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ABSTRACT. The role of 15 residues in the reaction catalyzedAsgbidopsis thalianaA’-sterol-C5(6)-
desaturase (5-DES) was investigated using site-directed mutagenesis and expression of the mutated enzymes
in anerg3yeast strain defective in 5-DES. The mutated desaturases were assayed in vivo by sterol analysis
and quantification ofA>"-sterols. In addition, the activities of the recombinant 5-DESs were examined
directly in vitro in the corresponding yeast microsomal preparations. One group of mutants was affected
in the eight evolutionarily conserved histidine residues from three histidine-rich motifs. Replacement of
these residues by leucine or glutamic acid completely eliminated the desaturase activity both in vivo and
in vitro, in contrast to mutations at seven other conserved residues. Thus, mutants H203L, H222L, H222E,
P201A, G234A, and G234D had a 5-DES activity reduced @@ of the wild-type enzyme, while
mutants K115L, P175V, and P175A had a 5-DES activity and catalytical efficiarisy {hat was similar

to that of the wild-type. Therefore, these residues are not essential for the catalysis but contribute to the
activity through conformational or other effects. One possible function for the histidine-rich motifs would
be to provide the ligands for a presumed catalytic Fe center, as previously proposed for a number of
integral membrane enzymes catalyzing desaturations and hydroxylations [Shanklin et al. (1994)
Biochemistry 3312787 12794]. Another group of mutants was affected in residue 114 based on previous
in vivo observations irA. thalianaindicating that mutant T114l was deficient in 5-DES activity. We
show that the enzyme T114I has an 8-fold higkgrand 10-fold reduced catalytic efficiency. Conversely,

the functionally conservative substituted mutant enzyme T114S displays a 28-fold Wighealue and

an 8-fold higherK, value than the wild-type enzyme. ConsequentK for T114S was 38-fold higher

than that for T114l. The data suggest that Thr 114 is involved in stabilization of the enzyrstrate
complex with a marked discrimination between the ground-state and the transition state of a rate-controlling
step in the catalysis by the 5-DES.

A’-Sterol-C5(6)-desaturase (EC 1.3.3.2) (5-DES)nem-
brane bound and catalyzes introduction of a C5 double bond
into the B ring ofA7-sterols to yield the corresponding’-
sterols in mammalslj, yeast @), and plants3) (Figure 1).
Enzymatic activity requires molecular oxygen, is strongly o
promoted by addition of NADH or NADPH, is inhibited by
cyanide, hydrophobic metal chelators, and cytochropaad
is insensitive to carbon monoxide. In addition, membrane-
bound cytochromds is an obligatory electron carrier from
NAD(P)H through NAD(P)H cyt breductase to the mam-
malian @) and plant ) 5-DES. The cDNAs or genes
encoding 5-DES have been clonedSaccharomyces cer-
evisiae (6), Arabidopsis thaliang7), Homo sapieng8, 9),
and Candida glabrata(Genbank L40390). These proteins

0O,/ NAD(P)H
_—
cyt.bs

@ (2)
Ficure 1: Reaction catalyzed bxx’-sterol-C5(6)-desaturase.

differ slightly in size, and thé\. thaliana5-DES shares 29,
35, and 29% identity with the yeast, human abadndida
5-DES, respectively (Figure 2). Moreover, the desaturases
possess a central portion containing three conserved histidine-
rich motifs which are found in an important class of integral
membrane enzymes that includes desaturases, hydroxylases,
epoxidases, and acetylenas&8<13).

* To whom correspondence should be addressed. Phone: 333 88 Recently, we described ah. thalianarecessive mutant
35¢83 62. Fax: 333 88 35 84 84. E-mall: enzymo@bota-ulp.u-strashg.fr. (ste]) accumulatingA’-sterols at the expense af-sterols
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1 Abbreviations: 5-DESA’-sterol-C5(6)-desaturase; cys, eyto- (14). This mutant was conS|dered_to be deficient in 5-DES.
chromebs; GC-MS, coupled gas chromatographyass spectroscopy;  Alignments of the wild-type ORF with thete1ORF revealed
HPLC, high-pressure liquid chromatography; MS, mass spectroscopy; a single amino acid substitution: threonine 114 in the wild-

OD, optical density; ORF, open reading frame; PEG, poly(ethylene ; ; [ ;
glycol); Ry, retention factor on thin-layer chromatography; TE, Tris type is changed to isoleucine el1(9). Expression of the

EDTA: TLC, thin-layer chromatographyt, relative retention time:  corresponding ORFs in the yeasy3 null mutant reveale_d
YNB, yeast nitrogen base; YPG, yeast peptone glucose. that theste 10ORF was one-sixth as efficient as the wild-
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114 115
Nts5desl-1 VAMKAMPWYC ALPSLSEYMI ENGW FAR ISDV..GWLS YVIYAAIYLV
Nts5des2-1 VAMKAMPFYC ALPSLSEYMI VNGWIKCFSR ISDV..GWLS YLIYMAVYLV
AtsSdes-1 VAMKAMPWYT LLPTVSESMI ERGWIKCFAS IGEF..GWIL YFVYIAIYLV
Hssbdes-1 FTVQALPWIS ILTVALFLLE IRGYSKLHDD LGEFPYGLFE LVVSIISFLF
Mms5des~-1 FTVKSLPWIS IPTVSLFLLE LRGYSKLYDD IGDFPNGWIH LMVSVVSFLF
CgsSdes-1 LAVSATIPTMS LLTVPWFMLE LNGYSK[L.YYD VDWEHHGLRK LLIEYATFIF
Scsbdes~1 LAVSAIPWMS MLTVPWFVME LNGHEELYMK IDYENHGVRK LIIEYFTFIF

147 51 161 164 165 178
Nts5desl-1 IVEFGIY MELHEPIRPLY KYI[HRTHHIY NKONTLSPFA GLAFHPLDGI
Nts5des2-1 IVEFGI REIHPIKLLY KYIHRA TY NKONTLSPFA GLAFHPLDGI
AtsSdes-1 FVEFGI RELIHPIKPLY KYIHA TY NKONTLSPFA GLAFHPVDGI
HssS5des-1 FTDMFIYW RGIHH.RLVY KRIHKHHHIW ...KIPTPFA SHAFHP[LDGF
Mms5des-1 FTDMLIYR RGIHH.RLVY KRIHKHHHIW ...KIPTPFA SHAFHPVDGF
Cygs5des-1 FTDCGIYL. RWLHW . PRVY KALHRHHHKW ...LVCTPFA SHAFHPNVDGY
Scs5des~-1 FTDCGVYL RWIJHW . PRVY RATHKHHHKW ...LVCTPFA SHSFHPNVDGF
201 203 222
Nts5desl-1 LQAVPHVVAL LLYPMHFSTH IALIFLEALW TAN C... IHGKVFPVM.
NtsS5des2-1 LQAVPHVVAL FLLPEHFTTH IALLFIEAIW TAN C... KHAKVWPVM.
AtsSdes-1 LQAVPHVIAL FIYPINHFTTH IGLLFMEAIW TAN C... IHGNIWPVM.
Hss5des-1 LQSLPYHIYP FIHHAUHKVVY LSLYILVNIW TIS GDFR VPQILQPFIN
MmsSdes-1 LQSLPYHIYP FV ﬁEVVY LGLYVLVNVW TIS GDFR VPQILRPFIN
Cgs5des-1 FQSLSYHIYP MINPUHKISY LILFTFVNFW SVM GQHM SNN. ..PVVN
Scsbdes-1 LQSISYHIYP LIL_LE VSY LILFTFVNFW TVM GQYL SNN...PAVN

238 241 242

Ntsb5desl-1 g ﬁﬁr TYRHNYGHYT IWMDWMFGTL RDPVEEDAKK M.........
Nts5des2-1 IHHT TYRHNYGHYT IWMDWMFGTL RDPVEDEVKK M.........
Ats5des-1 ‘THHT TYKHNYGHYT IWMDWMFGSL RDPLLEEDDN KDSFKKAE. .
HssSdes-1 IHHM FFDYNYGQYF TLWDRIGGSF KNP..SSFEG K...GPLSYV
Mms5des-1 HHM FFDYNYGQYF TLWDRIGGSF KHP. .SSFEG K...GPHSYV
CgsS5des-1 HHE, YFNYNYGQFT TLWDRLGGSY RRPEDSLFDP KLKMDKKVLE
Scs5des-1 HHP YFNYNYGQFT TLWDRLGGSY RRPDDSLFDP KLRDAKETWD
Ntsbdesl-1 ...t e e e
NtsBdes2-1 ...ttt e e e

AtsBdes-1 .. e c e

Hss5des-1 KEMTEGKRSS HSGNGCKNEK LFNGEFTKTE Z.
Mms5des-1 KNMTEKESNS FAENGCKGKK VSNGEFTKNK . .
Cgsbdes-1 KQARETAAYI QEVEGDDTDR VYNTD..KKK TN
ScsS5des-1 AQVKEVEHFI KEVEGDDNDR IYENDPNTKK NN

Ficure 2: Sequence alignment of th&’-sterol-C5(6)-desaturases: Alignment was performed using the PILEUP program of the GCG
package run with default parameters. For more clarity partial sequences beginning at valine 90 of the Arabidopsis sequence have been
shown. Nts5ded and 2 are Nicotiana tabacunsequences (Genbank accession AF081794 and AF099969), AtsSded\istladiana

sequence (Genbank accession X90454), Hss5des i$. thapienssequence (Genbank accession AF069469), Mms5des M.theisculus

sequence (Genbank accession AB016248), Cgs5des tilabratasequence (Genbank accession L40390), and Scs5desSsdbeeisae

protein (Genbank accession P32353). Mutated amino acids have been boxed. Numbers above the sequences refer to the corresponding
mutated amino acid from tha&rabidopsissequence.

type ORF in the yeast biosynthetic pathway, supporting the the effects of these mutations on microsomal 5-DES activity
view that the T114l mutation is responsible for thie 1 to be examined. To our knowledge, this is the first reported
phenotype 14). So far, no information concerning residues site-directed mutational analysis of a late enzyme in the plant
essential for activity of this class of integral membrane sterol sterol biosynthetic pathway and the first in vitro study of a

desaturases or an in vitro enzyme assay functional for themutated integral membrane lipid desaturase.

recombinant 5-DES in yeast microsomes and using the

membrane bound cytochrorbeand cytochromés reductase = EXPERIMENTAL PROCEDURES

has been described. . . .

In the present study, we used site-directed mutagenesis to_Materiais. The following chemicals and reagents were
assess the importance for activity of each of the eight purcha_sed from S|gmzﬁ-NADI-_| (disodium salt), NAD,
histidine residues of the three histidine-rich motifs, H1gpx ~ Jiutathione (reduced form), Trizma base-8holest-7-en-
H151, H161%H164H165, H238)%H241H242, and also of 3P0l (1), ergosta-5,7,9(11),22-tetraefi-8l 3.
other evolutionarily conserved residues in the central part Strains. Genotypes ofEscherichia coliDH5a and S.
of the 5-DES such as K115, P175, P201, H203, H222, and Cerevisiae erg3(LB4-3A) have been described elsewhere
G234. In addition, site-directed mutational analysis of residue (7)-

114 was conducted in order to probe the catalytic role of PlasmidsA pBluescript SK vector (Stratagene) was used

this functionally conserved residue. We then analyzed the for subcloning the sterol-C5-desaturase cDNA and open
effects of the mutations by assaying in vivo the mutant reading frame (ORF). The pvVT102U vector, kindly donated
desaturases after expression inexg3 strain defective in by Dr. T. Vernet (Genetic Engineering section, Biotechnol-
5-DES by sterol analysis and quantification Af:’-sterols. ogy Research Institute of Montreal) was used in yeast
Second, we developed an in vitro enzyme assay allowing transformation experiments. This plasmid containEacoli
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replication origin, a yeast 2m replication origin, the=. coli
ampicillin resistance gene, and the yeast géRé3encoding

an orotidine 5-phosphate decarboxylase for complementing™ .~

uracil auxotrophy in recipient yeasts. The vector utilizes the
constitutive alcohol dehydrogenase (ADH) promoter and
terminator.

ArabidopsisA’-Sterol-C5(6)-desaturase ORF Synthesis.
Open reading frame synthesis from thethalianaecotype
ColumbiaA’-sterol-C5(6)-desaturase obtained by PCR using
a cDNA cloned from a silique library7j was carried out
using primer 324 (sense)-§CCg TCTAgA ATggCggCg-
gATAATgCTTATC-3 beginning with anXba site and
primer 325 (antisense)'HCCgCTCgAgTCACTCTgC-
TTTCTTgAAQC-3 beginning with anXhd site. Amplifica-

tion was performed using Pfu polymerase and corresponding

buffer (Stratagene) in a final volume of 1(Q.. The PCR
was performed in a Mini cycler (Programmable Thermal
Controller; Model PTC-150, MS Research, Inc.) starting with
5 min at 93°C, then 30 cycles consisting of 1 min at 93,
2 min at 55°C, 3 min at 72°C, and then a final step of 10
min of elongation at 72C. PCR products were separated
on 1% (wt/vol) agarose gels.

Site-Directed Mutagenesisthe mutated alleles of the

sterol-C5-desaturase were obtained by a technique based o

the introduction of one or two point mutations in the DNA
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Table 1: Synthetic Oligonucleotide Primers Used for Site-directed
Mutagenesis

oligonucleotide sequenceé-@) (sense)

H146L ATTggATgCT CAgAgAgCTTCATgAC

H146E g9TATTTATTQgATGAGAgAgAGCTTCATgAC
H151L gCACAgAgAgCT TCTTgACATTAAGCC

H151E g9ATgCACAQgAgAgCTHAAGACATT AAgGCCTCTC-
H161L CTCTATAAGTATCTCCTTgCCACCCATCATATC
H161E gCCTCTCTATAAGTATCT@AAGCCACC CATC
H164L CTCCATgCCACCOTCATATCTAC AACAAQC
H165L CCATgCCACCCATA TATCTACAACAAQCAg
H238L  ATgggTgCAggATACO TACgATACACCAC ACg
H238E 999TgCAggATAQAAACYATACACCACACY
H241L ggATACCATACQATACTCCACACgACATAC AAg
H242L CCATACgATACACCT CACgACATACAAgC
H203L gTgCCAATTCITTTCACAACTCATATAQY

H222L CggCgAACATCA TgACTgCATCCATggC

H222E ggACggCgAACATQAAQGACTgCATCCATggC
P175A gAATACACTCTCTCATTTgCCggg

P175Vv gCAgAATACACTCTCHTATTTgCCggg CTTgC
P201A gCTgTTTATAQTGCAATTCATTTCAC

G234D  ggCCAgTAATgATgCAggATACC

G234A  ggCCAgTAATgETgCAggATACC

K115L gAACgTggTTggACECTATYTTTTgCTAQC

T114S gAACYTggTTggACAAATGTTTTGC

aCodons for the changed amino acids are underlined. Nucleotides

F‘epresented in bold characters indicate the product point mutations.

sequence as follows: two separate PCR reactions wereing fluorescent dNTP's was used. Complete sequencing of

performed with about 1050 ng of the pBluescript vector

both strands of DNA was performed.

containing the sterol-C5-desaturase ORF. The first reaction ~Transformation of YeasPreparation of competent cells
was realized with the primer 324 (sense) described aboveand transformation were performed according tol®vith

and a primer antisense (“AS”) introducing the chosen

some modifications.

mutation. The second PCR reaction was performed with a Preparation of Competent Cell& fresh culture with an
primer sense (“S”"), complementary to the primer antisense initial OD of 0.2 was grown fo 5 h in complete medium

introducing the mutation and the primer 325 (antisense)
described above. After phenol/chloroform extraction and
precipitation of the amplified fragments WwiB M NaOAc,

pH 4.8, and purification from agarose (Prep-A-gene purifica-
tion kit Biorad), the two fragments were hybridized due to
the overlapping regions from the primers “S” and “AS”
introducing the mutation. The hybridization was carried out
in a final volume of 2QuL in the presence of PCR buffer (2
min at 100°C, 20 min at 42°C, and 20 min at room
temperature). Finally, a PCR onulL of the hybridization

YPG [10 g/L yeast extract (Difco), 10 g/L bacto-peptone
(Difco), 20 g/L glucose]. The cells were then successively
pelleted by centrifugation (40@Cfor 5 min), washed twice
in 1.5 mL of water, washed in 1.5 mL of a LIAc/TE solution
(0.1 M LiAc, 10 mM Tris-HCI, and 1 mM EDTA, pH 7.5),
and finally resuspended in 2Q0 of LIAC/TE solution.
Transformation One microgram of plasmid DNA was
mixed with 100ug of salmon sperm DNA, sonicated 10 s,
and heated to 10TC for 20 min in a maximum final volume
of 20 uL. Competent yeast cells (580 «L) and a solution

mix using primers 324 and 325 allowed the synthesis of the of 40% PEG in LIAc/TE were added. The mixture was

mutated open reading frame of the sterol-C5-desaturase.
Amplifications of DNA fragments were performed using

incubated 30 min at 30C, then 15 min at 42C. After
centrifugation, cells were resuspended in 1 mL of YPG,

Pfu polymerase and corresponding buffer (Stratagene) in aincubate 1 h at 30°C, collected, and then plated (with 100

final volume of 100uL in a mini cycler (described above).
The amplification process began with 5 min at 93 and
continued with 25 cycles consisting of the following: 1 min
at 92°C, 2 min at 56°C, 3 min at 72°C, and then 10 min
elongation at 72C. The oligonucleotides used for mutagen-
esis are shown in Table 1.

Construction of an Expression Vectdihe A’-sterol-C5-
(6)-desaturase mutant ORFs and wild-type thaliana
ecotype Columbia ORF were used as 846Xi@ —Xhd
fragments cloned into pVT102U for yeast transformation
experiments.

Nucleotide Sequence Determinatidrhe sequencing of

uL of water) on minimal YNB medium [6.7 g/L yeast
nitrogen base (Difco) and 10 g/L glucose] containing suitable
supplements (histidine and adenine, /g mL~* of each).
Analytical ProceduresMS and GC-MS were determined
at 70 eV with an MD800 Fison (U.K.) apparatus. The GC
separation was carried out on a glass capillary column
(WCOT: 30 m long x 0.25 mm i.d.) coated with DB1 (J &
W Scientific, Folston CA). GC analyses were carried out
with a GC instrument (model 8300, Varian, Les Ulis, France)
equipped with a flame ionization detector at 30D, on a
column injector at 250C and a fused capillary column
(WCOT: 30 m long x 0.25 mm i.d.) coated with DB1 {H

PCR products was performed with an automatic sequencerflow rate of 2 mL/min). The temperature program used

(Perkin-Elmer model 373) using T3, T7, and SP6 primers
and specific oligonucleotide sequences. A modifiduer-
mophyllus aquaticugTaq) polymerase capable of incorporat-

included a 30°C/min increase from 60 to 24TC and then
a 2°C/min increase from 240 to 28C. Relative retention
times (r) are given with respect to cholesterdk & 1).
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HPLC analysis was carried out with a Waters S10 instrument  The amount of product formed was calculated by compar-
equipped with a single pump and linked to an ultraviolet ing the integrated peak areas of the known amount of added
spectrophotometric detector at 281.5 nm. Separations werestandard and of theA>’-product formed and corrected from
carried out with two analytical C18 ultrasphergr columns thee ratio at 281.5 nm betweef®’-sterol2 and standar@
(250 x 4.6 mm) (Beckman) in line with a mobile phase of [that isexgs £ Vengy £579= 2.3 for2, measured under the
methanol:water (99.7:0.3 by vol) at a floumew rate of 1 mL/ conditions of the assay]. The amount of product was
min at room temperature. eventually corrected for endogenous absorbance at the same

Sterol analysisTotal sterols of yeast (35 mg dry weight) tr (if it was present) with the values obtained in the
were saponified in 50QL of methanolic KOH (6% w/v) at corresponding assay with boiled microsomes. Under these
90°C for 1 h. After addition of half a volume of water, total conditions the estimated limit of detection of the enzyme
lipids were extracted three times with 1 vol nfhexane. activity was 0.02 nmol ht mg*. The metabolite produced
The dried residue was acetylated with a mixture of pyridine: was collected and further identified by GC and GC-M$)(
acetic anhydride:toluene (1:1:1 v/v/v, BQ volumes) for 1 Enzyme Assayas-A’-Sterol isomerase assay was carried
h at 70°C. After evaporation of the reagents to dryness, the out in yeast microsomes as previously descritigf). (Sterol
steryl acetatesR; = 0.5) were purified by TLC on silica gel  14o0-methyl-demethylase was assayed in the yeast mi-
60-F254 plates (Merck, Germany) using dichloromethane ascrosomes as described in rdf8 and19. NADH-dependent
developing solvent. Steryl acetates were analyzed by gascytochromec reductase was measured as inef
chromatography. Cholesterol was used as an internal standard  \jjscellaneous.Membrane protein was determined as
for the quantification of their amounts. The steryl acetates gescribed by Bradford2().
were then identified by gas chromatography mass spectrom-
etry (GC-MS) (6). RESULTS AND DISCUSSION

Microsomes Preparation. Erg8ells transformed with a ] . . ) )
plasmid lacking an insert (pVT102U) or plasmids containing _ EXpression of the Wild-Type Arabidopsis thaliana-
wild-type ORF (pVTORFwt) or mutant ORF's (pVTOR- SteroI-C5(6)-desatur_ase in the Yeast Null Mutant erg3: Assay
FH146L and pVTORFH146E, etc.) were disrupted by glass for Desaturase Actity. The wild-type 5-DES ORF was
bead homogenization (0.45 mm diameter) in 0.1 M phosphatetransferred in the pvT102U vector and expressed inShe
buffer (pH 7.5) in the presence of reduced glutathione (1.5 Cerevisiae erg3null mutant. The 5-DES activity was first
mM) and nicotinamide (30 mM) four times for 3 min with qualitatively estimated in vivo by comparing the sterol profile
1 min interruptions at 2C. Cell debriS, mitochondria, and of theer93 mutant and the transformants. When transformed
nuclei were removed by centrifugation at 109@6r 20 min.  With control plasmid pvT102Uerg3 cells showed a sterol
at 10000@ for 90 min and resuspending the pellet in an Not shown). Transformants carrying the thaliana5-DES
Elveljen-Potter homogenizer in 0.1 M phosphate buffer (pH Wild-type ORF (pVTORFwt) contained up to 38%°'-
7.5) containing reduced glutathione (3 mM) and glycerol Sterols (ergosterol) in the total amounts of sterol (Table 2).
(20% volivol) to a final concentration of approximately 2.5 Likewise, A’-sterols decreased dramatically in these cells
mg/mL protein. when compared toerg3 The;e datg clearly mdpa_tec_l
rases Microsomes (0.4@ 0.005 mL, 1 mg of protein) were ~ VIVO.
incubated in the presence ofitholest-7-en-8-ol 1 (20— To characterize the recombinant 5-DES activity in a more
180 uM) emulsified in Tween 80 (final concentration 1.5 quantitative manner and to establish the kinetics of the
g/L), NADH (500 «M) and other additions as indicated in desaturation reaction, we developed an enzyme assay for
individual tables and figures. recombinant 5-DESs in yeast microsomes. Thas¢bolest-

Incubations were continued aerobically at 30 with 7-en-g-ol 1 (Figure 1) was incubated aerobically with
gentle stirring for 90 min for all desaturases except mutant microsomes of yeast null mutaetg3transformed with the
T114S, which was only incubated for 60 min. During this Wild-type 5-DES ORF or the control pVT102U vector, in
period the enzymatic rate was constant. Computer-assistedhe presence of NADH. The incubation allowed production
linear regression analysis gave correlation coefficients greaterof cholesta-5,7-dienf8ol 2 in the first case only. This
than 0.89 § = 6—7). The reaction was stopped by the product could be separated from the major endogenous sterol,
addition of 0.5 mL of 6% KOH in EtOH. A known amount  ergosterol4, by HPLC analysis monitored at 281.5 nm
(5.0+ 0.1 ug for 0.4 mL incubation) of ergosta-5,7,9(11),- (Figure 3). It was unequivocally identified & by UV
22-tetraen-B-ol 3 was added as an internal standard, and analysis, with coincidental retention times in GC and HPLC,
the sterols were extracted three times with a total volume of and an electron impact spectrum identical to that of authentic
15 mL of n-hexane. The extracts were evaporated under standard (data not shown). The amoun@gfroduced was
argon at 25°C. The resulting residue was suspended in 50 quantified by comparison of the integrated HPLC peak areas
uL of absolute ethanol, and an aliquot (26) was injected of 2 and of a known amount of internal standard ergosta-
and analyzed by HPLC as described above. The cholesta-5,7,9(11),22-tetraeng3ol 3 added prior to extraction and
5,7-dien-$-ol 2 produced { relative to3 in C18 HPLC= chromatography (Figure 3).
1.42) was detected by recording the absorbance of the The present HPLC assay allowed the enzymological
conjugated double bond at 281.5 nm and was readily properties of recombinari. thalianawild-type 5-DES to
separated from endogenous ergostdr@ relative to3 in be determined as shown in Table 3. Data indicate that the
C18 HPLC= 1.34) and cholesta-8,14-dief$-8l (t, relative desaturation reaction has an absolute requirement for NADH
to 3 = 1.20), if present (Figure 3). and molecular oxygen. Coenzyme efficiency studies indicate
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4 4
35pg
3(5ng
2 (Product)
20 23 26 29 32 20 23 26 29 / 32
4 4
Wild type T114S 2 (Product)
3G g 3(5np
2 (Product)
20 23 26 29 t (min) 20 23 26 29 32

Ficure 3: High-pressure liquid chromatography assay for wild-type and mutant T1141 and T114S recomBisterbl-C5(6)-desaturases.

After incubation of cholest-7-enf3ol 1 in the standard assay condition, the reaction mixture was extracted as described under Experimental
Procedures and concentrated under Argon gas. An aliquot was injected into two analytical C18 ultrasphere HPLC columns joined in series
and analyzed as described under Experimental Procedures; horizontal axis, time (mn); vertical axis, detector response (281.5 nm). The four
profiles were obtained following identical incubation conditions with auBDconcentration ofl and a similar concentration of microsomal

proteins. Product is cholesta-5,7-digf+8 2. Internal standard is ergosta-5,7,9(11),22-tetrge33 (5.0 = 0.1 ug). 4 is endogenous
ergosterol. The peak at 25.6 min was identified as endogenous cholesta-8,14-dikis@bstrated is not detected at 281.5 nm. The boiled

assay corresponds to the wild assay preparation.

that NADH is more efficient than NADPH. In addition, the A. thaliana5-DES is as good a substrate for the yeast ER-
desaturation is strongly inhibited by cyanide. The enzyme associated electron carrier system, i.e., cytochrogand
kinetics obtained with lipophilic substrate often deviate from NADH-cytochromebs reductase4, 5, 22), as for the plant

the Michaelis-Menten-type reaction, and it has been sug- electron carrier. Accordingly, cytochroni® was detected
gested 21) that the classical MichaelidMenten theory, by spectral measurement in the differeng3yeast microso-
which is applicable to water-soluble enzymes and substratesmal preparations at a concentration range (1200 pmol/
may not be applicable to integral membrane enzymes andmg of protein) comparable to that found in other yeast or
lipophilic substrates. To our knowledge, this experimental plant microsomes3 23). To our knowledge this constitutes
obstacle inherent to membrane-associated enzymes has ndhe first in vitro functional recombinant plant membrane-
received a conclusive answer. In the present case, using oubound lipid desaturation yeast system described so far.
assay conditions (cf. Experimental Procedures), the obtainedMoreover, the data show that the present heterologous
velocity/substrate concentration curves with respectoto 5 expression system allows isolation of sufficient amounts of
cholest-7-en-8-ol 1 were almost linear. This showed that 5-DES for enzymological and mechanistic studies.

the usual MichaelisMenten treatment was applicable tothe  Choice of Residues for Mutagenedidultiple sequence
recombinant 5-DESs and to(Figure 4). However, th&, alignment ofA’-sterol-C(5)6-desaturase across seven species
andVmax Values obtained (Table 3) are apparent and probably [A. thaliang two Nicotiana tabacunspecies9) C. glabratg
dependent on the membrane and detergent concentrationsS. cereisiae, H. sapieng8, 9), andMus musculugFigure
Therefore, similar protein and constant detergent concentra-2)] revealed that, across all seven species, proteins show
tions were used throughout the whole investigation, and we identity in the three marked histidine-rich motifs, which are
assumed that the assay conditions used would allow theall situated in hydrophilic domains of the protein in the
kinetics of the active mutated 5-DESs to be compared. The hydropathy profile. It is noteworthy that while the plant
measured values &, andVmax Show that the recombinant 5-DESs have three histidine-rich motifs, the yeast ERG3-
A. thaliana5-DES has a catalytic efficiency/K = 292 mL ERG25 family shows a fourth histidine-rich motif. However,
s 1 mg1) comparable to that measured for the native maize the role of this domain has not been clarifiefi.

5-DES {/K = 250 mL s* mg™) (3) or yeast WA6 5-DES Similar histidine-rich motifs have been found in an
(VIK = 146 mL s! mg') under similar experimental extended family of integral membrane enzymes catalyzing
conditions (Table 4). These data suggest that the recombinantiesaturation, hydroxylation, epoxidation, and acetylenation
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Table 2: Sterol Composition of Wild-Type Yea&tg3 Null To better unde_rstand the _mode (_)f action of the sterol-C5-
Mutant and Transformants Carrying the Mutagenizedhaliana (6)-desaturase, it was of primary interest to probe the role
C5-Desaturasés of the aforementioned eight His residues. Additionally, the
enzyme used to  total A5 7-sterolg or seven desaturases show identity in a variety of amino acids
transformerg3  complementation rate of  total other in the domains between the histidine-rich motifs such as
null mutant erg3mutant A’—sterol§ sterold P175, P201, H203, H222, G234, and K115, that we also
erg3null mutant g 74.3 25.7 mutated. Finally, based on the view that the T1141 mutation
mi-;{pe 33-0 éf-BS fg-ZZ leads to the 5-DES deficiency in tisee1Arabidopsis mutant,
H147E 0 76.7 3.3 we |nvest|gatt_ad the catalytic role of this functionally
H151L 0 62.9 37.2 conserved residue.
H151E 0 76.3 23.7 Site-Directed Mutagenesis of ti€-Sterol-C(5)-6-desatu-
H161L 0 81.1 18.9 rase Gene. Mutation of Histidines 147, 151, 161, 164, 165,
Eig}f 8 g?-f 123'-8 238, 241, and 242We first examined the replacement of
H165L 0 905 95 the eight conserved histidine residues from the three motifs
H238L 0 77.3 22.7 by sterically conservative leucine residues which are hydro-
H238E 0 76.8 23.2 phobic and electrically neutral. The effects of these mutations
Egi%t 8 gz-g %g-? on the in vivo and in vitro activities of th&. thaliana5-DES
H203L 5 66.9 281 synthesized in therg3null mutant cells are shown in Tables
H222L <2.0 75.2 228 2 and 3, respectively. The mutation of any of the eight
gégii go ;zg %3 conserved histidines by leucine totally eliminated the activity
G234D 50 676 e both in vivo, since naAS’-sterols were detected (Table 2),
P201A 50 69.1 259 and in vitro, since no 5-DES activity could be detected.
P175A 30.0 28.7 41.3 Control experiments carried out in the same microsomal
P175V 24.0 46.0 30.0 preparation indicated that botxf-A’-sterol isomerasely),
Hij‘s 374-% 6316% 3229-01 sterol 141-demethylasel8, 19) and NADH cytochrome
K115L 250 493 257 reductase) displayed similar activities as in yeast trans-

, —  formed with the wild-type 5-DES, attesting that the mi-
a Sterols were analyzed as their acetate derivatives as described in

the Materials and Method8.A>-sterols were exclusively ergosterol crosomes were functional (data no_t Shown).
(t, = 1.24).© A’-sterols were a mixture of ergosta-7,24Rdien-3- A number of soluble enzymes including stearoyl ACP
ol (t. = 1.31), ergosta-7,22-dien8®l (t; = 1.26) and ergosta-7-en-  desaturasel(l, 25), methane monooxygenase hydroxylase
3p-ol (t = 1.32).% Other sterols were lanosterd} & 1.35), ergosta  (26), and the R2 subunit of ribonucleotide reductase (RNR-
8,24(24)-dien-3-ol (t- = 1.28), ergosta-8,22-diensdl (i = 1.22)  R2) ©7) contain a nonheme diiron center. In this class of
and ergosta-8-eng2ol (t = 1.29).¢ Percentage of total sterols. . . . .
enzymes, the terminal ligands for each iron atom comprise
one histidine and one monodentate carboxylate in addition

Table 3: Properties of Wild-Typé. thalianaRecombinant to bridging carboxyl groups. Recently, a site-directed mutant
A'-Sterol-C(5)6-desaturase of RNR-R2, in which a single aspartate iron ligand (D84)
relative reaction was modified to a functionally conservative glutamate, has
additions to microsomes rate (%) been described2@). This substitution resulted in a pro-
none 0 nounced change in reactivity due to a greater stability of a
NADH 500uM 100 peroxodiiron-(Ill) intermediate. Since replacement of his-
NADH 500uM + SRF 96 tidines by arginines led to inactivA'>desaturase irByn-
NADH 1mM + SR1 116 ‘
NADH 2004M + SR1 105 echo_cystls(l;), we further prpbed the ro!e of the above-
NADH 50 uM + SR1 66 mentioned histidine-rich motifs by mutating four of these
NADPH 500uM 46 histidines to glutamic acid residues which could provide
NADPH 1mM-+ SR2 50 ligands for a possible Fe center and change the reactivity of
NAD* 5004M 67 the 5-DES. However, these substitutions led to completely
NADP* 500uM 14 ) . . ; ;
CN- : lso = 3 M© inactive 5-DES mutants, which failed to give dgtec_table
NADH 500uM -+ argon+ 0 amounts ofA>’-sterols and had no 5-DES activity in vitro.
Glu + Glu 1-oxidase -Recently, by site-directed mutagenesis, eight conserved
aSR1: NADH regenerating system EtOH (80 mM)+ alcohol His residues in the rat stearoyl-CoA desaturase were individu-
dehydrogenase (5 unitd)SR2: NADPH regenerating system Glu ally converted into Ala. Each of these mutations failed to

6P (10 mM)+ Glu 6P dehydrogenase (1 unif)lse: the inhibitor sustain the growth of the yeasie 1 mutant that was
concentratio_n which reduces the o_bserved reaction rate by 50%. Theqefective inA%-desaturase, indicating that the conserved His
data shown is the mean value obtained from two or more experiments. . - . .
residues were essential for catalytic function. It was suggested
that they would in particular act as ligands for the iron atoms
(10-13). In one of these enzymes, rat stearoyl-CoA desatu- contained in the enzymel (). Similarly, four His residues
rase, eight His were shown to be essential for catalyi€ls ( that are conserved in thdesAgene for theA? acyl-lipid
In addition, spectroscopic studies of alkanéhydroxylase desaturase from the cyanobacte8gnechocystieind are
provided evidence that a diiron cluster is present in at leastlocated within the three conserved histidine-rich motifs were
one member of this class of integral-membrane enzy®s ( replaced by arginines, and the mutatdesAgenes were
and it was suggested that one possible role for these Hisoverexpressed i. coli. All of these mutations eliminated
residues may be to provide the ligands for the iron atoms. the A'>-desaturase activity, indicating that they are also
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FiGURE 4: Double reciprocal plot of &cholest-7-en-8-ol (1) C5(6)-desaturation by microsomes®f cereisiae expressing wild-type\.
thaliana A’-sterol-C5(6)-desaturase and mutants T114l, T114S, and P175V enzymes.

essential forA'>-desaturation, perhaps by providing the case of another membrane-bound protein linked to sterol
ligands for the catalytic Fe centetl). A possible role for biosynthesis, i.e., obtusifoliol 14-demethylase (CYP51), that
the three histidine-rich motifs of the 5-DES, consistent with the length and structure of the hydrophobic segments
the results of the present mutagenesis study and previousanchoring the protein in the membrane were important for
biochemical data indicating inhibition of the 5-DES activity optimal expression, membrane location and accumulation,
by hydrophobic metal chelator8)( could also be to provide  and functional expression of such integral-membrane proteins
ligands for a presumed catalytic Fe center. (18). The aforementioned eight histidines are all situated in

by changing synthesis or rendering the protein unstable dueThe membrane-spanning segments of the corresponding
to misfolding or affecting its insertion into the membrane. Mutants are thus identical to that of the wild-type 5-DES
In contrast to the rat liver stearop®-desaturase, the plant and it reas_onable to think that the h|st|d|ne replacements
membrane-bound 5-DES has not yet been purified. Purifica- should not influence mem_brane location or accumulz_itlon of
tion of the latter would have allowed production of antibodies theése mutants. Considering these data together, it seems
to verify whether the expression levels of the mutated 5-DESs Unlikely that the lack of activity irall the 5-DES mutated
are similar to that of the wild-type enzyme. Along these lines, in one of the eight histidines .from the thre'e m.ot|fs would
we wish to point out two recent studies performed in result from a lack of expression and location in the yeast
heterologous yeast systems closely related to ours. First, anembranes. To get more information on this last issue, we
series of site-directed mutations of membrane-bound humané*amined whether mutation of other conserved residues
emopamil binding proteins (hEBP), which exhibit stetd} would abolish 5-DES activity by studying the replacement
A’-isomerase activity upon heterologous expression in aof six of them, |n(_:Iud|ng two histidines not situated in the
sterolA8-A’-isomerization-deficientrg2-3yeast strain, have  histidine-rich motifs.

been described2@). Second, eight conserved histidines in Mutation of His 203, His 222, Pro 201, Pro 175, Gly 234,
the rat liverA®-desaturase were mutated, and the ability of and Lys 115Replacement of His 203 by a leucine residue
the mutated desaturase to complement the y#adtmutant caused a 7-fold decrease in 5-DES activity (Table 4) and
strain deficient in the\® -desaturase reaction was examined led to a 5% percentage af>’-sterols (Table 2) in contrast
(10). Although, in both cases, the analysis of residues was to the 38% ofA>’-sterols found in theerg3 deficient yeast
performed only in vivo, no major differences in the expres- strain transformed with the wild-type enzyme. Replacement
sion level of mutants, which would cause a major loss of of His 222 by a leucine had more pronounced effects on
catalytic activity, were observed. Interestingly, none of the desaturase activity: the enzymatic activity was below the
64 described mutants of the abovementioned hEBP had notimit of detection, and only traces af5’-sterols could be
detectable isomerase activit®9). It has been shown in the  detected in vivo. Moreover, the substitution of His 222 with
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Table 4: Kinetic Parameters @f. thalianaC5-Desaturase Mutants and Wild-Type Enzyme Express&l oereisiae for A’-Cholestenol

Km(app) Vinax(app) (Vma)mud VimaKm A(AGs)? A(AGTHP A(AGH®
enzyme (uM) (nmol/mg x h) (Vimaxywr (mL/s x mg) (kJ/mol) (kJ/mol) (kJ/mol)
wild-type 32+ 107 26+02 1 292 0 0 0
H147 L <0.02 <0.007
H 147 E <0.02 <0.007
H151L <0.02 <0.007
H151 E <0.02 <0.007
H161L <0.02 <0.007
H161E <0.02 <0.007
H164 L <0.02 <0.007
H165L <0.02 <0.007
H 238 L <0.02 <0.007
H238E <0.02 <0.007
H241L <0.02 <0.007
H242 L <0.02 <0.007
H 203 L nd 0.35 0.13
H222 L <0.02 <0.007
H222 E 0.17 0.06
G234 A <0.02 <0.007
G 234D nd 0.06 0.02
P201A nd 0.54 0.20
P175A 70+ 10 2.7+ 0.5 1.0 139 +2.0 +1.9 -0.1
P 175V 86+ 11 11.2+1.0 4.3 474 +2.5 -1.2 -3.7
T1141 240+ 13 1.9+ 0.1 0.73 28.5 +5.1 +5.9 +0.8
T114S 244+ 28 73+5 28 1077 +5.1 -33 —-8.4
WAG; (S114) 37t 6 1.5+0.2 146
K115L 90+ 10 6.2+ 1.0 2.4 248 +2.6 -0.4 —-2.2

a2 A(AGy): Apparent difference in the free energy of the enzyrsebstrate complex between wild-type and mutant enzyme, calculated from
(A(AGy = RT In[(Km)mu/ (Km)wr] (45). ® A(AGT¥): Apparent free-energy changes for the mutant enzyme relative to the wild-type enzyme for the
transition state of the desaturation reaction calculated #h§Gr*) = —RT In[V/K)mud (V/IK)wr] (46). ¢ A(AG*) Apparent free energy changes for
the desaturation oh’-cholesterol for the mutant enzymes relative to the wild-type enzyndG*) = AGY" — AGs = —RT IN[Vimaxmul Vmaxw]
(activation energy of the chemical step of bond making and braking)e kinetic parameters are the average of two to four separate determinations.
end: not determined.

glutamic acid led to a reduction of enzyme activity to 7%
of that of the wild-type enzyme in vitro, and i ’-sterols

were detected in vivo. 67
Substitution of proline residues may cause refolding of
loops and change accessibility to the active site or modify 41

the stability of the desaturase. In this respect, it was of interest
to replace conserved proline residues by another nonpolar
hydrophobic residue: either a smaller one such as alanine
or a similar one such as valine. Mutation P201A reduced
activity to 20% of that of the wild-type enzyme, and mutation
P175A decreased substrate affinity without affecting maxi-
mum velocity of the desaturase. Additionally, replacement
of Pro 175 by a valine residue increased about 4-fold the
Vmax and 3-fold theK,, of the mutated desaturase thus only
slightly affecting the catalytic efficiency expressed\as,/ 8
Km, @s shown in Table 4 and displayed graphically in Figure
5 for the most active mutant enzymes. The in vitro data were
confirmed by the observed in vivAS’-sterol content of
P201A, P175A, and P175V since P201A led to a lafv-
sterol content (5%), while P175A and P175V displayed high
A57-sterol contents. The higher catalytic efficiency and
maximal velocity of P175V when compared to P175A was
also reflected by a 3.8-fold higher amount of ergosterol
detected in the membrane preparation of P175V than that 0
found. in.P175A (data not shown). The different e_ffegts_ of Ficure 5: Comparative apparent free-energy changes for the
sub§tltutlon of Pr01_75 and ProZQl ,COUId reflect thelr_ distinct recombinant cholest-7-er3al C5(6)-desaturase mutants relative
environments: while Pro 201 is situated in the middle of tg the wild-type enzyme for the enzyme substrate complex in the
hydrophobic domain of the 5-DES protein in the hydropathy ground-state\(AGs) and in the transition stat®(AGr*) calculated
profile, Pro 175 is at the border between a hydrophobic and as in Table 4.

a hydrophilic domain. Substitution at the latter position could and of its active site, affecting indirectly the activity
lead to more global conformational changes of the protein recovered in the microsomal fraction.

A(AGT#) (kJ/ Mol)

A(AGs) (kJ/ Mol)

21

WT  TIi141 T114S P175V  P175A KII5L
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In addition, Gly 234 was replaced either by a bigger type desaturase (Table 4) (Figure 5). Replacement of Thr
nonpolar hydrophobic residue alanine or by a functionally 114 by a functionally nonconservative isoleucine led to an
distinct and negatively charged aspartic acid residue. Muta- approximately uniform increase in the free energy of both
tions G234A and G234D substantially reduced the 5-DES states in which the enzyme is bound to thésterol, i.e.,
activity, and the correspondingp-’-sterols contents were low. the substratedesaturase complex and the transition-state

Due to the simple observation that it is conserved in all desaturase complex. Thus, the rate of the reaction was but
5-DESs known so far, it was expected that the replacementslightly affected. In this respect, T114l would represent a
of Lys 115 should lead to a variation in activity. Replacement uniform binding mutant according to a previously proposed
of Lys 115 by a hydrophobic neutral leucine residue classification of mutation 30). In contrast, it is readily
increased th&/ax for K115L 2.4-fold, indicating that this  apparent that in the case of mutation of Thr 114 by a serine
residue is not essential for enzymatic activity and that a residue there is a 5.1 kJ/mol decrease in the apparent binding
positive charge is not required at position 1Xg, also energy of the substrate in the ground stai&sg) and 3.3
increased 2.8-fold, and consequentK for K115L was kJ/mol of additional stabilization of the transition state
80% of that for the wild-type enzyme. Thus, weakening of (AGt"), thus, leading to a 8.4 kJ/mol decrease in the
the transition-state binding was largely matched by increasingactivation energyAG®) required to reach the transition state
Km, allowing a significant increase in the rate. Accordingly, and a substantial improvement of the desaturase reaction rate.
the in vivo A>"-sterols content of mutant K115L was one of Therefore, mutant desaturase T114S would represent a
the highest. Thus, data obtained with mutant K115L indicates mutant modified both in binding and in catalysis of the
that a positive charge is not required at position 115 and elementary step30). In this respect, it would be interesting
that this replacement apparently did not affect the recovery to find out whether mutations at T114 preferentially alter
of the 5-DES activity in the yeast microsomal fraction. the transition state of the rate-limiting chemical step in the

Taken together, the results indicate first a good correlation whole desaturase reaction sequence. In addition, it would
between the in vivo and in vitro data. Second, although be interesting to investigate whether mutation of a residue
replacement of His 209, His 222, and Gly 234 lowered involved directly in the catalytical process of the 5-DES
5-DES activity, none of the six mutations in contrast to would produce a new product. However, no significant new
mutations of the eight histidines from the three motifs products for structural characterization were formed by the
eliminated the 5-DES activity. Moreover, mutations at P175 T114 mutants in this study. HPLC analysis of the assays
and K115 gave 5-DES featuring catalytical efficiencies performed with mutants T114S or T114l, when compared
similar to or higher than that of the wild-type 5-DES. to the control assays devoid of 5-DES activity, revealed no

Mutation of Threonine 114As recently reported9), the new peaks, aside from the product p&alat either 281.5 or
ORF from theA. thaliana stelmutant contains a single 210 nm.
amino acid substitution, T1141, which is most probably Incidentally, mutation T114l in mutarste 1lresults from
responsible for the 5-DES deficiency of this mutant. Upon the in vivo screening of a large number of physiologically
the basis of these results, we investigated the role in catalysisstill viable plants among a mutagenized populationfof
of this important residue which is situated far outside the thaliana Moreover, the biochemical screen used was based
histidine regions. Thr 114 is not conserved in HBRG3 on the accumulation of sterols not present in the control,
family but the functionality is conserved since 5-DES from thus leading to mutants deficient in activity of a sterol
C. glabratg S. cereisiae, M. musculusandH. sapienshave biosynthetic enzyme, such skl This mutant still contained
a serine in this position (Figure 2). Thus, it was of interest 31% of physiologicalA®-sterols and accumulated 68% of
to replace Thr 114 by the functionally conservative serine A’-sterols (4). It is interesting to observe that, in mutant
residue and to study the catalytical properties of mutant stel to maintain a sufficient residual 5-DES activity, a
T1141 and T114S in comparison to the wild-type 5-DES. mutation has emerged which limits decrease in the rate
The kinetic parameters of mutant T114l and T114S are through matching weakening of transition-state binding by
shown in Table 4 and Figure 5. Both mutants havi&,a increasingKy,. In addition, it has been previously proposed
increased approximately 8-fold in comparison to the wild- that enzymes maximize rates by binding transition states
type 5-DES. In contrast, substitution at T114 had pronounced strongly and substrate weakiy), and that they should have
distinct effects onVmax For T114l, Vmax was slightly evolved in this way 2). From this point of view, mutant
decreased, while for T114S/max increased 28-fold in  T114S would be more highly evolved than the wild-type

comparison to the wild-type enzyme. Consequenthig for thaliana 5-DES.

T114S was 38-fold higher than that for T114l. How might Thr114 exert its effects on catalysis? A first
The data were confirmed by the observed in vid®’ proposal would give a role to threonine 114 in the formation

sterol contents, since T114S led to the highest amount ofof a hydrogen bond with the 8H group of the sterol

A>7-sterols (34%), while T114l led to only 7% af’-sterols. substrate. This has already been proposed to be important

The results indicate that the T114 residue strongly affectsin lanosterol-14-demethylase (CYP51) fror@andida al-
the reactivity of the desaturase but is not essential for bicans In that case, change of Thr 315 to Ala lowered the
catalysis. The fact that the,, of the desaturase is increased catalytic activity of the enzyme by 50983%). The present
in both mutants indicates that Thr 114 contributes to the data, indicating a similar variation i, value for mutant
stabilization of the enzymesubstrate complex in its ground  T114l and T114S, makes this possibility less likely, although
state. Second, Thr 114 has an important role in stabilizing serine at position 114 would also be able to form the above-
the transition state of a rate-controlling step of the 5-DES mentioned hydrogen bond. Moreover, previous studies with
reaction, which is destabilized by 5.9 kJ/mol for T114l and cycloeucalenol-isomerase and SAM-cycloartenol-C24-meth-
stabilized by 3.3 kJ/mol for T114S compared with the wild- yl-transferase, two other late enzymes in the plant sterol
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biosynthetic pathway, indicated the requirement of 8#=-3  mutation at position 114, affecting a functionally conserved
hydroxyl group of the sterol substrate for initial enzyme  residue, led to more important information about the
substrate interaction and significant bindirgs,(35). structure/function of the protein. In a number of cases, such
Several general features of the hydroxylation mechanismin vivo selected mutations have led to important new
carried out by one class of non-heme iron monooxygenase,functional properties of the protein studiet3). Finally, it
exemplified by the metharemonooxygenase hydroxylase should be pointed out that the data obtained herein with the
(MMOH), are understood. The mechanistic pathway of this heterologously expressed mutant desaturase T114l agree fully
class of enzyme can be written in a manner that mimics the with those obtained previously for this mutant, in vivp
rebound mechanism postulated for cytochrome P-450 duringA. thaliana(9).
the incorporation of oxygen atoms from the dioxyg86)( In conclusion, the use of both in vivo and in vitro assays
although several other pathways following the initiati & to analyze the activity and kinetics of the first series of mutant
bond attack have been proposesdir)( Recently, it was A’-sterol-C5(6)-desaturases in this work has opened a door
directly demonstrated in the case of MMOH that protons to our understanding of the structuriinction relationship
are required for the ©0 bond cleavage steps of the catalytic of this membrane-bound desaturase. The precise mechanism
cycle and that in each step a single proton is delivered by aof the catalytic reaction carried out by the 5-DES, as well
single proton donor3g). Thr 213 in MMOH was suggested  as that of the parent plant sterai-4nethyl oxidase44), and
as a possible proton donor because it is closest to the diironthe involvement of the active-site residues will need further
cluster and highly conserved among the oxygen-activating studies. The present work also demonstrates that it is possible
enzymes in both the Cyt P4589, 40) and binuclear iron  to improve by site-directed mutagenesis the activity of an
cluster monooxygenase familie$l( 42). enzyme involved in the postsqualene segment of sterol
A possible role of Thr114 or Serll4 in catalysis would biosynthesis.
be to participate in the ©0 bond cleavage step by delivery
of a proton in one of the oxygen activation steps. In that ACKNOWLEDGMENT
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