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ABSTRACT. Many moth species biosynthesize their sex pheromones by the action of unique desaturases.
These membrane-bound family of enzymes are especially interesting, since some of them Epduce (
unsaturated fatty acids either exclusively or along with #jeigomer. In this article we present the first
mechanistic study on one of these enzymes, namely Afdanyristoyl-CoA desaturase of the moth
Spodoptera littoralisintermolecular primary isotope effect determinations were performed in competition
experiments. The unusual use of odd-number fatty acids, tridecanoic acid and deuterium-labeled tridecanoic
acid, in these experiments showed the existence of a large isotope effect for the-dardmyen bond
cleavage at C11, but no isotope discrimination occurred in the removal of B1Zhe results of the
competitive experiments are consistent with the hypothesis thaAthidesaturase involves a first slow,
isotope-sensitive CHH bond cleavage, with probable formation of an unstable intermediate, followed
by a second fast Ct2H bond removal. We suggest that a single enzyme may be responsible for the
formation of both Z)- and E)-11-tetradecenoic acids by accommodating lyathcheandanti conformers

of the substrate, respectively. It is also possible that two mechanistically identical discrete enzymes are
involved in each desaturation. In this case, the geometry of the resulting double bond would result from
the different conformation adopted by the acyl substrate at each enzyme active site.

Fatty acyl desaturases are non-heme iron-containing,either exclusively 10, 11 or along with the Z)-isomer @,
oxygen-dependent enzymes involved in the regio- and 6, 12), thereby being excellent models to study these distinct
stereoselective introduction of double bonds in fatty acyl enzymes. Furthermore, in the latter cases, whether both
aliphatic chainsX). Two different types of desaturases with isomers are formed by the action of a single desaturase or
characteristic differences have been identifigd The first two discrete enzymes is still an open question.

type corresponds to the soluble plant enzymes, which utilize  The mechanism of enzymatic desaturation of fatty acids
the acyl carrier protein derivative of the substrate fatty acid is currently under intensive investigation. Several lines of
and have a consensus motif consisting of carboxylates andevidence indicate that the desaturation and the biohydroxy-
histidines that are thought to act to coordinate an active diiron |ation of inactivated aliphatic compounds follow similar
cluster. The second type of desaturases, present in yeasteaction mechanisms2) Buist and Marecak 18) have
mammals, and insects, among others, are membrane-boun@roposed a possible mechanistic scheme relating hydroxy-
enzymes that act on either the acyl coenzyme A or the lipid- |ation and desaturation. The reaction would begin with an
esterified derivative of the fatty acid substrate. The integral initial hydrogen abstraction step by a hypervalent iron-oxo
membrane class of desaturases has a different consensuspecies to generate a very short-lived intermediate species,
motif composed of histidines that act as ligands for the active- which could then give rise to the olefin via a one-electron
site diiron cluster. oxidation/deprotonation1) or simple disproportionation
Many moth species biosynthesize their sex pheromones(15) pathways. Such a mechanism appears to operate in the
by the action of unique d.esaturases.. After the pioneering fatty acyl desaturases thus far investigatié, (17.
works of Roelofs and Bjostad3), different desaturase Whereas all the reported mechanistic studies on desat-
systems have been identified in pheromone glands of 4565 have focused on the enzymes that give risg)to (
Lepidoptera.At'-Desaturases, described in different moth \\nqatyrated fatty acids, a single investigation has been
species 4—7), are the most widely distributed. This mem-  , pjished on the enzymes that catalyze the introduction of
brane-bound family of enzymes,(9) is especially interest- gy qouble bonds 18). In the mothSpodoptera littoralis
ing, since some of them produdg){unsaturated fatty acids,  myristic acid is converted into botfE}-11-tetradecenoic and
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To continue with our studies oft)-fatty acyl desaturases, MS (m/z, methyl ester): 74 (100), 87, 143, 187, 199, and
we report herein on the cryptoregiochemistof the A1l 230 (M"). Anal. Calcd for GsH24D,0,: C, 77.22; H/D,
desaturation of myristic acid i8. littoralis by determination 12.96. Found: C, 77.23; H/D, 12.95.
of intermolecular primary isotope effects. The possible  The deuterium contents of the labeled substrates were
mechanisms for the formation of both){ and €)-isomers determined by GC-MS analysis of their respective methyl

are also discussed. esters and were found to be as follows: 11,313dAcid,
90.0%2H,, 8.9%2H,, and 1.196H,; 12,12-d13:Acid, 88.2.%
EXPERIMENTAL PROCEDURES M., 879%2H,. and 31961,
Materials All reagents for synthesis, dimethyl sulfoxide, ~ Metabolization of Odd-Number Fatty Acidghese experi-

and the odd-number fatty acids were supplied by Sigma Ments were performed as previously reporte8).(Briefly,
Aldrich Quimica S.A. (Madrid, Spain). The probes [11,11- 1-day-old virginS. littoralisfemales were immobilized, their
2H_Jtridecanoic acid (11,11-43:Acid? and [12,122H]- pheromone glands were extruded, and each acid was topically
tridecanoic acid (12,12,t3:Acid) were prepared as described applied to the gland as dimethyl sulfoxide solutions (0.1
in the following sectionsS. littoralis specimens were reared  2-5 #g/uL). A total dose of 2ug was given in eight
as reported elsewheré)( subsequent 3(_) min mcubatl_ons with 0.2§. Pher_om_one
Instrumentation Elemental analyses were obtained with 9lands were dissected 30 min after the last application and
a Carlo Erba model 1106. Fourier transform infrared spectra tN€ tissues were processed for analysis as described below.
(FT-IR) were recorded in chloroform solutions on a Mich-  Isotope Effect Determination Experimefihese experi-
elson Bomem MB-120 spectrometer. Proton and carbon Ments were performed as indicated above, but a ca. 1:1
nuclear magnetic resonandel(NMR or 2°C NMR) spectra  Mixture of each deuterated substrate and tridecanoic acid was
were recorded on a Varian Unity 300 instrument at 300 or topically applied to the gland (OAL, 10 ug/uL in dimethyl
75 MHz for IH and 1°C, respectively. Deuteriochloroform  Sulfoxide). A total dose of 2.g of each probe was given in
was used as solvent, and chemical shifts are expressed a§ight subsequent 30 min incubations with 025 Some
parts per million downfield from tetramethylsilane. Gas animals were treated with the same doses of the individual
chromatography coupled to mass spectrometry (GC-MS) wasProbes, 13:Acid, 11,11-83:Acid, and 12,12-d3:Acid.
performed at 70 eV on a Fisons gas chromatograph (8000 Preparation of ExtractsPheromone glands were soaked
series) coupled to a Fisons MD-800 mass-selective detectorin chloroform/methanol (2:1) at 25C for 1 h. The lipidic
The system was equipped with a nonpolar Hewlett-Packard extract thus obtained was base-methanolyzed as described
HP-1 capillary column (30 nx 0.20 mm i.d.) and used the  €lsewhere®) to obtain the fatty acid methyl esters. In some
following temperature program: from 120 to 18C at 5 experiments, this solution was derivatized with dimethyl
°C/min and then to 266C at 2°C/min after an initial delay ~ disulfide (DMDS) following reported procedure23). The
of 2 min. Specific operation details are described in each extracts were analyzed by GC-MS with the equipment

experiment. mentioned previously and the conditions described in the
Synthetic Procedure$12,122H,]Tridecanoic acid (11,-  following.
11-b13:Acid) and [12,12H,]tridecanoic acid (12,12-d3: Analytical MethodslIn the metabolization of odd-number

Acid) were prepared as detailed in the Supporting Informa- fatty acids, fatty acid methyl ester extracts and the DMDS-
tion. Analytical and spectroscopic data were as follows:  derivatized samples were prepared from groups of four
11,11-d13:Acid. FT-IR: 2921, 2852, 1712, 1465, 1288, Pheromone glands. Analysis was carried out by GC-MS
910, and 734 cmi. *H NMR: 6 2.5 (t,J = 5.0 Hz, 2 H,  under the Scan mode.
C2—-H),1.8(m,2H, C3-H),1.4 (s, 16 H, C4H to C11— Intermolecular primary isotope effects were calculated
H), and 1.0 (s, 3 H, C13H). 3C NMR: 6 180.2 (C1), 34.1  from the ratios of product formed from unlabeled substrate
(C2), 31.7 (C11), 29.6, 29.5, 29.4, 29.3, 29.2, 29.1 (C4 to and that produced from the deuterated analogues. These
C10), 24.7 (C3), and 13.9 (C13). GC-M&/¢, methyl measurements were carried out by GC-MS of extracts from
ester): 74 (100%), 87, 187, 199, and 230" {MAnal. Calcd individual glands, under the selected ion monitoring mode
for CigHp4D20,: C, 77.22; H/D, 12.96. Found: C, 77.24; (SIM), and were based on the abundance of the respective
H/D, 12.94. molecular ions of the various isotopomers of methgj-(
12,12-d13:Acid. FT-IR: 2954, 2920, 2852, 1704, 1411, 1l-tridecenoate (Z1113:Me) and methylg)-11-trideceno-
1292, 933, and 723 cth. 1H NMR: 0 2.4 (t, J=5.0Hz,2  ate (E1}13:Me) [Wz226 (d) and 227 (g)]. Isotope effects
H, C2—H), 1.6 (m, 2 H, C3-H), 1.3 (s, 16 H, C4H to were corrected for the exact proportion of unlabeled and
C10-H and C12-H), and 0.9 (s, 3 H, C13H). 13C NMR: labeled substrates administered, which was determined by
6 180.2 (C1), 33.9 (C2), 29.6, 29.5, 29.4, 29.2, 29.1, 29.0 GC-MS analysis of a BFMeOH-derivatized sample of the
(C4 to C10), 24.7 (C3), 22.5 (C12), and 13.9 (C13). GC- applied mixture. Corrections were also made for incom-
plete deuterium incorporation in the substrates and for the
Th . o o natural abundance of carbon and oxygen isotopes in the
e term cryptoregiochemistry in connection with desaturases was . . .
defined by Buist (see ref6) to describe the site of initial oxidation in  10NS monitored. These latter values were obtained from the

this two-step dehydrogenation reaction. GC-MS chromatograms of extracts of glands incubated with
2 Abbreviations: **C NMR, carbon nuclear magnetic resonance; the individual probes.

DMDS, dimethyl disulfide; GC-MS, gas chromatography coupled to

mass spectrometry; FT-IR, Fourier transform infrared spectra;-E11

13:Me, methyl E)-11-tridecenoate; Z+113:Me, methyl Z)-11-tri- RESULTS
decenoate!H NMR, proton nuclear magnetic resonance; 13:Acid, . .
tridecanoic acid; 11,11,83:Acid, [11,112H,]tridecanoic acid; 12,12- Metabolization of Odd-Number Fatty Acidshe use of

d»13:Acid, [12,122H,]tridecanoic acid; SIM, selected ion monitoring.  the natural substrate of th&'-myristoyl-CoA desaturase
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A Al Scheme 1: Synthesis of 11,1318:Acid and
A2 12,12-¢13:Acid?
A3 RCHO  2a:R=CHj,
2b: R=CzH5
I T T T T T 1 a
17.0 17.5 18.0 l

TIME (min) 3a: Ry=CHjg, Rp=H
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Dy OX 6b: Ry=CHs,Ro=(CHp) 1gOCH20CHz, X=H
407 Ri Re 7a: Ry=CHg, Ry=(CHy);;OCH,0CHz, X=Ts

7b: Ry=CyoHs,Ro=(CHp)1¢OCH,0CHj, X=Ts
207

Relative abundance (%)
a
o
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8a: R:CHS, X=(CH2)11OH

miz 50 100 150 200 DD 8b: R=C,Hg, X=(CHa)1,0H
R” (CHp)nX

~ 1007 245 B2 1a: R=CH3, X=(CH,){,COOH

S 213 1b: R=C,Hs, X=(CH,)gCOOH

é 801 aReagents: (a) propanedithiol/BEtO,/CH;COOH/CHCU/reflux;

= (b) n-BuLi/THF/—20 °C, then Br(CH)1:0CHOCHy/THF; (c) n-bro-

5 601 mosuccinimide/acetone#B; (d) NaBDyMeOD; (e) TsCl/triethylamine/

2 (dimethylamino)pyridine/CECl; (f) LIAID #EtO; (g) HCI/MeOH

v 401 7 10%,; (h) CrQ/H,SOy/acetone.

3 205 |8 . 320 and 226) (Figure 1). The location of the double bond along
a 9|: 15 the aliphatic chain was determined by GC-MS analysis of

0- s At the DMDS derivativesZ3). Two dimethyl disulfide adducts

mlz 100 200 300

(Figure 1B) were formed that had identical mass spectra
Ficure 1: Partial GC-MS chromatograms corresponding to (A) _(F'QUV? 1) with characteristic fragmentsratz 75 a_nd 245,
base-methanolyzed lipidic extract of pheromone glands treated with indicating the presence of a double bond at C11 in the parent
13:Acid and (B) DMDS-derivatized extract of fatty acid methyl tridecenoic acids. Both dimethyl disulfide adducts were
esters from pheromone glands treated with 13:Acid. Compounds stereoisomers arising from bottZ)¢11-tridecenoic acid

are as follows: Al, methyl tridecanoateA2, methyl E)-11- 19 A 11t : : A A
tridecenoateA3, methyl ¢)-11-tridecenoateBl, dimethyl disulfide (£11-13:Acid) and E)-11-tridecenoic acid (E+413:Acid).

adduct of methyl )-11-tridecenoate; anB2, dimethy! disulfide Synthetic standards showed that tBisomer had a shorter
adduct of methyl Z)-11-tridecenoate. Mass spectra of compounds retention time than that of theZf-isomer in the GC-MS
A2 (or A3) andB1 (or B2) are also depicted. chromatograms. The transformation of 13:Acid into both
E11-13:Acid and Z11+13:Acid (E/Z = 85:15,n = 8) was
studied here, tetradecanoic acid, for the isotope effect similar to the fate of the natural substrate, tetradecanoic acid
determinations required the introduction of additional deu- (E/Z = 65:35,n = 6), in S. littoralis pheromone glands,
terium atoms, besides those at C11 and C12, to unambigu-although the ratios oE/Z isomers were higher in the first
ously identify the unsaturated products formed in the case.
competitive experiments, since the presence of endogenous When the same methodology was applied to pentadecanoic
material would alter the 1, ratio of the olefinic products  and heptadecanoic acids, GC-MS analysis of the dimethyl
if dideuterated tetradecanoic acid was used as substrate. Talisulfide-treated methanolyzed lipidic extracts showed that
avoid the arduous preparation of such a highly deuteratedonly the @)-isomers of the resulting monounsaturated
probe, the possibility of using an alternative unnatural products were formed (data not shown), as it occurs with
substrate of th'*-desaturase was initially investigateh. the natural substrate hexadecanoic acid.
As the simplest option, a series of odd-number fatty acids, Synthesis of Deuterium-Labeled Substrafés required
namely, tridecanoic, pentadecanoic, and heptadecanoic acidsieuterium-labeled compounds for the competition experi-
was first tested. Compounds were topically applied to the ments, 11,11-d3:Acid and 12,12-(3:Acid, were pre-
pheromone glands as dimethyl sulfoxide solutions and the pared as depicted in Scheme 1, following well-established
fatty acid methyl esters were then obtained by base meth-procedures. Intermediate dithianésvere synthesized by
anolysis of the gland lipidic extracts and analyzed by reaction of aldehyde& with 1,3-propanedithiol in boron
GC-MS. In these experiments, 13:Acid gave rise to two trifluoride/etherate Z5), followed by alkylation of the
monoolefinic acids (Figure 1A), which were identified on resulting 1,3-dithiane8 (26) by sequential treatment with
the basis of their mass spectra fragmente 65, 152, 194, n-butyllithium and the acetal derivative of the suitable
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Table 1: Intermolecular Isotope Effects on the Formation of
(2)-11-Tridecenoic Acid andH)-11-Tridecenoic Acid from
Tridecanoic Acid

substrate metabolite isotope effect
11,11-d13:Acid E11-13:Acid 5.12£ 0.53
11,11-d13:Acid Z11-13:Acid 5.49t 0.5
12,12-d13:Acid E11-13:Acid 1.0% 0.03
12,12-d13:Acid Z11-13:Acid 1.16+ 0.04

@ Assays and intermolecular primary isotope effect calculations were

performed as described under Experimental Procedures. Values are the

mean4 SD of four groups of five gland$.Analyzed as methyl ester.
¢Mean= SD of isotope effect at CLE.Mean+ SD of isotope effect
at C12.

bromoalkanol. Dithianed were converted into ketonés
by treatment withiN-bromosuccinimide in acetone/@ (27).
Reduction of ketoned with NaBD, (28), followed by
tosylation @9) of the resulting alcohol$§, reduction of the
tosylates7 with LiAID 4 (30), hydrolysis of the protective
group B1), and final Jones oxidation3®) afforded the
expected acid§.

The presence of two deuterium atoms in both probes was
confirmed by GC-MS of the corresponding methyl esters
(M+ atm/z 230), whereas the location of label was confirmed
by 13C NMR. Thus, the signals at 31.8 (C11) and 22.5 ppm
(C12) in the®*C NMR spectra of tridecanoic acid were not
observed in 11,11-d3:Acid and 12,12-( 3:Acid, respec-
tively, indicating the presence of deuterium atoms at C11
and C12, respectively, in both compounds.

Isotope Effect ExperimentEhein vivo methodology used
in this work was similar to that used in previous studie) (
The experimental desigri§, 17, 33 involves comparing
the d/dp ratio in both g)- and E)-11-tridecenoate products
derived from a 1:1 mixture of 11,11,43:Acid and 13:Acid
with that obtained from a 1:1 mixture of 12,1218:Acid
and 13:Acid. The competitive experiments were therefore
carried out by administration to the pheromone gland of an
approximately 1/1 mixture of 13:Acid and each of the
deuterated substrates. After the incubation time, the base
methanolyzed lipidic extract was analyzed by GC-MS under
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Scheme 2: Mechanistic Model for the Formation &j-(
and E)-11-Tetradecanoic Acids from Myristic Acid
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a Assuming that a single enzyme occurs, both conformatigensche
(la) andanti (Ib), would coexist at the enzyme active site. In the case
of two discrete enzymes, the gauche conformation (la) of the acyl
substrate would fit into theZ)-desaturase cavity, whereas thHe)-(
desaturase would accommodate the anti substrate conformer. The
stereospecificity of the C11-H and C12-H removed is that previously
reported 18). The second iron atom present in the enzyme active center
cluster is not depicted.

probable formation of an unstable intermediate, followed by
a second fast Ct2H bond removal (Scheme 2). This result
is similar to those found previously in th&’-stearoyl-CoA

the SIM mode. Areas of the molecular ions were determined yosaturase from other systenis,20, a A'2oleoyl-CoA
and the isotope effects were calculated as mentioned unde'desaturasel@ and aAG-desaturaseS’@) as well as in the

Experimental Procedures. As shown in Table 1, a large
isotope effect was observed for the carbtwydrogen bond
cleavage at C11 in the formation of both isomers, but no
isotope discrimination occurred in the removal of C12

to give either of both isomers.

DISCUSSION

In this article we have applied the determination of isotope
effects to shed some light into the cryptoregiochemistry of
the A-myristoyl-CoA desaturase. This methodology has
been validated for other desaturasies, (17). As mentioned
in the Results section, the transformation of 13:Acid into
both E11-13:Acid and Z11+13:Acid, comparable to the fate

cytochrome P-450-mediated desaturation of valproic acid
(33).
It is worth noting that in this study similar isotope effect
values were obtained for bot&)¢ and E)-11 desaturation
reactions. This result indicates that should two discrete
enzymes catalyze the formation of each isomer, then they
would promote the desaturation with identical cryptoregio-
chemistry. Biological desaturation of fatty acids to the
corresponding4)-isomers is ssynelimination reaction).
Assuming that desaturation to thE){olefin is also asyn
elimination process, formation of the two isomers through
the action of two different enzymes would result from the
different conformations adopted by the acyl substrates at each

of the natural substrate, tetradecanoic acid, prompted us toenzyme active site, which might be influenced by different

chose tridecanoic acid as substrate for our mechanistic study
The results of the competitive experiments showed that

C11—-H removal, but not elimination of Ct2H, was

sensitive to deuterium substitution. These results are con-

sistent with the hypothesis that thid!-desaturase involves

a first slow, isotope-sensitive C+H bond cleavage, with

amino acid sequence alignments in the enzyme active center
of both 2)- and E)-enzymes.

However, the experimental evidence does not prove that
generation of both isomers is not mediated by a distinct
desaturase. Inhibition studies with 11,12-methylenehexadec-
11-enoic acid, a reported inhibitor of the (Z)-11-palmitoyl-
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CoA desaturase3p), showing that this compound inhibits generating a unique species-specific semiochemical signal
the formation of both4)- and E)-11-tridecenoic acid from  is achieved in the most economical way for the cell.
tridecanoic acid with similar doseesponse curves (data not

shown) suggest the involvement of a single enzyme. A ACKNOWLEDGMENT

possible mechanism involving a single enzyme would imply  \ye thank Gerrfia Lazaro for rearing the insects used in
the existence of two substrate conformegaycheandanti, this study, Dr. Isabel Navarro for helpful discussions
at the enzyme active site, probably prior to initial C11 hr5ughout the synthesis of the deuterium-labeled substrates,

oxidation (Scheme 2). Although it is possible that the change 5,4 professor Peter Buist for his suggestions on earlier
of conformation occurs after the C-11 oxidation st8p)( versions of the manuscript.

this seems unlikely according to the results of the isotope
effects experiments. Thus, the lack of isotope effect in the SUPPORTING INFORMATION AVAILABLE
elimination of C12-H indicates that the rate constant for
this reaction is probably very large and any of the intermedi-
ate speciedja or iib (Scheme 2), would not probably have
sufficient lifetime to rotate about the C+L12 bond before
C12—H elimination.
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