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SUMMARY : Microsomes isolated from corn embruyos (Zea mays) were shoun to
catalyse the C-4 monodemethylation of 28-[3*H],24-methylene cycloartanol 1,
leading to the corresponding 4e—methyl sterol, cycloeucalenol 5. An enzymatic
assay has been developed for the 4,4-dimethyl stersl 4-demethylase in higher
plants. The demethylation process wuwas shown to inunlue a 4-methyl,
4-hydroxymethyl derivative 2 which can be considered as the immediate
metabolite of 1 by the 4-methuyl oxidase., Compound 2 1is further wetabolized
inte S through a 4-methyl-4-carboxylic acid 3 and a 3-keto-4m-methyl
intermediate 4 which were 1identified. The conversion of | into 5 regquires
NADPH and molecular oxygen. The initial oxidative step was strictly dependent
upon molecular oxygen, NADPH or NADH, and strongly inhibited by cuanide,
whereas the overall process was completely ingsensitive to CO and to specific
inhibitors of cytochrome P-450. 1t is concluded that in Zez mays microsomes,
the C-4 demethylation of 1 results from a multistep process involving a
terminal oxygenation system sensitive to c¢yanide which is distinct from
cytochrome P-450 and in particular from that inuolued in the
l4e—demethylation of obtusifoliol. © 1990 Academic Press, Inc.

Biosynthesis of <cholestercl in mammals and ergostercl in fungi
involues the oxidative removal of three methyl groups from lanostercl : the
140-methyl is first removed and is followed by two successive demethylations
of both C-30 and C-31 methuyl groups of the 4,4-dimethyl precursor (1.2, In
contrast, results from biosynthesis studies in higher plants indicate that
the first methyl to be removed during the conversion of cycloartenol to

phytosterols is located at the C4-position (3,4). The 1l4a-methyl group is

ABBREVIATIONS

6C : gas chromatography ; TLC : thin layer chromatography ; GC-MS : gas
chromategraphy-mass spectrometry ; Ig, :  concentration producing S0%
inhibition.

24-methylene—-cycloartanocl 1§ : 4,4,140-trimethyl-Sx—ergosta-9s,19-cyclo~24(28)~
en-38-0l ; cycloeucalenal 5 : 4e,l4x—-dimethyl-Se—ergosta-9s,19-cyclao-24(283-
en-3g-pl ; obtusifoliol : 4e.i4x—dimethyl-Se-ergosta-8,24(28)-dien-3p~-ol
24-methuylene lophenol : 4x-methyl-Swm-ergosta~7,24(28)-dien-3g-ol.
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iost  next, at the obtusifoliol level (S), after cleavage of the
98.19~-cyclopropane ring of cycloeucalenol 5. In addition, results from these
studies suggest that 24-methylene lophenol is the most probable substrate of
the second C-4 methyl group elimination (4).

In this initial report, we describe for the first time a microsomal

preparation isolated from a higher plant which contains a cyanide-sensitive

43

nzyme and is functional in the oxidative conversion of 24-methylene
cucloartannsl 1 to cuclosucalensl S. In addition, we report the successful
isolatisn by manipulating zofactors, of three intermediates in the

demethylatiocn proceszs.

MATERIALS AND METHODS

futhentic materialg : Cuclsartenol was isolated from Indian opium marc
as described previously (13) (mp=99-100°C, MeOH). Cycloeucalensl $ wuas
extracted from tallow wood (Fucalyptus mycrocorys) kindly provided by Prof.
R.A. Massy Westropp (Adelalde, Australia) (mp=139-140°C, MeOH). Cycloeucale-
none 4 was synthesized as described previsusly (7x {(mp=81-83°C, MeOHD.
N[(1,5,9)-trimethyl-decyl ]-4«,10~dimethyl -8—-aza~trans-decal-3g-ol 8 wWas
synthesized as previously described 114,

24-methylene cycloartanol 1. This <compound was synthetized starting
from cycloartenol (to be reported) ; (mp=120-122°C, MeCH) ; >98% GC purity).
All control data, IR, MS, 'H-NMR are in full agreement with the structure of 1
and literature data.

£8-[3H1-24-methylene cyclpartansl : This compound was prepared by
enzumatic methylation of cycloartenal in the presence of [methyl-3H]-Adomet
(200 uyCi/uMoled (Amerszhams and purified as described before (iS). The resulting
28~[¥H]-24-methylene cycloartansl was diluted with cold material to a specific
radioactivity of 1.0 wCi/uMole. 1t zhowed a single peak in &C and a single
radicactive band on TLL.

4.,4-dimethy! 4-demethylasze assay : Microsomes ipH 7.6) were prepared
from maize seedlings as described preuviosusly <S5). In the standard procedure the
mizrosomes 0,75 ml = 4 mg protein) were incubated aerobically in the presence
of Z4-methulene cycloartanol (100 pMJ, emulsified wuwith Tueen 80 (final
concentration 1 g/1l), 1 wM NADPH, 1 unit glucose-6-phosphate dehydrogenase, 10
mM glucose~6-~phosphate and other additions as indicated in tables and figures.
Unless otherwise specified, the r2action mixture contained .2 uM
M-[€1.5.9)-trimethyl-decy} }~4a~10-dimethyl -8-aza~trans—-decal-38-ol 1) to
eliminate concomitant wmetabolization of cycloeucalenol 5 by cycloeucalenol-
obtusifoliol isomerase and subsequent stersl metabolizing enzymes present in
our system (7). Incubations were continued aerobically at 30°C with gentle
stirring for 4 h, during which the reaction proceeded linearly.

fissay with tritiated substrate 1 : Tritiated I (0.15 pCil, 100 WM uwas
incubated with the aforementioned conditions and sterols were extracted as
described previously (S), The residue was analyzed by TLC on silica gel using
CH,Cl, as solvent (two migrations). The 3-keto derivative 4 (band e) (Rf =
0.58) uas separated from 4,4-dimethyl sterols (band d) (Rf = 0.44), 4x-methyl
sterols (band ¢J) (Rf = 0.37), 4-demethyl sterols (band b) Rf = 0.26) and from
the mixture of the 4-hydroxymethuyl 2 and 4-carboxulic derivative 3 when present
Cband a) (Rf = 0.02-0.08) (Fig. 1; A.B). These five fractions were eluted
separately and the associated radicactivity determined. The overall conversion
ratio was calculated from radiocactivity associated with rewaining substrate
(band dJ and with the products Fformed <(bands a,b.c and e) ; for standard
incubation times (4 h), a very low amount of radicactivity was associated with
band b attesting the blockade by 6 of the metabolization of 5. The rate of
24-methulene cycloartanol demethylation activity was calculated from the amount
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of 1 added and the conversion ratis. Compounds present 1in each of the three
aforementioned bands d,e and ¢ were identified by i) comigration with
authentic standards on TLC, ii) ti relative to cholesterol and coinjection
with authentic standards in 6C (OV17, WCOT 25mx0.25 mm), iii) BC-MS analysis
(LKB S000F, 70 eV) and comparison with MS of authentic standards.

Assay with unlabelled substrate 1 : In the case of incubations under
conditions where both compounds 2 and 3 (band a) and demethyl sterol
metabolites (band b) were not detectable or negligible, a routine assay uwas
performed using unlabelled 1. In that case the aforementioned bands e,d and ¢
were eluted together and the mixture of substrate and products analyzed by GC
using a silica-fused capillary column (WCOT, 25 m x 0.25 mm) coated with OV 17,
(230°C to 280°C), (2°C/min) using hudrogen as carrier gas. 24-methylene
cycloartanocl 1 (tp = 1.428), its demethulation metabolites cycloeucalencne 4
{tg = 1.340) and cycloeucalenol § (tp = 1.284) uere clearly separated on this
column (Fig. 1; C,D). The puerall conversion ratioc was calculated from the
areas of the peaks of compounds 1, 4 and 5 and corrected from the value
obtained in the boiled assay ({0.05 for a concentration of 1 = 100 M. The
overall 4-demethylase activity was deduced from this conversion ratio and the
amount of substrate added.

Identification ¢of metabolites 2 and 8 : Experiments directed to the
accumulation of 4 hydroxymethyl~ 2 and 4-carboxylic acid intermediate 3 uere
carried out with the 100000 x g supernatant resulting Ffrom centrifugation of
microsomes (30 ml) treated with a mixture of sodium cholate and Emulphogen (teo
be published elsewherel). This solubilized fraction (30 wmld> wuas strictly
depleted from endogenous NAD* and NADP* by preincubation (15 min., 30°C) in the
presence of the NADH and NADPH generating systems. 1t was incubated in the
presence of 1 (100 uwM ; 4 pCi) with the standard procedure used for the
microsomal preparation with the three following modifications : i) a 10 umM
concentration of NADPH was used instead of 1 mM, 1i) the reaction was stopped
by adding 1 ml methanol and 1ii) the pH was adjusted to pH 3 before extraction
with diethyl-ether. Band a (Rf = 0.02-0.08) (1.1 uCi) was eluted and treated
with 200 ul of a fresh solution of diazomethane (CH,N,, 0.15 M in etherl, for 2
h at 0°C. Following evaporation to dryness of CHN, and EL,0, the residue was
acetylated using a 1/1 mixture of acetic anhydride and pyridine under standard
conditions. The reaction mixture was chromatographied (5i0,, hexane/AcoEt 6/43
leading to a radiocactive band (Rf = 0.75) (0.9 uCi) which was eluted. 8C-MS
analusis of this fraction shouwed only 2 components in a 1 to 2 ratioc which were
respectively identified as 4,14x~dimethyl~4acetoxymethyl -Se—-ergosta-9s,193
~cuclo-24(28)-en-3g~yl-acetate 7 and 4,14c-dimethy-4carbomethoxy-Sm-ergosta
~9B,19-cyclo-24(28)~en~3p~yl acetate 8 (Table 2J.

RESULTS

24-methylene cycloartansl C4-monodemethylase : assay conditions and

identification of 24-methylene cycloartanol metabolites

The ubiquitous presence of cycloeucalenol S in higher plants and the
observation that cycloartenol is from afar the best substrate of
Adomet-A%*-sterol C24-methyliransferase in higher plants (6) led us to consider
24-methylene cycloartanol 1 as the most probable physiological substrate of the
first C4 demethylation in these organisms. Incubation of 1 with microsomes from
Zea mays in the presence of NADPH, a NADPH regenerating suystem, molecular
oxygen, and 0.2 uM of € a potent inhibitor of cuclseucalenol-obtusifoliol
isomerase (7, allowed identification of a 4-monomethyl stercl metabolite,

cycloeucalenol S, demonstrating that conditions have been gbtained to study
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removal of gne of the 4-methyl group of 1. Under these conditions the use of
radiclabelled | allowed preparative resolution of the remaining substrate 1,
cycloeucalenol 5 and another metabolite produced in low amount which could be
identified as cucloeucalenone 4 (see Materials and Methods) (Table 1, Fig. 1J.
In the case of incubation in absence of 8 the owverall conversion of 1 was
similar, but product S5 was further metabolized into obtusifoliol, 32-NOR-
ocbtusifoliol, 24-methylene lophenol and 4-demethyl stersls by the microsomes
(Datas not shown). In order to attempt to accumulate any possible intermediate
metabolites and to assess precisely the requirements of the demethylase system,
we manipulated the cofactors composition and conditions of the incubation. The
results of such modifications on the nature and amount of metabolites produced,
and on the overall demethylation rate are described in Table 2. In the presence
of its regenerating system, MNADPH was shoun to be able to sustain the guerall
demethylation process. In contrast, absence of NADPH regenerating sustem as
well as elimination of NADPH and substitution by MNADH as electron donor, led to

the accumulation of the 3-keto, 4a—monomeihyl derivative, cuycloeucalenone 4, at

the expense of 5, without reduction of the overall demethylation rate of 1. In

addition, results from Table

after complete reduction

sustain the demethylation

reduction of 4 wuas

strongly decreased.

2 indicate that endogenous

their regenerating

process.

However, under

systems,

these

pyridine nucleotides,

are sufficient to

conditions, the

In order to strictly eliminate any

Table 1 . BC-MS® analysis of substrate and metabolites by the C4 demethylase system

Component tg relative Molecular ion Prominent fragment ion
i percent relative abundance
ov 17 oV 1 m/e (%)

24-methylene 1.428 1.389 440(45) 425(S8) 422(84) 407(100)

cycloartanol 1 379(43) 357(6) 353249
300(70) 285203

4-methyl, 4 acetoxumethyl 2.437 1.843 540(10) 5250112 480(18) 466(9)

3g-acetate derivative 7 4685(11) 420(44) 40711
405(13) 300(25)

4-methyl, 4 carbomethoxy, 2.286 1.833 526(24) 511(6> 467(49) 466(100)

3p-acetate derivative 8 451 (263 407(9) 401 (53
341 (30) 300(24)

cycloeucalenone 4 1.340 1.294 4241007 408(43) 381 (38) 341(36)
326(74) 300(32) 299(74)
297(21) 285(13)

cycloeucalenol S 1.284 1.285 426(313 411(50> 40801003 393(833
343(3) 301 (257 300(41)
285(41) 283(20)

RY 70 eV

101



Vol. 172, No. 1, 1990 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

1
A 1 [

' - 5

B D

41

25 30 35
Origin Retention time (min)

Figure 1 . Radiochemical- (A,BY and 6Bas chromatographic assay (C,D) of 24-
methylene cycloartansl-4-demethylase.
Tritiated 1 (0.15 pCi, 100 uM> was incubated in the standard assay
conditions (see Materials and Methods), 0.75 ml of microsomes, 4 mg
of protein,
A,B : Radiochromatogram scan of T.L.C. plate showing production of
cucloeucalenol 5, cucloeucalenone 4, 4 methyl, 4-hydroxymethyl- 2
plus 4-methyl and 4-carboxylic acid intermediate 3 from tritiated 1.
Unlabelled standards : D) sitosterol ; ¢J cycloeucalenol ; 4
24-methylene cuyclpartanct ; e) cucloeucalenone, A : boiled
microsomes ; B : 4 hr. incubation in the presence of 7 (0.2 uM). The
overall amount of radioactivity recovered uas 0% ; C.D
corresponding gas chromatogram (OVI7 column) of the pooled fractions
migrating as ¢, d, and e. ¢ : beoiled microsomes ; D : 4 hr.
incubation in the presence of 8 (0.2 uMJy.

traces of oxidized pyridine nucleotides the 4-methyl demethylase complex was
solubiiized from the microsomes by mean of detergents. Incubation of the 100000
g supernatant in the presence of both MADH ard MADPH generating sustems, and of
a limiting concentration of MNADPH (10 uM), led to the accumuilation of two other
intermediates which after derivatization were identified as the
4-huydroxymethyl- 2 and the 4-carboxylic acid derivatives 3. (see Materials and
Methods>. In addition data from Table & show that the initial step of tne
C4~demethylation process uas fully dependent upon molecular oxugen since nane
labelled metabolite could be detected in anaersbic conditions. Finally, this
initial oxidative step was shown to be sustained by the presence nf either
NADPH or NADH.

Effects of inhibitors on the enzymic demethylation system

In order io get more insight about the nature of the enzymatic system

involved in the demethylation process, the 4-demethylase was challenged with a
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Table 2 . Influence of cofactors on £4 methylene-cucloartancl-4 methyl demethylase activity and
repartition of metabolites

ncubation content? Percent metabgslization of tritiated 1 in
4-methyl,4-hudrexymethyl cyclo- cyclo- Overall relative
derivative 2, 4-methyl, eucalenone 4 eucalenol® S demethylation
4-carboxylic acid 3 rate

% % %

crosomes + air + 1 =M NADPH + RS1 30 12 56 100

siled microsomes + air + & mi NADPH + RSI ol 0 Q

crosomes + air + 1 mM MNADH + 1 mM NADPH 7 4 57 g6

RS81 + RS2

crosomes + firgon + 1 mM NADPH + RS1 + RS2 O o] Q 0

GLu + BLu 1-oxidase

crosomes + air 4 8 ] 14

crosomes + air + RS1 3 18 0 30

crosomes + air + RS2 2 70 2 108

crosomes + air + RS1 + RS2 S 53 9 94

.crosagmes + air + 1 mM NADH + RS2 4 70 3 108

Lcrosomes + o air + 1w NADH + RS2 + RSt 3] 49 21 99

.crosomes + air + 1 wM NADPH a 85 4 1238

3D and NADPT depleted 31 8] o] 44

(100000g2° + air + 10 pM NADPH

RSt + RS2

AD* and NADP* depleted 10 40 0 O

(100000g) + air + 20 uM NADH

RS1 + RS2

3D* and NADP* depleted 6] s} 0 o}

(100000g) + air

) ALl incubations are performed in the presence of 6 (0.2 uM). 8) Including, when present, the louw
amount (3% of 4-demethyl sterol formed. ©) 100000y supernatant resulting from the centrifugation

of solubllized microsomes. ©°) Data represent the mean of two to four experiments, the standard
deviation was 2%.

S1 : NADPH regenerating sustem = GlueP + BluBP dehudrogenase
82 : NADH regenerating system = EtOH + alcohol dehydrogenase.

Table 3 . Effects of inhibitors on 24-methylene-cycloartanol 4-methyl
demethylase activity

inhibitors demethylase activity®
none 100
CH~ 8 x 10°¢ M S0
CN- 50 x 10°¢ M 1S3
menadione 5 x 10°¢M 35
menadione 50 x 10-¢M 33
CQ saturated 100
LAB 170250F 100 x 10-¢M 100
Tetcyclacis 100 x 10°¢M 100

A) normalized activity
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series of inhibitors. Data frowm Table 3 show that the 4-demethylation uas
potently inhibited by cuanide (lIgy = 8x10°%M). 1In addition the electron
acceptor menadione proved to be an inhibitor presumably by diverting the flou
of electrons from NADPH to the oxidase. In <contrast the 4-demethylation was
insensitive to carbone monoxuyde and to azole derivatives known to ligand the
ferric iron atom of the protohem of Cuyt.P-450 such as LAB 170250F, a potent
inhibiter of the plant obtusifoliol 14x-demethylase (8) or Tetcyclacis, a

potent inhibitor of kaurene hudroxylase (10).

DISCUSSION

We have described herein, for the first time, a microsomal preparation
isolated from a higher plant which can demethylate one C-4 methyl group of
24-methylene  cycloartanocl 1, yielding cycloeucalensl S under conditions
blocking its concomitant metabolization by COl. Under these interrupted
conditions the wvery low amount of labelling incorporated 1in the 4-demethyl
stercl fraction, when <compared to a higher incorporation in this fraction in
absence of GOl inhibition, supports the 1idea that elimination of the second
methyl group at C-4 1is carried out by a distinct enzymatic suystem, with a
distinct substrate specificity. This situation would be in contrast with that
observed in mammals where the removal of both C-4 methyl groups is carried out
successively by the same enzymatic system (1). We could determine experimental
conditions which allowed accumulation and characterization of three
intermediates (2, 3 and 4) inuslued during the demethylation process of 1.
This result is clearly indicating the following sequence of reactions for the
oxidative demethylation of 1 : 1->B->-3>-4>->5 (Fig. 2). Moreover, compound 2
can be considered as the immediate metabolite of 1 by the terminal oxygenase
involved in the 4,4-dimethyl sterol 4-methyl demethylation process ; compound 2
is most probably further oxidized into the 4-carboxylic acid derivative 3 by
this oxidative system. The question to know whether the 4« or 43 methyl group
is loss during this /n wltrc demethylation process is now under investigation
€3). Studying the effects of the presence, nature, and oxidative state of
pyridine nucleotides on the nature and amount of each of these metabolites led
to the following conclusions : i) these metabolites are produced by a

succession of at least three distinct enzymatic reactions with distinct

S ,‘
rioe ool ;oicﬁgjgy

Figure 2 . Pathuay for the demethylation of 24-methuylene cycloartanol 1 by Zea
Hays microsomes.
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cofactor regquirements, i1) reducing equivalents are transferred from either
NADH or NADPH to the oxidase. This last result support the idea that tus
electron transfer pathways are operating as it has been previouslu proposed for
other oxidation reactions (11), iii) reduction of the 3-keto intermediate is
strictly NADPH dependent and apparently strongly inhibited by NADP*, When
challenged with a series of inhibitors, the 4-demethylase system responded in a
way indicating that cytochrome P-450 is not involved in the removal of the C-4
methyl group which in turn inuvelves the participation of a cyanide sensitive
enzyme. A possibility would be the participation of cutochrome by as an
intermediate electron carrier associated with the reaction. Indeed «cyt.bys uas
detected by spectral measurements (123 in the microsomal preparation (0.15
nmole/mg protein) and in the solubilized fraction (0.18 nmele/mg proteind.
These results clearly show that two distinct oxidative systems are responsible
respectively for the oxidative removal of the Cl4m— and C4-methyl group of
plant sterol precursors. Taken together the results presented herein indicate
that in Zea mays microsomes, the removal of the first ©-4 methyl group of
4,4-dimethul-sterols involues a mechanism similar in many respects with that
functioning in mammals (1). The properties and characterization of the
particulate plant enzymes responsible for these individual reactions are nou

beinyg investigated.
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