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Oxidosqualene cyclases generate over 100 different triter-
pene skeletons from a single substrate.[1] This diversity is
achieved by variations in three mechanistic motifs: cation–p
annulation, cationic migration (including 1,2-shifts and ring
expansions), and deprotonation. We encountered a fourth
mode while characterizing the Arabidopsis thaliana triterpene
synthase gene At5g42600. The encoded enzyme annulates
oxidosqualene to a bicyclic intermediate, which undergoes
1,2-shifts to a C5 cation. Ring A is then cleaved to form the
3,4-seco aldehyde 1 by a Grob fragmentation,[2] which has not
previously been documented in triterpene biosynthesis.
Aldehyde 1 has never been isolated but was hypothesized to
be the first carbocyclic precursor[3] in the biosynthesis of
iridals. These unusual triterpenoids have been found only in
Iridaceae,[3, 4] a monocot family that is phylogenetically distant
from Arabidopsis. Iridals possess diverse biological activi-
ties[5] and are the precursors of irones, which give the prized
violet scent to orris oil.[3b] Herein, we describe the cloning and
heterologous expression of the cyclase gene, the structure
elucidation of 1, the fragmentation mechanism, and phyloge-
netic implications.

The At5g42600 gene was amplified by the reverse-tran-
scription polymerase chain reaction (RT-PCR) from A. thali-
ana mRNA and subcloned into the pRS426GAL vector.[6a,b]

The resultant plasmid pXQ11.2 was expressed in the yeast
hosts SMY8 and RXY6; SMY8 lacks lanosterol synthase,[6c]

and RXY6 additionally lacks squalene epoxidase.[6d] Triter-
pene products were isolated from the non-saponifiable lipids
(NSL) of SMY8[pXQ11.2] and identified by GC mass-
spectrometric and NMR spectroscopic analysis. We observed
only traces of C30H50O triterpene alcohols, namely, 3,[7a] 4,[7b]

and 5[7c] (Scheme 1). The predominant product was a novel
3,4-seco triterpene alcohol 2 bearing a typical iridal skeleton,
and its C30H52O formula suggested a postcyclization reduc-
tion. Oxidation of 2 with Dess–Martin periodinane[8] gave the
putative precursor 1, which provided spectral data that

enabled us to detect this elusive aldehyde in the NSL of
SMY8[pXQ11.2] (Figure 1a). Interestingly, direct hexane
extraction of cell homogenates without saponification
showed 1 rather than 2 as the major enzymatic product
from both in vivo SMY8[pXQ11.2] cultures and an in vitro
reaction of RXY6[XQ11.2] with oxidosqualene (Fig-
ure 1b, c). These results indicated that 1 was the direct
enzymatic product and that 2 arose from further metabolism
and/or during saponification.

The 8a-methyl configuration in 1 and 2 was determined
from NOESY spectra and 1H NMR coupling constants.

Scheme 1. MRN1 products: marneral (1), marnerol (2), camelliol C
(3), achilleol A (4), and tentative structure 5. Triterpene numbering is
used.

Figure 1. 1H NMR spectra (CDCl3, 500 MHz, 8a-methyl signals) show-
ing the enzymatic formation of 1 versus 2. a) Hexane extract of the
NSL of SMY8[pXQ11.2] cell pellets. b) Hexane extract of SMY8-
[pXQ11.2] cell homogenate. c) Hexane extract of RXY6[pXQ11.2] cell
homogenates incubated with oxidosqualene. d) Purified sample of 2.
e) Purified sample of 1 from Dess–Martin oxidation. Ratios of 1/2 in
a), b), and c) were 1:12, 10:3, and 99:1, respectively.
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Conformational heterogeneity of the cyclohexane ring was
taken into account by calculating the Boltzmann distribution
from B3PW91/6-311G(2d,p)//B3LYP/6-31G* energies (see
the Supporting Information). The results showed the same
relative stereochemistry observed in natural 10-deoxy-17-
hydroxyiridal,[3a] and thus validated the hypothesis of Marner
and Longerich[3] that cyclization of oxidosqualene into iridals
proceeds via a B-ring boat intermediate to 1. In recognition of
the pioneering work of Marner on iridals, we named 1
marneral and 2 marnerol. Marneral synthase (MRN1)
provides the first definitive example of ring cleavage accom-
panying oxidosqualene cyclization.

A likely mechanism that leads to 1 is shown in Scheme 2.
Oxidosqualene (6) is protonated by aspartate 487 and
cyclized to the bicyclic carbocation 8. A series of 1,2-shifts
moves H9 to C8, C25 to C9, and H5 to C10 as the positive
charge migrates to C5. The last migration forces a conforma-
tional reorganization of ring A, which can proceed via twist 9
(inversion of C1) or boat 10 (inversion of C3 and C4) en route
to the fully inverted chair 11. Conformers 10 and 11, which
place the C3�C4 bond in hyperconjugation with the C5
cation, readily form 1 by barrierless[9] Grob fragmentation,[2]

with transfer of the 3-hydroxy proton to the hydrogen-bonded
aspartate. Conformer 9 may also undergo fragmentation but
is hyperconjugatively poised for 4b-methyl migration as well.
Other enzymes that generate a C5 cation make D5 products
by deprotonation at C6 or 3-keto products by 4b-methyl and
3a-hydride shifts. MRN1 avoids these alternatives and
accurately selects only the fragmentation pathway. This
selectivity appears to be a function of the B-ring conformation
and the aspartate mobility.

Sequence alignments for MRN1 revealed distinctive
residues that may contribute to its unusual catalytic mecha-
nism (Figure 2). The crystal structure of human lanosterol
synthase[14] shows that Cys456 is hydrogen bonded to the

protonating aspartate residue (Asp 455). Unlike other oxi-
dosqualene cyclases, MRN1 contains glycine in place of
cysteine. This modification may facilitate the deprotonation
of the axial hydroxy group in 10 and 11 by increasing the
mobility and basicity of the aspartate residue in MRN1.
MRN1 also differs from other oxidosqualene cyclases by a
deletion between positions 730 and 731. Residues in this
region are involved in substrate folding to form rings C and
D.[1a, c,14] A single-residue deletion in the corresponding region
of squalene-hopene cyclase led to incomplete cyclization,
with some stereochemical inversion.[15] The deletion in MRN1
may have a similar effect. More detailed understanding of the
enzyme mechanism awaits a crystal structure of a marneral
synthase.

No monocot marneral synthase
has been characterized, but it seems
clear that the Arabidopsis and Iris
marneral synthases evolved inde-
pendently from one another. A phy-
logenetic tree (see the Supporting
Information) shows distant relation-
ships between monocot and eudicot
cyclases[16] and indicates that MRN1
arose within the eudicot PEN
clade[17] from enzymes that generate
the all-chair dammarenyl cation.
MRN1 has diverged relatively little
from the other PEN genes (70–80%
identical) but has developed the
ability to cleave ring A and achieved
a rare evolutionary transition from a
B-ring chair to B-ring boat (7) mech-
anism.[18] This case is a striking
example of how enzymes with close
phylogenetic affinity can have fun-
damental differences in mechanism
and product structure.

Grob fragmentation is a useful
synthetic reaction but its role in
natural-products biosynthesis is not
widely recognized.[19] Several other
3,4-seco triterpenoids with a C4–C5

Scheme 2. Suggested mechanistic pathway from oxidosqualene (6) to marneral (1). Bonds elongated by
hyperconjugation with the C5 cation are shown thickened. By-products 3 and 4 could arise from either 8[10]

or 7.

Figure 2. Partial amino acid sequence alignments of MRN1 with
squalene-hopene cyclase from Alicyclobacillus acidocaldarius
(AacSHC),[11] lanosterol synthase from Homo sapiens (HsaERG7),[12]

and cycloartenol synthase from A. thaliana (AthCAS1).[13] More exten-
sive alignments are given in the Supporting Information.
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tetrasubstituted olefin apparently arise via a B-ring boat
intermediate by Grob fragmentation. These include lepido-
lide[20a] and (24E)-3,4-secocucurbita-4,24-diene-3,26-dioic
acid[20b] from Russula lepida. A similar biosynthetic pathway
can be ascribed to camelliol B[7b] and the sesquiterpene
coumarins secodriol and secodrial from Achillea ochroleu-
ca.[20c] An analogous mechanism via a B-ring chair may
pertain to crystallopicrin from Cortinarius species,[20d] heli-
anol, isohelianol[20e] and sasanquol from Camellia sasan-
qua,[20f] and graminol A from Triticum aestivum.[20g] However,
most 3,4-seco triterpenoids[21a–d] with a C4�C5 saturated bond
arise from a discrete postcyclization step, as do some
diterpenoids, such as geayine[21e] and 3,4-secosonderianol.[21f]

In summary, our cloning and characterization of an
Arabidopsis cyclase uncovered the elusive carbocyclic pre-
cursor of iridal triterpenes and provided the first experimen-
tal proof of Grob fragmentation in triterpene synthesis.
Molecular modeling and sequence comparison suggested how
cyclases can modify the reaction kinetics to select either the
Grob fragmentation or other termination pathways. The
independent development of iridal biosynthesis in monocots
and the eudicot PEN clade underscores the complications in
using chemotaxonomy to understand phylogenetic relation-
ships and shows that nonsteroidal cyclases can readily evolve
to generate diverse triterpene skeletons. Our results exem-
plify the power of genome mining to reveal novel structures
and catalytic activities that conventional analysis of the native
organism would not detect.

Experimental Section
cDNA of the At5g42600 (PEN5, 2286 bp) was transcribed from
mRNA obtained from 2-day-old A. thaliana seedlings. A culture of
SMY8[pXQ11.2] (100 mL) was induced with galactose in a synthetic
complete medium lacking uracil and grown to saturation with shaking
at 30 8C. The cell pellet was saponified with ethanolic KOH at 70 8C
for 2 h, followed by extraction with hexane. Analysis of the organic
extracts by NMR spectroscopy (500 MHz, CDCl3, 25 8C) and GC-MS
(35% phenyl polysiloxane column, 30 m) showed 2 as the only
triterpene alcohol. Chromatographic purification (silica gel, CH2Cl2/
hexane 5:1) of the NSL (48 mg) from a 3-L culture gave, in addition to
fractions containing traces of 3–5 (< 1% of total enzymatic products),
alcohol 2 (1 mg) as a colorless oil: 1H NMR (500 MHz, CDCl3): d=
0.764 (d, J= 6.8 Hz, 3H), 0.891 (s, 3H), 1.58–1.68 (6 brs, 18H), 1.728
(dqd, J= 12.8, 6.8, 4.2 Hz, 1H), 2.560 (dd, J= 11.6, 2.6 Hz, 1H), 3.608
(t, J= 5.6 Hz, 2H), 5.05–5.11 ppm (m, 3H); 13C NMR (125 MHz,
CDCl3): d= 15.6, 15.9, 16.0, 17.7, 20.2, 20.9, 22.4, 23.4, 24.3, 24.8, 25.7,
26.6, 26.8, 31.0, 31.2, 31.7, 36.2, 39.1, 39.7, 39.8, 44.3, 63.8, 123.4, 124.3,
124.4, 125.7, 131.2, 131.6, 134.2, 134.9 ppm; MS (EI, trimethylsilyl
ether) m/z : 500 [M+], 69 (base); the carbon skeleton of 2 was
elucidated by HSQC, HMBC, and COSYDEC and by comparison
with the NMR data for the side chain of thalianol[6d] and camel-
liol C.[7a] The C8 configuration was deduced as follows: In the
NOESY spectrum, H26 correlated with H25 and H11S, and H25
correlated with H8 and H10a ; the 1H NMR spectrum showed
couplings of 12.8 and 4.2 Hz between H8 and the C7 protons; these
data are fully compatible with the 8a-methyl chair conformer with the
equatorial C8 and C9 methyl groups but are incompatible with any
conformer of the 8b-methyl isomer. Conformational analysis and the
NOESY spectrum are given in the Supporting Information.

Oxidation of 2 to 1: Dess–Martin periodinane reagent[8] (100 mg)
was added to alcohol 2 (500 mg) in CH2Cl2 (2 mL). The reaction
mixture was stirred for 24 h at room temperature. After removal of

the solvent, the residue was partitioned between hexane/H2O. The
hexane fraction was purified by chromatography on silica gel
(CH2Cl2/hexane 1:1) to give aldehyde 1 in 80% yield as a colorless
oil: 1H NMR (500 MHz, CDCl3): d= 0.780 (d, 6.8 Hz, 3H), 0.920 (s,
3H), 1.57–1.68 (6 brs, 18 H), 1.750 (1H, dqd, J= 12.5, 6.8, 4.0 Hz, 1H),
2.556 (dd, J= 12.0, 3.8 Hz, 1H), 5.04–5.11 (m, 3H), 9.710 ppm (t, J=
1.8 Hz, 1H); 13C NMR (125 MHz, CDCl3): d= 15.5, 15.9, 16.0, 17.7,
19.0, 20.2, 20.8, 22.3, 24.2, 24.8, 25.7, 26.7, 26.7, 30.7, 31.6, 36.0, 39.0,
39.7, 39.7, 42.3, 43.9, 124.2, 124.2, 124.8, 125.3, 130.6, 131.2, 134.2,
134.9, 203.2 ppm; MS (EI) m/z : 426 [M+], 207, 187, 69 (base).

The samples for the NMR data in Figure 1a,b were obtained
from 30-mL cultures of SMY8[pXQ11.2] by a) extraction with hexane
of the NSL from the cell pellet or b) by precipitation of homogenized
cells with ethanol, partial evaporation of the supernatant, and
extraction with hexane. The samples for Figure 1c were obtained by
incubation of a cell homogenate from a 30-mL RXY6[pXQ11.2]
culture with 2,3-oxidosqualene for 16 h at ambient temperature,
followed by the workup used in (b).[22]
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