary permeability in the guinea pig (10). Leukotriene C4
is converted to the corresponding cyteinylglycine derivative, chromatography on Amberlite XAD-8, and silicic acid followed by
HPLC’ (4).
(11, 12).
leukotriene D, (S), byy-glutamyltranspeptidase
HPLC-For preparative purposes the column (500 X 10 mm, CISLeukotriene D4has similar biological effectsas leukotriene C4 Polygosil, 5-pm particles) was eluted with methanol/water, 7 3 , v/v,
and is more potent in certain systems (10). It i s the major at 4.5 ml/min. An analytical column (250 X 4.6 mm, C,d-Nucleosil,5component of SRS producedby
rat basophilicleukemia
pm particles) was eluted with methanol/water, 65:35, v/v, or 7:3, v/v
(1ml/min). The solvents contained 0.1%acetic acid and were adjusted
(RBL-1)cells (11, 12)and of SRS fromimmunologically
stimulated human lung (13, 14). In contrast, SRS from rat to pH 5.4 with NHdOH. Further details have been published (4, 11).
Conversions by Soybean Lipoxygenase and Kidney y-Glutamyl
mononuclear cells consistedof leukotriene C4and leukotriene Transpeptidase-These techniques were carried out a s described
D4 (80 a n d 20%, respectively, on a molar basis (13, 15)). Some before (4, 11).
evidence for the formation of leukotriene D4 by basophilic
Bioassay-Bioassay was performed on the isolated atropinized
leukemia cells(16, 17) and immunologically stimulated guinea guinea pig ileum in the presence of mepyramine (4).
ChemicaZ Degradations andAnalytical Methods-Leukotrienes,
pig lung (18) has also been presented.
Recently, an analog of leukotriene C4 containing an addi- dissolved in methanol/water, 4:1, v/v, were exposedto ozone at -15OC
C5 (19)). for 2 min. The solvent was evaporated, and the residue was treated
tional double bond was characterized (leukotriene
with acetic acid/30% H202, 2:1, v/v, at 65OC for 6 h. The products
The present paper describesthe conversion of eicosatrienoic formed during the oxidative ozonolysiswere esterified with diazomethane andanalyzed by gas-liquid chromatography-mass spectrom* This work was supported by grants from the Swedish Medical etry. Amino acid and sequence analyses (5) and desulfurization with
Research Council(03X-5914) and Magnus Bergvalls Stiftelse. The Raney nickel (W-2) (4) were performed as described. Products after
costs of publication of this article were defrayed in part by the treatment with Raney nickelwere converted to methyl ester, tripayment of page charges. This article must therefore be hereby methybilyl ether derivatives, and analyzed by gas-liquid chromatogmarked “advertisement” in accordance with 18 U.S.C. Section 1734 raphy-mass spectrometry using an LKB 9OOO instrument.
solely to indicate this fact.
I The abbreviations used are: SRS, slow reacting substance; HPLC,
RESULTS
high performance liquid chromatography.
* Dahlen, S.-E., Hedquist, P., Hammarstrom, S., and Samuelsson,
Fig. 1 illustrates the effects of 5,8,11-eicosatrienoic acid (54
B. (1980) Nature 288. 484-486.
PM) on leukotriene formation
by mastocytoma cells stimulated
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Leukotrienes

LTC'

,187

and D3

withionophore A23187 and L-cysteine. Intheabsence
of
exogenous fatty acid, leukotriene Cq (4, 5, 8) and 11-trans
leukotriene C, (9) were the major products (56 and 13 nmol/
3 lo9 cells, respectively). In thepresence of eicosatrienoic acid
lower amounts of leukotriene C4 and 11-trans leukotrieneCq
were formed (15and 5 nmo1/3.1Oy cells, respectively). Instead,
two products with longer elution times (I and 11, 31 and 8
nmol/3 lo9 cells, respectively) appeared. In another experiment using 5. IO9 mastocytoma cells and 50 p~ eicosatrienoic
acid the yields were 24 nmol of leukotriene C4, 6 nmol of 11trans leukotriene C4, 32 nmol of compound I, and 9 nmol of
compound 11.
Compound I-The UV spectrum of compound I (Fig. 2)
had an absorbancemaximum a t 279 nm and shouldersa t 291
and 269 nm. Each of these values is approximately 1nm lower
than for the spectrum of leukotriene C4 (4). As previously
discussed (4) the spectrum indicates thepresence of a conjugated trienewith an allylic thioether. Desulfurization of compound I (30 nmol) with Raney nickel yielded 5-hydroxyeicosanoic acidas judged by gas-liquid chromatography-mass spectrometry ( c value 21.5 (SE-30);ions a t m / e 399 (M - 15,
.CH,), 367 (M - 15 - 32, .CHJ and CH30H), 313 (M - 101,
. C H 2 ( C H 2 ) 2 C O O C H 3 )203
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FIG. 1. HPLC recordings of methanol eluates from silicic
acid chromatographies after incubations of mastocytoma cells
(3.10') with ionophore A23187 (20 PM) plus 5,8,11-eicosatrienoic acid (54 PM) or A23187 (20 PM), respectively. The yields
were: LTC, (leukotriene Cq) 15 nmol (upper) and 56 nmol (lower
chromatogram); 11-trans leukotriene Cq, 5and 13 nmol, respectively;
compounds I and I1 (upper chromatogram), 31 and 8 nmol, respectively. Conditions for HPLC: column,500 X 10 mm; stationary phase,
CIH-Polygosil,5 Fm; mobile phase, methanol-water, 7:3, v/v, plus 0.1%
acetic acid adjusted to pH 5.4 with NH,OH (4.5 ml/min). Full scale
deflection: 0.16 (upper) and 0.64 absorbance units (lower).

TABLE
I
Elution times on HPLC and amino acid compositions o f
Zeukotrienes derived fromeicosatrienoic acid (n-9)
Compound

I1

I

Elution
31.5
time" 29.4
20.4
Amino acid composition'
acid
Glutamic
0.94
Glycine
Half-cystine
0.27

111

IV

18.6
0.83
0.94
0.29

0.98

0.05
1.01
0.32

n.d.c
n.d.
n.d.

a Measured in minutes. Conditions
for HPLC as in Fig. 1 except
that the methanol towater ratio was 75:25, v/v.
Measured in mol/mol. Samples were hydrolyzed with 6 N HC1 for
21 h prior to the analyses. Other residues were not detected or were
less than 0.07 mol/mol.
'n.d., not determined.
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FIG. 2. Ultraviolet spectra of compounds I and I1 (Fig. 1).
The spectra were recorded in the mobile phase for HPLC (see Fig. 1).
Absorbance, 0-0.93 units.
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FIG. 3. Mass spectra of methyl ester derivatives of products
obtained from compoundI by oxidative ozonolysis.

Leukotrienes C3 and D3
CH(CH2)3COOCH3),
171 and 99). Amino acid analyses (Table
I) gave similar results as for leukotriene C4 (5) viz. approximately 1 mol of glutamic acid, 1 mol of glycine, and a smaller
amount of cystine per mol of compound I. Compound I (6
nmol) was transformed by y-glutamyl transpeptidase to a less
polar derivative (compoundIII,4 nmol) lacking glutamic acid
(Table I). This suggested that glutamic acidwas NH2-terminal
and attached as a y-peptide in compound 1. Hydrazinolysis
showed that glycine was COOH-terminal, establishing that
the peptide part of compound I was identical with that of
leukotriene C4 (glutathione). Compound I (90 nmol) was subjected to oxidative ozonolysis, and the products were converted to methyl ester derivatives and
analyzed by gas-liquid
chromatography-mass spectrometry (Fig. 3). Two products
were identified by comparisons with authentic reference compounds as nonanoic acid (c value 9.0; ions a t m/e 172 (M), 157
( M - 15, -CH3), 143, 141 ( M - 31, *O-CH3),129, 115, 101,87
and 74) and 1,5-pentanedioic acid ( c value 13.3 (EGSSX);ions
at m/e 129 ( M - 31, *OCH3), 128, 101 ( M - 59, -COOCH,)
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FIG. 4. Effects of soybean lipoxygenase on the UV spectra
of compound I (-)
and leukotriene C1 (- - -). Spectra were
recorded in Tyrode's buffer before and after 45-min incubation at
23°C (4). Absorbance, 0-0.04 units.
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100, 97, 87, 85, 74, 72, 59, and 55). The formation of nonanoic
acid showedthat compound I contained a A" double bond but
no AI4 double bond. The experiment also positioned the remaining double bonds to the A' and A9 positions as the A"
double bond is part of the conjugated triene. Moreover, the
attachment of glutathione
formation of nonanoic acid excludes
at (2-13 and indicates that the thioetherbond is at C-6. This
was further substantiated by the formationof 1,5-pentanedioic
acid during the oxidative ozonolysis (cf. discussion in Ref. 4).
Compound I was not converted by soybean lipoxygenase to a
15-hydroperoxy derivative asjudged by UV spectroscopy (Fig.
4). This is in agreement with the lack of a A14 double bond.
The structure of compound I is, therefore, 5-hydroxy-6-Sglutathionyl-7,9,11-eicosatrienoic
acid (leukotriene C:$,Fig. 5 ) .
It is likely that the stereochemistry is identical with that of
(7)).
leukotriene C4 (5(S),6(R)7,9-trans,ll-cis
Compound 11-The UV spectrum of compound I1 was
at 277 nm) compared
shifted 2 nm hypsochromatically (X,,
to the spectrum of leukotriene CB(Fig. 2). This suggests the
presence of an all trans triene chromophore(cf. Ref. 9). The
amino acid composition (Table I) and the conversion of compound I1 by y-glutamyl transpeptidase to a less polar derivative (Table I, compound 1V) suggested that the peptide parts
of compounds I and I1 were identical. The relative HPLC
I was the
elution timeof compound I1 compared to compound
same as the relative elution time of 11-trans leukotriene C4
compared to leukotriene C4 (1.1, Fig. 1).Based on this, compound I1 was tentatively identified as the 11-transisomer of
leukotriene C3 (Fig. 5).
Compound 111-Compound I11 was obtained by treatment
of leukotriene C3 with y-glutamyl transpeptidase under conditions whichlead to the conversion of leukotriene C4 to
leukotriene D4 (11).The UV spectrum of compound I11 was
identical with thatof leukotriene Cs, and aminoacid analyses
showed that compound I11 lackedglutamic acid (Table I).
The relative elution time of compound I11 compared to leukotriene Cs (1.6; Table I) was similar to the relative elution
time of leukotriene D4 compared to leukotriene C4 (1.7, cf.
Ref. 12). Compound I11 is, therefore,the cysteinylglycine
analog of leukotriene C3 (Fig. 5, leukotriene DR).
Compound IV-Based on its mode of formation and its
elution time on HPLC, compound I V is the cysteinylglycine
analog of 11-trans leukotrieneCs (Fig. 5, 11-trans leukotriene
D3).
Conversion of 3H-labeled Eicosatrienoic Acid to Leukotriene C3-Fig. 6shows an HPLC chromatogram obtained
from an incubation
of 3.4 mCi [5,6,8,9,11,12-~'3Hti]eicosatrienoic
acid (62 Ci/mmol) with mouse mastocytoma cells (3.4.10') in
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the presence of L-cysteine (10 mM) and A23187 (20 p ~ ) .
Approximately 50 pCi of radioactive product with elutiontime
42 min were obtained. In another experiment the carrier-free
acid was diluted with unlabeled eicosatrienoicacid (n-9) to 22
Ci/mol, and 0.21 mCi was incubated with 1.5-10' RBL-I cells
in the presence of 20 mM serine-borate (12). In this case the
yield of product with elution time 42 min under the same
HPLC conditions was 1.9 nmol, and the specific activity was

FPL 55712
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FIG. 6. Conversion [3Ha]5,8,11-eicosatrienoicacid to leukotriene CS.HPLC of methanol eluatefrom silicic acid chromatography

of an incubation of 'H-labeled acid with mastocytoma cells stimulated
by ionophore A23187. Conditions for HPLC were the same asin Fig.
1.
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FIG. 8. Contractile effects of leukotrienes on isolated atropine- and mepyramine-treated guinea pig ileum. Upper panel,
LTC3 (O),LTCl ( X ) , and 11-transLTCS (A). The upper part shows

recordings of contractions (w,wash) and thelower part dose response
curves. The cuvette volume was 7 ml, and FPL 55712 was added to a
final concentration of 40 ng/ml. Lower panel, LTDa (0)and LTD,
( X ) . The data shown are from an experiment using ileum from one
animal. Three additional experiments, performed with
ileum from
other animals, gave results similar to those shown here.

24 Ci/mol from radioactivity and UV absorbance measurements (ez7' = 40,000). The product hadabsorbance maximum
a t 279 nm, cochromatographed with leukotriene Cs on HPLC
(Fig. 7A), and was converted by y-glutamyl transpeptidase to
a product cochromatographing with leukotriene D3 on HPLC
(Fig. 7B)."
Biological Effects of Leukotriene C,, Leukotriene DS, a n d
11-trans LeukotrieneC3 on Guinea Pig Ileum-Leukotriene
Ca and 11-trans leukotriene Cs induced slow sustained contractions of the isolated mepyramine- and atropine-treated
guinea pig ileum, with similar times of onset as observed for
leukotriene C4 (Fig. 8). The effects, which required multiple
washings for reversal, were completely antagonized by a low
concentration of FPL55712 (Fig. 8, c/ Ref. 20). Dose-response
curves indicated that leukotriene C3 and leukotriene Cs were
approximately equipotent and that 11-trans leukotriene CS
l
1
!
"
I
was 5 to 10 times less active (Fig. 8). Leukotriene DS induced
0
10
20
30
LO
Elution t i m e , min
similar contractions as leukotriene D4 with regard to time of
FIG. 7. Identification of the major radioactive product in
onset and duration. Its potency was similar to that of leukoFig. 6.A , HPLC of 0.2 pCi of "-labeled material and leukotriene C.3 triene D4 (Fig. 8).
(LTCJ;1 nmol). B,treatment of 0.1 pCi of 3H-labeled material and
1

leukotriene C3 (1 nmol) with y-glutamyl transpeptidase (10 pg in a
min (cf. Ref. 11). Conditions for
total volume of 100 pl;37'C,30
HPLC were the same as in Fig. 1 but the methanol/water ratio was
75:25, v/v.

The tritium-labeled leukotrienes were eluted slightly before the
unlabeled compounds due toisotope discrimination duringHPLC (cf.
Ref. 4).

P&IC; Natl. Acad.
Sci. U. S. A . 76,4275-4279
Arachidonic acid and eicosapentaenoic acid (n-3) are pre5. Hammarstrom, S., Murphy, R. C., Samuelsson, B., Clark, D. A.,
cursors of prostaglandins and thromboxanes (23). Recent evMioskowski, C., and Corey, E. J. (1979) Biochem. Biophys. Res.
idence hasshownthatthese
acids are also convertedto
Commun. 91, 1266-1272
6. Corey, E. J., Clark, D. A., Goto, G., Marfat, A,, Mioskowski, C.,
biologically active leukotrienesuiz. leukotrienes C4 (4)and Cg
Samuelsson, B., and Hammarstrom, S. (1980) J . Am. Chem.
(24), respectively. Eicosatrienoic acid (n-9) which
is syntheSOC.102, 1436-1439
sized de nouo in man and other mammals, particularlywhen
7. Hammarstrom, S., Samuelsson, B., Clark, D. A,, Goto, G., Marfat,
thediet is deficientinessential
fatty acids(25) isnot a
A,, Mioskowski, C., and Corey, E. J. (1980) Biochem. Biophys.
prostaglandin or thromboxaneprecursor. The present results
Res. Commun. 92,946-953
demonstrate that this acid,
however, can be converted to
8. Samuelsson, B., and Hammarstrom,S. (1980)Prostaglandins 19,
645-648
leukotrienes of C and D types. These compounds are as potent
9. Clark, D. A,, Goto, G., Marfat, A,, Corey, E. J., Hammarstrom, S.,
as corresponding leukotrienes formed from arachidonic acid
and Samuelsson, B. (1980) Biochem. Biophys. Res. Commun.
as determined by bioassay on guinea pig ileum. It has been
94, 1133-1139
postulated that some symptoms of essential fatty acid defi10. Hedqvist, P., Dahlen, S. E., Gustafsson, L., Hammarstrom, S.,
ciency are due to decreased formation
of prostaglandins. The
and Samuelsson, B. (1980) Acta Physiol. Scand. 110, 331-333
results presented heresuggest that the same may not
be true 11. Orning, L., Hammarstrom, S., and Samuelsson, B. (1980) Proc.
Natl. Acad.Sei. U. S. A . 77, 2014-2017
for leukotrienes.
T h e degradative work on leukotriene Cs has provided ad- 12. Orning, L., and Hammarstrom, S. (1980) J . Biol. Chem. 255,
8023-8026
ditional evidence for the positions of the conjugated triene
and the thioether bond in leukotrienes C-E (cf Ref. 4).The 13. Bach, M. K., Brashler, J. R., Hammarstrom, S., and Samuelsson,
B. (1980) Biochem. Biophys. Res. Commun. 93, 1121-1124
experiments with tritium-labeled 5,8,11-eicosatrienoic acid 14. Lewis, R. A., Austen, K. F., Drazen, J. M., Clark, D. A,, Marfat,
andRBL-1 cells showed that the acid was convertedto
A., and Corey, E. J. (1980) Proc. Natl. Acad. Sci. U. S. A . 77,
leukotriene CS without noticeable dilution byendogenous
3710-3714
15. Bach, M. K., Brashler, J. R., Hammarstrom, S., and Samuelsson,
unlabeled fatty acid. Thus, using carrier-free eicosatrienoic
B. (1980) J. Immunol. 125, 115-118
acid leukotrienes CSand Ds of high specific activity (about 60
Ci/mmol) were biosynthesized.These compounds are suitable 16. Parker, C. W . ,Huber, M. M., Hoffman, M. K., and Falkenhein, S.
F. (1979) Prostaglandins 18, 673-686
for investigations regarding the metabolism, excretion, and 17. Morris, H. R., Taylor, G. W . , Piper, P. J., Samhoun, M. N., and
tissue distribution of leukotrienes C and D in vivo since they
Tippins, J. R. (1980) Prostaglandins 19, 185-201
can be administered in tracer amounts. Such experiments are 18. Morris, H. R., Taylor, G. W . ,Piper, P. J., and Tippins, J. R. (1980)
Nature 285, 104-106
in progress.
19. Hammarstrom, S . (1980) J. Biot. Chem. 255, 7093-7094
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