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ABSTRACT. Deuterium-labeled &cholest-7-en-8-ol (1) bearing one or two deuteriums at the @-a&nd

(or) C-6a positions was synthesized in high isotopic and chiral purity. These compounds were used as
substrates with the microsomal wild-tygea maysand recombinanfrabidopsis thalianaA”-sterol-C5-
(6)-desaturases (5-DES) to probe directly the stereochemistry and the mechanism of the enzymatic reaction.
Clearly, in the conversion df by both 5-DESs, thed®-hydrogen is removed. {6°H]-5a-Cholest-7-en-

3p-ol shows an intermolecular deuterium kinetic isotope effect (DKIE)YandV/K, PV = 2.6 + 0.3,

PeV/K = 2.4 £ 0.1; and®8V = 2.3+ 0.3,P8V/K = 2.3 £ 0.2 for theZea maysandA. thalianawild-type

5-DES, respectively. In contrast, negligible or minor isotope eff@€is= 0.99+ 0.04,P5V/K = 0.914+

0.08; and®>V = 0.93 4 0.06,P%V/K = 0.96 4= 0.04, respectively, were observed withof8H]-cholest-
7-en-3-ol. The observed pattern of isotope effects strongly suggests that the plant 5-DES initiates oxidation
by cleavage of the chemically activateddC6H bond, a step which appears to be partially rate-limiting

in the desaturation process. Cleavage of the-B%ond has a negligible isotope effect, indicating that

the desaturation involves asynchronous scission of the twid Gonds at C5 and C6. We showed previously
[Taton, M., et al. (2000Biochemistry 39701] that threonine 114 was not essential to maintaining desaturase
activity, althoughV/K values for mutant T114l and T114S were respectively 10-fold lower and 4-fold
higher than that of the native 5-DES. In this study, we combined variation in enzyme structure and DKIE
studies and showed th2fv andP%V/K increased respectively to 3480.3 and 3.8+ 0.4 in mutant T114l

and decreased respectively to £®.4 and 1.4 0.1 in mutant T114S. The data suggest that the conserved
hydroxyl function at position 114 in the ERG3 family makes the abstraction of ¢hby@lrogen atom
substantially less rate-limiting during the 5-DES reaction. Based on the data, a tentative mechanism for
the desaturation of cholest-7-efi-8l is proposed.

During sterol biosynthesis in plants and animals, the 9
19-cyclopropyl ring- orA8-unsaturation of cycloartenol and
lanosterol, respectively, is transposed via a multienzymatic
cascade to the double bond at the C5(6) positigr2). We
have recently shown that in higher plan8}, (A’-sterol-C5- HO
(6)-desaturase (EC 1.3.3.2) (5-DESJIso processes the
desaturation ofA’-sterol precursors to produce®’-sterols Ficure 1: Reaction catalyzed bgt’-sterol-C5(6)-desaturase.
as in mammals4) and yeast %) (Figure 1). 5-DES is
membrane-bound, rquirgs _molecular oxygen, is stron_gly slightly in size, and thé\. thaliana5-DES shares only 29%,
promoted by NAD(P)H, is |nh|b|teq by cyanl'd'e, hydrophobic 35%, and 29% identity with the yeast, human, &ahdida
chelators, and cytochrome and is insensitive to carbon g peg respectively. Moreover, the 5-DESs possess a central
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?noggﬁgjaeiéIga?:jiglrtlgfnéIzlcsc;ggrsa?riﬁoltljz\%(Clgl)tlgc\r/]i;dnl?lfDH portion containing well-conserved residues, including three
. conserved histidine-rich motifs which are found in an
cyt bs reductase to the mar_nmallaﬂi) @nd plant ) 5-DESs. . jmportant class of integral membrane enzymes that includes
The cDNA or genes encoding 5-DES have been characterize esaturases, hydroxylases, epoxidases, and acetylehases (
in a variety of organisms includiraccharomyces cersiae 14 1 gne of these enzyn’"nes, rat stea’royI-CoA desaturase,

(8), Arabidopsis thaliana(9), Homo sapiens(10), and  ggp histidine residues from three histidine-rich motifs were
Candida glabratg GenBank L40390). These proteins differ shown to be essential for catalysisl). Recently we have

* Phone: 0033388358362. Fax: 0033388358484, E-mail: enzymo@ deémonstrated that th thaliana5-DES can be functionally
bota-ulp.u-strasbg.fr. active when expressed in the yeast) 3 null mutant, and

! Abbreviations: 5-DESA’-sterol-C5(6)-desaturase; cyt, kwyto- we showed by mutational analysis coupled with kinetic
chromebs; GC-MS, coupled gas chromatograpfmass spectroscopy:  syydies that the eight histidine residues from the three
HPLC, high-pressure liquid chromatography; P4s0, cytochrome P4S0; histidine-rich motifs of the 5-DES were essential for catalysis

TLC, thin-layer chromatography; GC, gas chromatography; El, electron ’ ] '
impact. (15). One possible function for these motifs would be to
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Ficure 2: Chemical structures of the compounds used in the present study.

provide the ligands for a presumed catalytic Fe center, as To get insights into the catalytic mechanism of the 5-DES,
previously proposed for this class of integral membrane we measured directly in vitro, in a microsomal preparation
enzymes catalyzing desaturations and hydroxylatidds. ( containing the 5-DES, the effects of deuterium substitution
Indeed, spectroscopic studies of alkamehydroxylase at C5 and C6 on the kinetic constants of the desaturase. We
provided evidence that a diiron cluster is present in at leastreport first the synthesis and characterization of]{5
one member of this class of integral membrane enzyd®s (  [6a]-, and [0, 6a]-deuterated forms of d-cholest-7-en-
In contrast, a second type of desaturases, which correspondg-ol (1) (Figure 2). Second, we describe their use to (i)
to the soluble plant enzymes and use the acyl carrier proteinprobe the stereochemistry of the reaction and (ii) determine
of the substrate fatty acid, have a consensus motif consistingthe intermolecular primary deuterium kinetic isotope effect
of carboxylates and histidines that are thought to coordinate (DKIE) on the kinetic constant¥max and Vma/Km for the
an active diiron clusterl). removal of the &- and Gx-hydrogens ofl catalyzed either
In the ERG3 family, 5-DESs from different organisms by the wild-typeZea maysr by the recombinarrabidopsis
possess a conserved hydroxyl function at position 154 ( thaliana A’-sterol-C5(6) desaturase. Third, we combine this
We recently found that threonine 114 was not essential to methodology with variation of enzyme structure to find
maintaining theA. thaliana5-DES activity (L5). However, information on the role that the previously identified key
V/K values for mutants T1141 and T114S were respectively residue, Thrl14, exerts on catalysis carried out byAhe
10-fold lower and 4-fold higher than that of the native 5-DES, thaliana 5-DES.
suggesting thgt a hydroxyl—contamlng suje chain at position MATERIALS AND METHODS
114 substantially increases the catalytical rate of Ahe
thaliana 5-DES (15). Chemical and Reagent3.he following chemicals and
Very little work on the detailed mechanism of membrane- réagents were purchased from SignfaNADH (disodium
bound fatty acid and steroid desaturating enzymes hasSalt), NAD", glutathione (reduced form), Trizma base.-5
appeared over the past 3 decades, and the mechanism bgholest-7-en-8-ol (1), and ergosta-5,7,9,22-tetragf-l (2).
which the 5-DES catalyzes the desaturationABfsterols Silica gel (236-400 mesh) was used for flash chromatog-
remains unknown. Moreover, while considerable experimen- raphy. Analytical and semipreparative TLC were performed
tal detail is available on the catalytic mechanism and the using Merck glass plates precoated with silica G/UV254.
role of residues affecting the activity of P450 monooxy- Unless otherwise stated, all reagents were purchased from
genases, less is known about the mode of action of the smallAldrich Chemical Co. and used without purification.
family of non-heme iron membrane-bound hydroxylases Chemical Procedured/elting points are uncorrected. MS
and desaturases to which the 5-DES most probably belongsand GC-MS were determined at 70 eV with a MD800 Fison
This is primarily due to the difficulty of obtaining an invitro  spectrometer. The GC separation was carried out on a
functional enzymatic system able to carry out lipid desatu- capillary column (WCOT; 30 m lengtk 0.25 mm inner
ration reactions, since, to our knowledge, all the reported diameter) coated with DB1J(& W Scientific, Folston, CA).
mechanistic studies on desaturases described so far are basdthe deuterium content was estimated from the average of
on the in vivo metabolism of labeled substrates or precursors.MS scans across the GC peak and has been corrected for
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natural isotopic abundances. GC analyses were carried ouhexane. The organic layer was washed with a solution of

with a GC instrument (model 8300, Varian, Les Ulis, France) ferrous sulfate (FeS{pin water, dried over MgSg)filtered,

equipped with a flame ionization detector and a fused evaporated, and dried under vacuum. The resulting residue

capillary column (WCOT; 30 m lengtlkx 0.25 mm inner was crystallized from MeOH/C}LI; to yield pure6 (6.5 g)

diameter) coated with DB1 (Hflow, 2 mL/min). The as determined from the 400 MHH NMR spectrum: mp

temperature used included a 30/min rise from 60 to 240  146-148 °C; MS (El) m/e (relative intensity) M = 518-

°C and then a 2C/min rise from 240 to 280C. Relative (0.5), 461(12), 443(4), 385(4), 369(96) NMR (400 MHz,

retention timestg) are given with respect to cholestertd ( CDCl3) 6 0.054 (6H, s, Me-Si), 0.645 (3H, s, H18), 0.806

= 1). HPLC analysis was carried out with a Waters S10 (3H, s, H19), 0.860 (3H, dl = 6.6, H26 or -27), 0.864 (3H,

instrument equipped with a single pump and linked to an d,J = 6.6, H26 or -27), 0.884 (9H, s, tBu), 0.899 (3H,X,

ultraviolet spectrophotometric detector. Separations were= 6.5, H21), 3.399 (1H, m, H8), 3.513 (1H, dddJ) = 14.3,

carried out with two analytical C18 ultrasphergr columns 4.9, 4.9, HB).

(250 x 4.6 mm) in line, from Beckman, with a flow rate of 5a-Cholestan-6-one{3tert-butyldimethylsilyl Ether).

1 mL/min at room temperature. Proton magnetic resonance6 (6 g) in anhydrous methylene chloride (&) (150 mL)

was monitored in @H]chloroform solution at 400 MHz with  was stirred with pyridium dichromate (10 g) for 2 days at

a Bruker spectrometer. Chemical shift§) (in parts per 20°C under an atmosphere of argon according to Corey and

million were determined relative to tetramethylsilarnie.  Schmidt (L9). Filtration of the reaction mixture over MgQO

values are in hertz. and evaporation of the organic layer to dryness afforded a
Synthesis of [6-?H]-5a-Cholest-7-en-8-ol (4) (Figure residue which was recrystallized from MeOH/&ZH, to yield

2). This substrate was prepared as shown in Scheme 1. Parpure 7 (5 g): mp 172-174 °C; MS (El) m/e (relative

of the synthesis was performed according to modifications intensity) M"-tBu = 459(100), 367(4)*H NMR (400 MHz,

of the procedure of Akhtar and Marsh7), used for the CDCl3) ¢ 0.039 (6H, s, MeSi), 0.656 (3H, s, H18), 0.748

synthesis of [6.-tritiated]-5x-cholest-7-en-8-ol. (3H, s, H19), 0.865 (3H, d] = 7, H26 or -27), 0.867 (3H,
60.-Hydroxy-5t-cholestan-B-tert-butyldimethylsilyl Ether  d,J= 7, H26 or -27), 0.873 (9H, s, tBu), 0.912 (3H,X1+

(6). The -hydroxyl function of cholesteroF] (7.7 g) was 6.5, H21), 2.033 (1H, ddd] = 12.7, 2.7, 2.7, Hj), 2.165

silylated according to standard procedut8)( yielding 5o- (1H, dd,J = 12.7, 2.4 H%a), 2.311 (1H, ddJ = 13, 4.4,

cholestan-B-tert-butyldimethylsilyl ether (9.7 g) whichwas  H5a), 3.519 (1H, m, H&).

subsequently dissolved in dry tetrahydrofuran (150 mL) 7a-Bromo-Sx-cholestan-6-on{3-yl Acetate 8). To a

under an atmosphere of argon and treatgd b M solution solution of 7 (3.8 g) in dry diethyl ether (©) (100 mL)

of borane in tetrahydrofuran (200 mL) afG. The reaction and acetic acid (13 mL) was added dropwise bromine (380

mixture was allowed to react at room temperature overnight. uL) in acetic acid (15 mL). The resulting solution was

The reaction mixture was then treated with a solution of 5% refluxed for 22 h at 40C under an atmosphere of argon.

NaOH in water (200 mL) and 30% J@, (70 mL) and The ether layer was then added to water and the mixture

allowed to react fo5 h atroom temperature. The reaction extracted with hexane. The organic layer was washed with

mixture was then diluted with water and extracted with a 10% solution of NaHC®in water, dried over MgS§)
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and concentrated to dryness. The residue was purified by(5), 230(16), 212(10). The measured deuteration rate on the

flash chromatography on silica gel eluting with &,
yielding a fraction (2.4 g) containing a 1/1 mixture ai-7
bromo-5-cholestan-6-on43yl acetate §) and -bromo-
cholestan-6-on{3yl acetate 9) as determined byH NMR
spectra at 400 MHz: MS (Ely/e (relative intensity) M =
522/524(3/3), 462/464(24/24), 443(8), 383(100), 382(40),
243(17), 229(35)*H NMR (400 MHz, CDC}) (8): ¢ 0.689
(3H, s, H18), 0.863 (3H, d] = 7, H26 or -27), 0.867 (3H,
d,J =7, H26 or -27), 0.921 (3H, d] = 6.5, H21), 0.985
(3H, s, H19), 2.033 (3H, s, acetate), 3.286 (1H,He, 12.4,
2.9, H%), 4.183 (1H, d,J = 3.5, H73), 4.728 (1H, m, H&).
[6-2H]-5a-Cholest-6-en-8-yl Acetate {1). To the above
mixture of 8 and 9 (2.2 g) in a 1/1 mixture of dry

molecular ion was 1%, 99% d;. *H NMR (400 MHz,
CDCly): 6 0.704 (3H, s, H18), 0.791 (3H, s, H19), 0.861
(3H, d,J = 6.6, H26 or -27), 0.866 (3H, d,= 6.6, H26 or
-27), 0.903 (3H, dJ = 6.6, H21), 2.038 (3H, s, acetate),
3.030 (1H, d,J = 2.3, H7), 4.740 (1H, m, H&). The
pB-equatorial stereochemistry of the single epoxide proton at
C7 of 13 was determined from it4HH NMR spectrum since
this proton appeared as a doublet with a small 1,2 equatorial
axial coupling constant)(= 2.3 Hz).
[6a-?H]-5a-Cholestane-8,7a-diol (14). An excess of
LiAIH 4 was added slowly tdl3 (350 mg) dissolved in
anhydrous EO (20 mL) under an atmosphere of argon. The
reaction mixture was stirred and refluxed for 24 h and then

tetrahydrofuran and deuterated methanol (THF/MeOD) (120 worked up in the usual way, affording a residue which was

mL) at 0 °C was added an excess of sodium deuterioboro-

hydride (NaBD), and the mixture was stirred for 16 h at 4

purified by TLC on silica gel G eluting with C}€l,/MeOH
(98/2, vlv, two developments). The major fraction afforded

°C after which no more starting material was detected by 14 (225 mg) with a purity>98% as determined by the 400
TLC. The excess hydride was decomposed by the additionMHz 'H NMR spectrum and GC analysis. The same reaction

of diluted LSO, and the reaction mixture extracted with
hexane. The organic layer was dried over MgSiitered,

carried out on the crystallization mother liquork$ afforded
additional purel4 (85 mg) after TLC purification14: mp

and concentrated to dryness. Control TLC indicated the 152—154 °C [Akhtar and Marsh 17) quote mp 148°C,
formation of three major products. The dry residue (2 g) was Fieser and Heymanr2Q) quote mp 152C]. MS (El) m/e

then dissolved in glacial acetic acid (150 mL), and the
resulting solution was vigorously stirred and refluxed with
Zn powder (6 g) at 120C for 15 min under an atmosphere

of argon. The suspension was filtered on Mg®@d washed

(relative intensity): M = 405(24), 387(100), 372(22), 369-
(6), 354(7), 274(13), 250(69), 232(15), 214(23). The com-
pound was 100% monodeuteratéth NMR (400 MHz,
CDClg) d: 0.659 (3H, s, H18), 0.807 (3H, s, H19), 0.860

with hexane. The acetic solution was extracted with hexane (3H, d,J = 6.6, H26 or H27), 0.864 (3H, dl = 6.6, H26
with addition of water to obtain two phases. The hexane layer or H27), 0.907 (3H, dJ = 6.6, H21), 3.631 (1H, m, HB),

was washed with a NaHGGolution and water, dried over

3.830 (1H, broad spl/2 = 7.4, H73). The absence of a

MgSQ,, and concentrated to dryness. The residue (1.6 g)large 1,2 axiat-axial coupling constant in the signal of the

was crystallized from MeOH/CHLI, to yield 11 (1.0 g) with
90% purity as determined by 400 MHH NMR spectra.
11 mp 95-97 °C; MS (El) m/e (relative intensity) M =
429(27), 428(0), 414(7), 369(100), 354(32), 256(57), 230-
(13), 214(31). The product was 100% monodeuteraled.
NMR (400 MHz, CDC}): ¢ 0.689 (3H, s, H18), 0.794 (3H,
s, H19), 0.861 (3H, dJ = 6.6, H26 or -27), 0.865 (3H, d,
J = 6.6, H26 or -27), 0.907 (3H, dl = 6.5, H21), 2.030
(3H, s, acetate), 4.735 (1H, m, BB 5.477 (1H, swl/2 =
5, H7). The small contaminant was identified as2fg-
cholest-5-en-8-yl acetate. The similar sequence of reactions
was performed using NaBHinstead of NaBR This
sequence affordedscholest-6-en-B-acetate 12) with 90%
purity, allowing the'H NMR signals of the C6 and C7
vinylic protons to be unambiguously assign&#t. *H NMR
(400 MHz, CDC}) 6 0.689 (3H, s, H18), 0.795 (3H, s, H19),
0.861 (3H, dJ = 6.6, H26 or -27), 0.865 (3H, d = 6.6,
H26 or H27), 0.907 (3H, dJ = 6.5, H21), 2.031 (3H, s,
acetate), 4.735 (1H, m, K3, 5.242 (1H, d,J = 9.9, H6),
5.479 (1H, d,J = 9.9, H7).

60, 70-Epoxy-[§3-°H]-5a-cholestan-B-yl Acetate 13). To
a stirred solution ofn-chloroperbenzoic acid (600 mg) in
CH,CI; (30 mL) at 0°C was added compouridl (950 mg)
dissolved in CHCI, (20 mL) at 0°C, and the mixture was
reacted for 16 h at 4C under an atmosphere of argon. After
usual workup, the dry residue was crystallized from MeOH,
affording purel3 (450 mg): mp 17+173 °C [Akhtar and
Marsh, 1967 17), quote 175°C]. The product had>98%
purity as determined by integration of the 400 MitzNMR
signals. MS (Elye (relative intensity): M = 445(24), 430-

(2), 427(2), 412(2), 385(100), 370(10), 367(11), 352(8), 314-

proton at C7 was consistent with the assignedaxial
stereochemistry for the hydroxyl at C7.
[6a-?H]-5a-Cholestan-@-ol-33-yl Acetate 15). To 14
(200 mg) dissolved in anhydrous pyridine (1 mL) was added
acetic anhydride (3#L), and the reaction mixture was kept
for 16 h at 20°C under an atmosphere of argon. Usual
workup afforded a residue which was purified by TLC on
silica gel G eluting with CHCI,/MeOH (98/2, v/v). The
major band afforded5 (142 mg) with a purity>98% as
determined by GC analysis and 400 MMz NMR spec-
troscopy (5): mp 112-114 °C from MeOH/CHCI,; MS
(El) m/e (relative intensity) M = 447(25), 429(100), 414-
(17), 387(14), 369(67), 354(13), 292(67), 256(17), 214(37).
The deuteration rate was 286 98%d;. *H NMR (400 MHz,
CDCly) 6: 0.656 (3H, s, H18), 0.821 (3H, s, H19), 0.859
(3H,d,J= 6.6, H26 or -27), 0.864 (3H, d,= 6.6, H26 or
-27), 0.906 (3H, dJ = 6.5, H21), 2.014 (3H, s, acetate),
3.820 (1H, broad sp1/2= 7.5, H73), 4.710 (1H, m, H&).
[6a-?H]-5a-Cholest-7-en-3-yl Acetate 16). To com-
pound15 (120 mg) in anhydrous pyridine (2 mL) was added
freshly distilled phosphorus oxychloride PQQ2 mL). The
reaction was refluxed fdal h under an atmosphere of argon.
It was cooled and extracted with £t The organic layer
was washed with ice/water, NaHG6blution, and again with
water, dried over MgSgfiltered, and evaporated to dryness.
The residue was purified by TLC on silica gel G impregnated
with 10% AgNG; (solvent: cyclohexane/toluene, 7/3, viv).
The fraction migrating as an authentic standardeottholest-
7-en-F-yl acetate was collected and recrystallized from
MeOH, affording 16 (42 mg) with a purity >98% as
determined by GC analysis and 400 Mz NMR spec-
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a2a) TBDMS-CI, imidazole; b) B—THF; c) “OH, H,O,; d) nBuLi, CIP(O)(NMe),; e) Li, EtNH,, tBuOH; f) N(BuxF.

troscopy. 16. mp 112-114 °C; MS (El) m/e (relative
intensity) M™ = 429(83), 414(16), 369(3), 354(8), 256(100),
214(43). The deuteration rate was 2jp 98%d;. 'H NMR
(400 MHz, CDC}) 6: 0.532 (3H, s, H18), 0.863 (3H, d,

= 6.6, H26 or -27), 0.867 (3H, d] = 6.6, H26 or -27),
0.919 (3H, d,J = 6.5, H21), 2.014 (3H, s, acetate), 4.694
(A1H, m, H3x), 5.142 (1H, dJ = 1.8 Hz, H7).

[6a-°H]-5a-Cholest-7-en-8-ol (4). Compoundl6 (34 mg)
was saponified with 6% KOH in MeOH, yielding which
was crystallized from MeOH4 (24 mg): mp 123-125°C;
MS (El) n/e (relative intensity) M = 387(100), 372(36),
354(10), 274(26), 256(91), 230(2Awas 100% monodeu-
terated based on the MS datbl. NMR (400 MHz, CDC})
0: 0.534 (3H, s, H18), 0.796 (3H, s, H19), 0.863 (3HJd,
= 6.6, H26 or -27), 0.867 (3H, d] = 6.6, H26 or -27),
0.919 (3H, d,J = 6.5, H21), 3.593 (1H, m, HY), 5.154
(AH, d,J = 1.7, HY).

Synthesis of [&-?H]-Cholest-7-en-B-ol (21)

[5a-?H]-6 a-Hydroxycholest-7-enfBtert-butyldimethylsi-
lyl Ether (18) (Scheme 2)The 3-hydroxyl function of
cholesta-5,7-dienf8ol (17) was silylated according to
standard procedurd ), yielding cholesta-5,7-dieng3tert-
butyldimethylsilyl ether.

To a solution of NaBR (400 mg) in dry THF (40 mL) at

(3H, s, H19), 0.864 (3H, dl = 6.6, H26 or -27), 0.869 (3H,
d,J = 6.6, H26 or -27), 0.889 (9H, s, tBu), 0.919 (3H,X,
= 6.5, H21), 3.539 (1H, m, H8), 3.794 (1H, broad sp1/2
=12, HE3), 5.177 (1H, dJ = 1.9, H7). The!H NMR spec-
trum of 18 was in full accordance with that described for the
corresponding 3,3-(ethylenedioxyjgholest-7-en-G-ol by
Dolle et al. @1). Particularlyé = 0.83 ppm (CH-19) attested
an A/B trans ring junction, i.e.,d&?H, involving an equa-
torial and stable @&-hydroxyl group through the well-known
cis-addition of boranesd(CHs-19A/B cis= 1.07 ppm).
[5a-2H]-Cholest-7-en-B-tert-butyldimethylsilyl EtherZ0).
CompoundL8 (1 g) was dissolved in a mixture of anhydrous
THF (40 mL) and anhydrous triethylamine ¢§8) (10 mL)
under an atmosphere of argon. The mixture was treated with
n-butyllithium in solution in hexane (1.6 M, 2.5 mL) and
reacted 5 min at 25C. ThenN,N,N',N'-tetramethyldiami-
dophosphorochloridate (1.6 mL) was added, and the mixture
was reacted fo3 h at 25°C. The reaction was stopped by
addition of water and extracted with diethyl ether. The
organic layer was washed with water, dried with MgsSO
and evaporated to dryness. Control TLC indicated the
absence of any startin§y8. The residue was dried under
vacuum and dissolved in dry THF (20 mL) a0 °C. Dry
ethylamine (EtNH) (80 mL) at—20 °C and lithium (140

0 °C under an atmosphere of argon was added dropwisemg) were then added, and the mixture was stirred for 20

boron trifluoride-etherate complex (BFEtO) (931 mg,
824 uL), and the mixture was reacted for 30 min afC®.
Cholesta-5,7-dienfBtert-butyldimethylsilyl ether (1.8 g) in

min at —20 °C. To the blue solution was added 200 of
dry tertiobutanol, and the mixture was reacted for an
additional 20 min at-20 °C under argon. The blue solution

dry THF (10 mL) was then added, and the reaction mixture was then made colorless by addition of M, and EtNH

was stirred for 16 h at 4C and then fo3 h at 20°C. The

was evaporated. Water was added, and the mixture was

reaction was then treated with a solution of 5% NaOH (60 extracted with hexane. The organic layer was washed with

mL) and 30% HO, (30 mL) and allowed to react f8 h at

water, dried over MgS§) and evaporated to dryness. The

room temperature. The reaction mixture was worked up asresidue was crystallized from MeOH/GEI, to afford 20

above for the synthesis @ Control TLC of the residue
indicated the formation of one major produet§0%). The
residue was then crystallized twice from MeOH/{H} to
afford pure18 (1.1 g) as determined by GC analysis and
400 MHz'H NMR spectroscopyl8: mp 165-167°C; MS
(El) m/e (relative intensity) M = 517(4), 499(31), 498(13),

(800 mg) with >98% purity as determined by (i) GC
analysis, (ii))*H NMR spectroscopy, and (iii) AgNgSIO,
TLC using cyclohexane/toluene (9/1, v/v) as eluting solvent.
20: mp 146-148°C; MS (EI) m/e (relative intensity) M =
501(1), 486(2), 444(100), 369(13). The deuteration rate was
100%d; on ion 444.H NMR (400 MHz, CDC}) d: 0.050

484(5), 460(20), 442(22), 441(6), 386(22), 384(33), 368(100), (6H, s, Si-Me), 0.527 (3H, s, H18), 0.862 (3H, = 6.6,
366(38), 254(75), 253(32). The deuteration rate measuredH26 or -27), 0.867 (3H, d] = 6.6, H26 or -27), 0.885 (9H,

on peak 460 was 5%l,, 95% d;. *H NMR (400 MHz,
CDCl) 6: 0.061 (3H, s, MeSi), 0.540 (3H, s, H18), 0.834

s, tBu), 0.917 (3H, dJ = 6.5, H21), 3.545 (1H, m, H$),
5.151 (1H, broad spl1/2 = 9 Hz, H7).
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[5a-?H]-Cholest-7-en-B-ol (21). 20 (150 mg) was depro-
tected by treatment with tetrabutylammonium fluoride ad-
sorbed on Sig for 16 h at 20°C in THF (8 mL). Usual
workup yielded pur@1 which was crystallized from MeOH.
21(80 mg): mp 126-122°C; MS (El) /e (relative intensity)
M* = 387(100), 372(36), 354(8), 274(21), 256(85), 230-
(23). The deuteration rate was 2% 98%d;. *H NMR (400
MHz, CDCL) 6: 0.534 (3H, s, H18), 0.795 (3H, s, H19),
0.862 (3H, d,J = 6.6, H26 or -27), 0.867 (3H, dl = 6.6,
H26 or -27), 0.919 (3H, dJ = 6.5, H21), 3.592 (3H, m,
H3a), 5.157 (1H, ddJ = 4.8,J = 2.3, H7).

Synthesis of [&-2H, 60.-?H]-Cholest-7-en-8-ol (22). This

Biochemistry, Vol. 40, No. 1, 2001261

adsorbed on Si§)for 24 h at 20°C with stirring and under
argon in THF (4 mL). Usual workup and recrystallization
from MeOH afforded pure4 (16 mg): mp 207209 °C
[Harvey and Bloch 23) quote 207209 °C]; MS (EI) m/e
(relative intensity) M = 402(100), 384(46), 369(22), 366-
(9), 351(48), 271(54), 253(37H NMR (400 MHz, CDC})
0 0.548 (3H, s, H18), 0.864 (3H, d,= 6.6, H26 or -27),
0.869 (3H, dJ = 6.6, H26 or -27), 0.926 (3H, d = 6.5,
H21), 0.983 (3H, s, H19), 3.688 (1H, m1/2 = 30 Hz,
H3a), 3.914 (1H, bsw1/2 = 14 Hz, H6x), 5.448 (1H, ddd,
J=05.4,27,27, H7).

Enzyme Sources and Microsome Preparatioltiize

substrate was prepared according to modifications of the (variety LG11) seedlings were allowed to germinate in moist

procedure of Paliokas and Schroepf@?)(as described
below. To cholesta-5,7-dieng3ol (300 mg) dissolved in dry
THF (80 mL) were added cupric acetate [Cugk@L.6 mg)],
deuterated hydrazine hydrate (40 mL of a 25% w/v solution
in D,0), and MeOD (20 mL) as to obtain a single phase.
The mixture was reacted while stirring for 2 days at°20
after which the composition of the reaction mixture did not
change on control TLC’s. The mixture was then extracted
with hexane, and the organic layer was dried over MgSO

vermiculite for 60 h at 28C. The seedlings were harvested,
and the embryos were separated from the caryopses. Mi-
crosomes (pH 7.5) were prepared from the seedlings as
described previously2d).

The strains oBaccharomyces cersiaewhich contained
the functionally expresseArabidopsis thalianawild-type
and mutatedA’-sterol-C5(6)-desaturases were obtained as
previously describedl§). Microsomes (pH 7.5) from these
different strains were prepared as described previod&y (

and evaporated to dryness to afford a solid residue, which ~ A7-Sterol-C5(6)-desaturase Assdjhe yeast microsomes

was purified by TLC on 10% AgN@impregnated alumina
(Al,03) using chloroform/hexane/acetone (6/3/1, v/viv) as
the developing solvent. The fraction migrating like an
authentic standard of5cholest-7-en-8-ol was eluted from
the alumina and crystallized from MeOH to yield puz2
(28 mg) as determined by GC analysis and 400 MHz
NMR spectroscopy22: mp 120-122 °C; MS (El) m/e
(relative intensity) M = 388(100), 373(38), 355(5), 275-
(19), 257(64), 233(20), 215(18). The deuteration rate cal-
culated on the molecular peak™Mvas 0%do, 3% d;, 97%
dz, 0% ds, indicating more than 98% deuteration on each of
the 5 and Gx positions.*H NMR (400 MHz, CDC}) 9:
0.535 (3H, s, H18), 0.796 (3H, s, H19), 0.863 (3HJd+
6.6, H26 or -27), 0.867 (3H, d,= 6.6, H26 or -27), 0.921
(3H, d,J= 6.5, H21), 3.592 (1H, m, H®), 5.154 (1H, dJ
= 1.9 Hz, H7).

Synthesis of & Cholest-7-en-8,60-diol (23) and 5o-
Cholest-7-en-8,66-diol (24)

5a.-Cholest-7-en-3,60.-diol (23). 6a-Hydroxy-5o-cholestan-
7-en-F-tert-butyldimethylsilyl ether (25 mg), prepared from
17 as described for the synthesis18, was deprotected by
stirring with tetrabutylammonium fluoride adsorbed on SiO
for 24 h at 20°C in THF (5 mL) under an atmosphere of
argon. Usual workup and recrystallization from MeOH
yielded pure23 (10 mg): mp 19%193°C [Dolle et al. 1)
guote 192°C]; MS (EI) mve (relative intensity) M = 402-
(100), 384(68), 369(28), 366(11), 351(90), 271(67), 253(48);
IH NMR (400 MHz, CDC}) 6 0.544 (3H, s, H18), 0.844
(3H, s, H19), 0.863 (3H, dl = 6.6, H26 or -27), 0.868 (3H,
d,J = 6.6, H26 or -27), 0.919 (3H, d,= 6.5, H21), 3.594
(3H, m,w1/2= 26 Hz, H3), 3.811 (1H, mw1/2= 20 Hz,
H6p), 5.182 (1H, d,J = 1.8, H7).

50-Cholest-7-en-8,66-diol (24). 5a-Cholestan-7-en-6-
one-J-tert-butyldimethyl ether (300 mg), prepared frdii
as described for the synthesisifvas dissolved in a mixture
of MeOH/THF (2/1, v/v) (35 mL) and was stirred with an
excess of sodium borohydride (NaBHor 20 h at 4°C
under argon. After usual workup, an aliquot of the residue
(40 mg) was treated with tetrabutylammonium fluoride

(0.4 mL, 1 mg of protein, pH 7.5) were incubated in the
presence of deuterated or undeuterateetbolest-7-en-3-

ol 1, 4, 21, or 22 (20—200 uM) emulsified in Tween 80
(final concentration 1.5 g/L) and NADH (500M). The
incubation was done aerobically at 30 with gentle stirring

for 60—90 min as described befor2H). The enzymatic rate
was linear during this period. Maize microsomes (0.5 mL, 2
mg of protein, pH 7.5) were incubated in the presencg, of

4, 21, or 22 (20—200 uM) emulsified in Tween 80 (final
concentration 1.5 g/L) and NADH (20@M), NAD* (200

uM) as described before). FenpropimorphZ5) (10 uM)

was added to maize microsomes to inhibit stéx6keductase
present in this organism2$) and possible subsequent
metabolism of theAS>’-diene produced. Incubations were
continued aerobically at 30C with gentle stirring for 66

90 min. During this period, the enzymatic rate was linear.
Computer-assisted linear regression analysis gave correlation
coefficients greater than 0.88 & 6—7). In both cases, the
reaction was stopped by the addition of 0.5 mL of 6% KOH/
EtOH. A definite amount of ergosta-5,7,9,22-tetra@heB

(3) was added (%g for 0.4 mL incubation) as an internal
standard, and the sterols were extracted 3 times with a total
volume of 15 mL ofn-hexane. The extracts were evaporated
under argon at 28C. The resulting residue was suspended
in 50 uL of absolute ethanol, and an aliquot (2&) was
immediately injected and analyzed by HPLC as described
above. The cholesta-5,7-dief3-81 (2) produced was detected

by recording the absorbance of the conjugated double bonds
at 281.5 nm and was readily separated from the bulk of
endogenous ergosterol. The amount of product formed was
calculated by comparison of the integrated peak areas of the
known amount of added standa@) &nd of theA>"-product
formed, and corrected from the absorbance coefficient (
ratio at 281.5 nm between th&’-sterol produced?) and

the standardd) [€®,51 4e®g1 5= 2.3], measured under the
conditions of the assay. Under these conditions, the estimated
limit of detection of theA’-sterol-C5(6)-desaturase activity
was 0.02 nmolkx h™* x mg™. The cholesta-5,7-diensol
produced and the residual substraied, 21, and22 were
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collected and further identified by GC and GC-M&g) and indicated that all three [g]-, [6a]-, and [5a, 6a]-deuterated
allowed us to determine the deuterium labeling, if any, to analogues4, 21, and22) were more than 98% deuterated
be quantified. Maximum velocity and V/K values were at each position.
determined by fitting the data to the Michaelislenten Stereospecificity of thA”-Sterol-C5(6)-desaturase Reac-
equation using the nonlinear regression program DNR-tion. In an effort to shed more light on the detailed
PEASY derived by Duggleby and Leonard from DNRP53 mechanism ofA’-sterol-C5(6)-desaturase and as a prereg-
(27). uisite for studying DKIE, we first examined the stereospeci-
The primary deuterium kinetic isotope effects were defined ficity of the hydrogen removal at carbon 6 ofi&eholest-
asPV = MV a/PVimax and P(V/K) = H(VinadKim)/P(VinadKm) 7-en-3-ol by the 5-DES. Thus, [&-2H]-5a-cholest-7-en-
according to the conventions of Northropg( 29. 3p-ol (4) and [5n-°H, 6a-’H]-5a-cholest-7-en-8-ol (22)
Protein Determination.Total membrane protein was Were incubated with microsomal preparationsZe mays
determined as described by Bradfor80), with bovine and recombinaniArabidopsis thalianawild-type 5-DESs

albumin as a standard (fraction V, Sigma). under the standard assay conditions. These incubations
allowed production of aA>’-sterol metabolite which was
RESULTS AND DISCUSSION analyzed and purified by HPLC analysis monitored at 281.5
nm. With all substrates, this metabolite was unequivocally
Synthesis of Deuterium-Labeled-&holest-7-en-8-ol identified as cholesta-5,7-dief®l (2) by UV analysis, with

Analogues 4, 21, and 22). The 6x-deuterated substrate coincidental retention times in GC and HPLC and an electron
analogue4) was prepared according to an adaptation of the impact spectrum identical to that of an authentic standard.
general strategy for the synthesis of-Gitiated-So-cholest-  For the three substrated, (21, and22) and both 5-DESs,
7-en-3-ol (17) and is outlined in Scheme 1. In our case, the recovere® from the HPLC purification had lost more
the intermediate &-cholest-6-one3-OBTDMS ether ) than 99% of the deuterium label at C6 and (or) C5 since no
was synthesized by regio- and stereoselective hydroborationdeuterium appeared in the MS of the cholesta-5,7-dfgn-3
of the corresponding 5-en derivativé) (followed by py- ol produced (data not shown). Moreover, MS analysis of the
ridium dichromate oxidation to producg The 'H NMR remaining deuterated substrates indicated that no label was
spectrum of the hydroxy derivativé)was in full agreement  |ost during the experimental procedure. The results indicate
with that described for the corresponding-@-tetrahydro-  that the equatorial @&hydrogen atom has been specifically
pyranyloxy)-Sx-cholestan-6-ol (31); particularlyd =0.806 ~ removed together with the oBhydrogen, attesting to a
(CH-19) attested to an A/B trans ring junction (ld)5The  stereospecific syn 5,6-desaturation during the catalysis by
deuterium atom at C6 was introduced by stereoselectiveboth plant 5-DESs. It was previously reported that the
reduction of thea-bromo ketone &) followed by dehydro- conversion of chemically synthesized 145, 60-3H]-5a.-
bromination to yield olefin 11) deuterated at C6. The cholest-7-en-8-ol to cholesterol by a rat liver homogenate
subsequent & 7a-epoxide (3) was obtained in adequate preparation proceeded with 94% loss of the labeled hydrogen
yield and purity. TheS-equatorial stereochemistry of the (17). In another study, retention of over 95% of the labeled
single epoxide proton at C7 was determined from®ks hydrogen in [4%C, 63-*H]-cholest-7-en-8-ol upon enzy-
NMR spectrum since this proton appeared as a doublet withmatic conversion to cholesta-5,7-diefi-8 by a rat liver
a small 1,2 equatorialaxial coupling constant(= 2.3 Hz). homogenate was describe2l). Our data directly confirm
Subsequently, the absence of a large 1,2 axialal coupling  and greatly extend these early observations obtained with
constant in the signal of the proton at C7 of didlwas in ~ the mammalian 5-DES and precursors partially labeled at
accord with the assignedofaxial stereochemistry for the C5 or C6.
hydroxyl at C7 of this derivative which was converted by  Although the stereochemistry of dehydrogenation reactions
conventional procedures to the-@leuterio-a-cholest-7-en- has been thoroughly studied in only few cases, the syn
3p-ol (4). dehydrogenation stereochemistry has also been shown to be
The synthesis of thedg6a-dideuterio analogue2@) was a feature of another ©and NADPH-dependent desaturase,
achieved by diimide reduction of cholesta-5,7-dig¢heB (22) that is, the Corynebacterium diphteriaestearyl-C9(10)-
which proceeds by cis-addition of hydroge32). The H desaturase3d), and in the desaturation of long-chain fatty
NMR spectra o4 and22 were in total agreement with that  acids inChlorella vulgaris (35). In contrast, anti-dehydro-
of an authentic sample ofoscholest-7-en-8-ol, attesting genation stereochemistry was found in the case of olefin-
to the trans A/B ring junction, i.e.,cH for 4 and w-°H forming flavoenzymes such as succinate dehydrogeRsége (
for 22. The presence of only a small 1,2 coupling constant acyl-CoA dehydrogenase87), or dihydroorotate oxidase
(J= 1.9 Hz) in the signal of the proton at C7 for battand (38).
22 while an additional larger coupling constadt= 5 Hz) Substrate Deuterium Kinetic Isotope Effects on the Reac-
was observed for authenticEcholest-7-en-3-ol and the tion Catalyzed by Wild-Type Zea mays and Arabidopsis
synthetic [®-?H]-cholest-7-en-8-ol (21) attested to an axial ~ thalianaA’-Sterol-C5(6)-desaturaseshe knowledge of the
65 stereochemistry for the residual proton at C64aéind stereochemical course of the 5-DESs and the availability of
22. Finally, the [Sx-deuterio] analogue2@l) was synthesized  carbon-deuterated substrate analogues of high isotopic and
as depicted in Scheme 2. The criticabyf8H]-6a-hydroxy chiral purity allowed us to determine the intermolecular
intermediate 18) was obtained by the same procedure as primary deuterium kinetic isotope effects (DKIES) for the
that used for the synthesis 6f Reductive deoxygenation of removal of the &- and Gx-hydrogens. The DKIEs deter-
18using theN,N,N',N'-tetramethylphosphorodiamidate group mined with Sx-cholest-7-en-8-ol speciest, 21, and22 with
(33) and deprotection of thes3hydroxyl function afforded the wild-typeZea maysndArabidopsis thalian&d-DES are
the [50-H] analogue 21). The NMR and mass spectral data documented in Table 1 and Figure 3. Similar primsrgnd
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Table 1. Observed Deuterium Kinetic Isotope Effects/AodrSterol-C5(6)-desaturases

substitutions [eHg vs HsHg HsDg VS HsHg DsDg vs HsHg DsDg vs DsHg DsDg vs HsDg

Zea maywild type

bv 0.99 + 0.04 2.59+ 0.35 2.43+0.25 2.49+ 0.36 0.95+ 0.05

B(VIK) 0.92240.08 2.41+ 0.07 2.30£0.10 2.53+0.24 0.96+ 0.06
A. thalianawild type

bV 0.93+ 0.06 2.25+0.28 2.26+ 0.07 2.44+ 0.02 1.024 0.09

B(VIK) 0.96+ 0.04 2.28+ 0.22 2.12+0.32 2.20+ 0.28 0.93+ 0.06
A. thalianaT114S

bv 0.96+ 0.05 1.6040.37 1.80+0.41 1.58+ 0.06 1.094+0.20

B(VIK) 0.96+ 0.04 1.694+0.13 1.594+ 0.20 1.68+0.22 0.97+£ 0.02
A. thalianaT114l

bv 1.10+ 0.08 3.80+£ 0.30 3.21£0.12 2.94+ 0.30 né

B(VIK) 1.23+0.29 3.76+ 0.36 3.35£ 1.5 2.564 0.60 nd

aVelocities andV/K values were determined by fitting the data to the Michadlienten equation using the nonlinear regression program
DNRPEASY derived by Duggleby and Leonard from DNRP33)( The meanst SD were calculated from the values resulting from two or three
separate experiments. The primary deuterium kinetic isotope effects were deffMerd/ma®Vmax andP(V/K) = H(Vina Km)/P(VmadKm) according
to the conventions of Northro28, 29. ° nd: not determined.
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Ficure 3: Examples of double-reciprocal plots Af-sterol-C5(6)-desaturase activity with various deuterium-labeled cholest-p-eh-3

Assays were conducted as described under Materials and Methods. Straight lines were fitted by using a computer-assisted least-squares
method (Cricket Graph). (&ea may<C5(6)-desaturase; (b) wild-typ&. thalianaC5(6)-desaturase; (&. thalianamutant T1141 C5(6)-
desaturase; (0A. thalianamutant T114S C5(6)-desaturase.

V/IK deuterium isotope effects were determined for the values to those obtained with the C6-monodeuterated sub-
carbon-hydrogen bond cleavage at C8% = 2.6 + 0.3, strate4 were observed®>% = 2.4 £+ 0.2,P5§V/K) = 2.3
D§(V/K) = 2.4+ 0.1 and®®V = 2.3+ 0.35,P5(V/K) = 2.3 + 0.1 and®>% = 2.3+ 0.1,P5§V/K) = 2.1+ 0.3, respec-

+ 0.2 for theZea maysand Arabidopsis thalianab-DES, tively. For the three substratds21, and22, the data obtained
respectively. In contrast, negligible isotope effects whose for the V/K isotope effects are closed to the respectigx
extents fall in the range of the experimental lack of precision, effects. However, the precision on the KIEs is not sufficient
DSV = 0.99+ 0.04,P5%(V/K) = 0.91+ 0.08 and®>V = 0.93 to conclude definitely that thé andV/K effects are the same.

+ 0.06,P3(V/K) = 0.96+ 0.04, were respectively observed NeverthelessPV > 1.0 suggests that product dissociation
for the C5-H bond breaking. With compoun@2, which from the enzyme is not rate-limiting, afVv/K) > 1.0 is
incorporates the labels of bo#tand21, qualitatively similar consistent with a nonsticky substra&9).
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Ficure 4: Possible mechanistic scheme for the desaturation of cholest-j3-eh-3

To our knowledge, our data represent together with the cycle, and the observed DKIE represents the lower limits of

early work of Enoch et al.40), who measured a substantial
intermolecular deuterium KIE using a purified rat liver

the intrinsic isotope effects on the chemical step of interest
(29). The determination of a smalV isotope effect thus

desaturase system, the only direct kinetic intermolecular may be indicative of a rate-limiting step distinct from (and

primary deuterium isotope effect determination in a desatu-

probably occurring after) the observed isotopically sensitive

ration process carried out by a membrane-bound non-hemestep 9). However, in nonenzymatic reactions involving rate-
iron desaturase. The obtained results indicate that cleavagdimiting hydrogen atom abstraction, small kinetic isotope

of the substrate G6—H bond is a partially rate-determining
step for desaturation. Cleavage of the-&5 bond for the
latter has a negligible isotope effect, indicating that the
desaturation involves asynchronous scission of the twélC
bonds.

The magnitude of the primary DKIEs observed at C6 is
significantly less than the theoretical value of& (28), as
expected for a “rate-determining”-€H bond cleavage in

effects have also been attributed to asymmetric or nonlinear
bond streching in the transition sta#4{-47).

The existence of a kinetic isotope effect for the abstraction
of onehydrogen appears to be present in several non-heme
iron fatty-acid desaturases such as théstearoyl-CoA
desaturase from different organisn3g (48, theA. thaliana
A-oleyl-CoA desaturaset), a AS-desaturases(), and the
A-myristoyl-CoA desaturasés]), as well as in the cyto-

an enzyme-catalyzed reaction. The phenomenon known aschrome P-450-mediated desaturation of valproic adi. (

“masking” is encountered frequently in isotope effect experi-
ments which, like our study, employ an intermolecular

In contrast, dihydroorotate oxidase, a desaturase mediated
by a flavoenzyme, has been found to involve kinetically

design. For example, a substantial intramolecular primary significant transition states for both- bond breaking step

DKIE at C4 (5.58) and a significantly lower value at C5

at C5 and C4 of dihydroorotat@8). Taken together, these

(1.62) were measured for the cytochrome P-450 mediateddata suggest that the above-mentioned &d NAD(P)H-

4,5-dehydrogenation of valproic acidl), while the corre-
sponding values for the intermolecular DKIEs (2.2 and 0.8)
were much smaller. Similarly, intermolecular DKIEs on the

dependent desaturases would follow a similar reaction
mechanism. This mechanism could be linked to that depicted
for hydroxylation of nonactivated carbon by either cyto-

catalytic constants of 2.8 and 1.3 for hydrogen abstraction chrome P-450-dependend3, 52 or non-heme iron hy-

in cytochrome P-450 dependent {d]-benzyl alcohol
oxidation @2) demonstrated that DKIEs for P-450-catalyzed
hydrocarbon hydroxylations calculated \@p.x are generally
small @3). Observed isotope effects may be significantly

suppressed by the relative kinetic relationship of the isoto-

droxylases %3, 59, in accordance with the mounting
evidence that desaturases and hydroxylases are structurally
related proteinsi(1, 55.

Possible mechanisms for desaturation at C5(&)’edterol,
adapted from that previously proposed for olea#t&*

pically sensitive step to other steps in the overall turnover desaturasedQ), are shown in Figure 4. Initial abstraction of
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the G-hydrogen atom at C6 to form a substrate radical might reflects the precise organization within the Michaelis complex
occur similarly to that proposed for hydroxylase reactions, to produce a preferential loss of the C5 hydrogen to form
by a hypervalent ironoxo species. This species would an olefin instead of €0 bond formation to form an alcohol
collapse to olefin via different pathways (Figure 4), including at C6. It would be interesting to disturb this organization
a possible alcohol intermediate pathway (pathway c¢) and anthrough the use of alternate substrates or mutagenized
electron transfer to the ferryl species from the carbon radical enzyme to direct the reaction toward hydroxylation instead
intermediate, generating a carbocationic intermediate (path-of olefin production.
way b), followed by transfer of a proton from the substrate  To conclude this section, the observed primary DKIEs
to the iron-bound oxygen, or simple disproportionation indicate considerable @6-H bond stretching in a partially
(pathway a). Previous in vitro studies have suggested thatrate-controlling transition state for desaturationlofThese
the conversion of cholest-7-ei-®l (1) to cholesta-5,7-dien-  DKIEs and other data mentioned herein are consistent with
36-ol (2) does not appear to involve géydroxy, a - a mechanistic scheme involving a two-step reaction in which
hydroxy, or a 6-keto intermediate, while the conversion of initial hydrogen abstraction at C6 is slow relative to the
cholest-7-en-8,65-diol by a rat liver homogenate to cho- second step and presumably leads to the formation of a
lesterol was described under aerobic conditid@@®.(In the carbon-centered radical at C6 as a discrete intermediate. They
present work, incubation of synthetiafholest-7-en-3,6a- are not consistent with a concerted C5(6)-desaturase mech-
diol (23) and mx-cholest-7-en-8,64-diol (24) in the standard ~ anism, a possibility which has been raised previouSB).(
conditions with a microsomal preparation from wild-type Thus, our results provide evidence for a reaction pathway
recombinanfrabidopsis thalianalesaturase did not produce similar to that previously proposed in the case of the
any detectable cholesta-5,7-diefi-8l. Moreover, we could membrane-bound and non-heme diiron cluster containing
not detect within the experimental limit of detection any steroyl CoAA®-desaturase4g).
formation of23 or 24 during HPLC analysis (monitored at Substrate Deuterium Kinetic Isotope Effects on the Reac-
210 nm) for standard incubations & with the same  tion Catalyzed by Arabidopsis thaliana C5(6)-Desaturase
microsomal preparation. These results are consistent withMutated at Position 114Cloning and expression of the gene
the conclusion that alcohol83 and 24 are probably not  for A. thaliana5-DES inS. cereisiae allowed studying by
discrete intermediates of the C5(6) desaturation process.mutational analysis, coupled with kinetic studies, the role
Thus, we consider pathway c to be an unlikely route to the of highly conserved residues in the reaction catalyzed by
5,7-diene product2). the 5-DES (5). Recently, arA. thalianarecessive mutant
We next examined pathway b by challenging the 5-DES (ste] accumulatingA’-sterols at the expense of-sterols
with the 6-aza-B-homosteroid®§), an analogue of a car- was describeds0). When compared to the wild-type 5-DES,
bocationic intermediate at G8&7 (57). We could not the ste15-DES possesses a single amino acid substitution:
observe any significant in vitro inhibition of the 5-DES by threonine 114 in the wild type is changed to isoleucine in
this derivative, which is a powerful inhibitor of th&>’- stel(61). We recently showed that the T1141 mutation was
sterolA’-reductase involving a C5C7 carbocationic inter-  responsible for the low activity of thete15-DES but that
mediate $7). Consistent with these data, in vivo treatment threonine 114 was not essential to maintaining the 5-DES
of bramble cell suspension cultures by this compound did activity (15). HoweverV/K values for mutants T114l and
not lead to any accumulation df’-sterols 67). These data  T114S were respectively 10-fold lower and 4-fold higher
would argue against the passage through the putativethan that of the native 5-DES. We used the methodology
carbocationic intermediate at C6 in pathway b. described in this paper with these two mutants at position
Thus, our cumulative data are most consistent with the 114 to obtain further insight in the role of threonine 114 in
proposed pathway a involving a stepwise removal of the catalysis by the 5-DES from. thaliana
C-6a. hydrogen by an iron-bound oxygen to generate a We first checked the stereochemistry of both mutant
carbon-centered radical at C6 which furnishes the desaturatediesaturases. In both cases we also observed complete loss
product by a disproportionation reaction. Furthermore, we of the deuterium label at the C6 position while no loss of
recently showed1(5) that the eight histidines from three label from the remaining substrates was detected. Thus, the
histidine-rich motifs from the 5-DES were essential for the mutant desaturases were found to show the same stereo-
catalytic activity, suggesting that they could provide the chemical integrity as the wild-type enzyme. The two mutants
ligands for a presumed catalytic Fe center, as previously produced cholesta-5,7-dief-®! 2, and we could not detect
proposed for a number of integral membrane enzymesany formation of diols23 or 24 during monitoring of the
catalyzing desaturations and hydroxylatiotg,(13. enzymatic assay at 210 nm (within the experimental limit
Our results are also in line with the growing amount of of detection). Next, the DKIES oWV/max and VIK were
evidence suggesting a close similarity between the mecha-determined (Table 1 and Figure 3). Primary DKI®Y =
nisms of desaturation and hydroxylation reactions of unac- 3.8 & 0.3,P%V/K = 3.8 = 0.4 and®®V = 1.6 & 0.4, P%V/K
tivated hydrocarbons. Other hydroxylation and desaturation = 1.7 £+ 0.1 were determined for mutants T114l and T114S,
processes for which this relationship have been suggestedespectively. A negligible or minor DKIE was observed for
include conventional cytochrome P-450 mediated dehydro- removal of the C5 hydroger?{V = 0.96 + 0.05,°V/K =
genations, in which the crucial carbon radical is produced 0.96 4 0.04) with mutant T114SPfV = 1.1 4+ 0.1, P5V/K
through cleavage of a-€H bond to furnish the desaturated = 1.2 + 0.3) or with mutant T114l. Qualitatively similar
product by a disproportionation reactiofil( 58. In the case  values to those obtained with the C6-monodeuterated sub-
of the 5-DES, what governs the orientation of the reaction strate4 were obtained with compour® which incorporates
pathway to desaturation at €6 versus possible hydroxy- the labels of botl and21 (Table 1). However, for mutant
lation at C6 is not currently understood and presumably T114l, it was not possible to measure with sufficient
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precision the kinetic parameters allowing calculation of the  In conclusion, the methodology used in this study repre-

DKIEs at C5 in the presence of label at C6 (D5D6 vs H5D6), sents a useful approach for further investigations to elucidate

because of the reduced catalytic rate of this mutant in additionthe relative contribution of key residues to the 5-DES reaction

to its increased DKIE at C6. process and other membrane-associated non-heme iron
Taken together, the data first indicate a primary DKIE desaturases.

pattern for the T114 mutant desaturases that is qualitatively
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