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Abstract

Oxidosqualene-lanosterol cyclase (OSC)
and oxidosqualene-cycloartenol synthase
(CAS) catalyze the complex
cyclization/rearrangement of
(392,3-oxidosqualene into lanosterol in
mammal and fungi versus cycloartenol in
algae and photosynthetic plants. To study
evolutionary relationships between OSC and
CAS, cyclization / rearrangement mechanism,
as well as product specificity and/or diversity,
twenty-nine non-alanine residues located on
the putative active site cavity surface of
CASY40C mutant, a CAS mutant which
changes its enzymatic activity from CAS to
OSC, were mutated to alanine and assayed
for their ability to complement the OSC
deficiency and to study the effect of double
mutations. All of the mutations were verified
by restriction mapping and DNA sequencing,
followed by genetic counter-selection.
Among them, 16 out of 29 mutations failed
to complement the ERG7 disruption

indicating that these residues are crucial for



the catalytic function of the enzyme.

The nonsaponifiable lipids of inactive
mutants were isolated and characterized by
TLC, GC-MS and NMR. The CASYZ*!AY#10¢

M254AY410C
CAS

mutant -~ mutant and

CASH237AY410C mutant, which alone failed to

complement the viability of cyclase-deficient
yeast but
24-methylene-24,25-dihydrolanosterol
4,4-dimethyl
4-methyl fecosterol, when both wild-type
OSC and CAS double mutations were

present, were isolated. The results indicated

strain accumulated

(eburicol), fecosterol and

that a dramatic enzymatic activity change
from oxidosqualene cyclase to sterol methyl
transferase and concomitantly generated an
alternative ergosterol biosynthetic pathway,
were derived from the above-mentioned
double mutations. In addition, the discovery
here will provide important information with
which to understand the active site topology
for both enzymes and have significant
consequences in relation to rational drug
design and to the molecular engineering of

the ergosterol biosynthetic pathway.

K e y wooxidasqualene-lanosterol cyclase,
site-directed mutagenesis, plasmid shuftling,
cation-7 interaction, alanine-scanning,
tandem-MS-MS.

Z ~Hd P

The family of triterpene cyclase enzymes

catalyzes highly diverse and complex
cyclization/rearrangement  reactions (1-3).
In fungi and mammals

oxidosqualene-lanosterol cyclase (ERG7, EC
5.4.99.7) mediates the of
(39-2,3-oxidosqualene lanosterol,

conversion
into

whereas this same substrate is elaborated to
through the agency of
oxidosqualene-cycloartenol synthase (CAS,
EC 5.4.99.8) in algae and photosynthetic
plants.

cycloartenol

In prokaryotes, squalene-hopene
cyclase (SHC) catalyzes the conversion of
squalene to pentacyclic triterpenoids (Fig. 1).
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Figure 1. Triterpene cyclization reactions.

This enzymatic reaction represents one of the

most remarkable and fascinating
biotransformations in nature and has inspired
many scientists to study its structure-function
correlations (4-12).

triterpenes with C3oHsoO formula have been

Moreover, over 90
derived from (oxido)squalene cyclization (13).
In parallel, the oxidosqualene cyclases are
also attractive targets in designing antifungal

and anticholesteremic  drugs  (14-18).
Elegant biogenetic and  bioorganic
investigations, including studies of the

structures of novel products formed from
designed alternate substrates, have provided a
detailed model for cyclase-mediated substrate
transformation (19-25). In this model,
enzymes initiate cyclization cascades by
protonating the terminal double bond of
the moiety of
The enzymes then promote
cyclization cascades leading, in the case of
ERG7 and CAS, to
protosterol cation which undergoes a series of
hydride and methyl shifts. Lanosterol

squalene or oxirane

oxidosqualene.

an intermediate



results from C-9 deprotonation of a C-8
cation while cycloartenol forms after a further
hydride migration and deprotonation of the
C-10 methyl group (Figure 2)
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Figure 2. Complex
Cyclization/Rearrangement of
Oxidosgualeneto Lanosterol.

The speculation of the parallel active site
sueface location may also be important in
determining  substrate  recognition,
cyclization/rearrangement cascade, or
changing product specificity for all
cyclases, the corresponding region in S
cerevisiae was subjected to investigation.
Threfore,  twenty-nine  non-alanine
residues located on the putative active
site surface of CAS from A. thaliana
were also mutated and assayed for their
ability to complement the
cyclase-deficient, ERG7 knockout, S
cerevisiae strain.
further extend our understanding about
the mechanism of oxidosqualene

cyclization/rearrangement cascade and

These results will

provide basis for further elucidation of
the biological origins as well as to

develop novel OSC inhibitors for
antifungal and  hypocholesteremic
purposes.
R AL

Generation of Active Site

Site-Directed Mutants in the Single
Mutant of A. thaliana cas Gene.
Twenty-nine non-alanine residues were

constructed through replacement of the
single mutant cyclase gene with the
corresponding alanine substitution.

Mutants were generated by polymerase chain
reaction (PCR), restriction digested with
endonuclease restriction enzyme, followed
by cloning into a vector to obtain a
recombinant plasmid containing a single
DNA fragment incorporating the desired
mutation sequence and the new restriction
site (Table 1).
were confirmed through DNA sequencing by
using ABI PRISM BigDye Terminator Cycle

Sequencing Reaction kit on an Applied

All of the mutant clones

Biosystems 373 DNA Sequencer available in
the Institute.

Characterization of  Site-Directed
Mutagenesis Effects on Oxidosqualene
Cyclase Activity via Plasmid Shuffle.

Haploid strain CBYS57[pZS11] (ERG7

:LEU2 ade2-101 his3- 200 leu2- 1
lys2-801 trpl- 63 [pZS11]), a yeast strain
bearing both a genomic ERG7-disrupted
gene and a URA3 centromeric plasmid with
wild type S cerevisiae cyclase gene, allowed
the use of a plasmid shuffle to analyze the
effects of mutations in an ERG7 knockout
background. As and positive
controls  for shuffle,
CBYS57[pZS11] by
electroporation with plasmids pRS314 and
pTKOSCRS314WT, TRPI
plasmids bearing no insert and the wild type
S ceevisae oxidosqualene-lanosterol
cyclase gene, respectively. Transformants
were selected on SD media containing

negative
the
was

plasmid
transformed

centromeric

adenine, lysine, histidine and uracil, and
pRS314 and pTKOSCRS314WT were
recovered from cell-free lysates grown in this
CBY57[pZS11],

and

media.
CBYS57[pZS11][pRS314]



CBYS57[pZS11][pTKOSCRS314WT]
then plated on complete media containing
S5-fluoroorotic acid (5’-FOA) to counterselect

wEere

for pZS11. As expected, growth was only
observed on plates inoculated with
CBY57[pZS11][pTKOSCRS314WT].
CBYS57[pZS11] was transformed by
electroporation with 29 site-directed CAS
mutants and selected for growth in the media
containing adenine, lysine, histidine and
uracil, then re-selected for growth in the

presence of 5’-FOA. Following the
counterselection with 5°-FOA, F123A -

W217A~W221A~M254A~H257A~V261A~
Y262A ~ W416A ~ F472A ~ F550A ~ I553A ~
W610A~F726A ~1732A ~Y734A and Y737A
mutations failed to complement the ERG7
disruption, indicating that these residues are
crucial for the catalytic function of the
enzyme (Table 1).

pWLC_RS313CAS***AY410C NMR GC New
mass product

W2 =pWLC2RSCAS F123AY410C \4 \4
W7 =pWLC7RSCASW217AY410C \4 \4
W8 =pWLC8RSCASW221AY410C \4 \4

W9 =pWLCIRSCASM 254AY410C \4 \4 \4

W10 =pWLCI0RSCASH257AY410C \4 \4 \4

W11 =pWLCI11RSCAS V261AY410C \4 \4 \4
W12 =pWLCI12RSCAS Y262AY410C \4 \4
W17 =pWLC17RSCAS Y410CW416A \4 \4
W18 =pWLCI18RSCASY410C F472A \4 v
W21 =pWLC21RSCAS Y410C F550A \4 \4
W22 =pWLC22RSCAS Y410C I553A \4 \4
W23 =pWLC23RSCAS Y410CW610A \4 \4
W25 =pWLC25RSCAS Y410C F726A \4 \4
W27 = pWLC27RSCAS Y410C |1 732A \4 \4
W28 = pWLC28RSCAS Y410C Y734A \4 \4
W29 =pWLC29RSCAS Y410C Y737A \4 \4
Wild type CAS \ v

Wild type OSC (CBY57) v v

Tablel. Complementation results of
site-directed mutations of  double
mutations of oxidosgualene-cycloartenol
synthase genein CBY58 strain.

Structure Characterization of New
Products Produced by CAS Double
Mutants We generated site-specific
mutants and performed plasmid shuftle
selection to identify amino acid residues
crucial for cyclization/rearrangement
mechanism

and product diversity, as

previously ~described.”” Among several
inactive mutants identified, the products
distribution of W9, W10, W11 and W25
within yeast strain, which contains both wild
type ERG7 and CAS double mutant within
the strain, were analyzed. Preliminary GC
revealed three new membraneous products,
in addition to ergosterol. Two of these
products showed identical chromatographic
migration on TLC to that of lanosterol (LA),
and one migrated between LA and ergosterol.
Following isolation by column
chromatography and
GC-MS, a new major compound was
identified that has identical molecular mass
(m/z = 426) but has a different structure
compared to LA. The 150 MHz “C NMR
spectrum of this compound revealed the

presence of one di-quaternary substituted and

characterization by

one quaternary-quaternary substituted double
bonds ( 105.93 156.67 and 127.82, 135.79
ppm). The 600 MHz 'H NMR spectrum
also showed the presence of olefinic protons
at  4.67 and four quaternary methyl groups
( 0.59, 0.80, 0.97, and 0.98, each s, 3H).
The HMQC spectrum showed that the methyl
protons at  0.59 are attached to the carbon
at 11.22 ppm and that the methyl protons at

0.80 are attached to the carbon at 15.35

Cycl oarteno

ppm. 'For the olefinic protons, the HMQC

Lanos[fterol



spectrum established that the methylene
protons at  4.67 are attached to the carbon
at 105.93 ppm. However, detailed structure
of the major compound could not be
elucidated with 'H and "“C NMR, DEPT,
HMBC, HMQC, and even INADEQUATE

spectra. A crystal subjected to X-ray
diffraction analysis revealed the
three-dimensional structure to be

4,4-dimethyl fecosterol (4,4-DMF), as shown
in Figure 3.

Fig. 3. Structure of 4,4-dimethyl fecosterol
as determined by X-ray diffraction.
Selected distances (A): C(8)-C(9) = 1.341;
C(24)-C(28) = 1.380; C(3)-O(1) = 1.436.

Various amounts of another compound,
which showed the M"™ at m/z = 440, were
also detected from W9, W10, W11 and W25
mutants. GC-MS analysis and comparison
to published data revealed the trace
compound to be
24-methylene-24,25-dihydrolanosterol
(eburicol).>®  Analysis of the 'H and “C
NMR signals for the minor component
revealed that this compound also contains
two double bonds and is one carbon less than
that of 4,4-DMF, implying that this
compound was possibly derived from
4,4-DMF. Detailed analysis of the 'H and
3C NMR, DEPT, HMBC, HMQC spectra as
well as comparison to that of 4,4-DMF
confirmed the identification of this
compound as 4-methyl fecosterol (4-MF).
The W25 mutant containing both Y410C and
F726A produced lanosterol in conjunction
with eburicol, 4,4-DMF and 4-MF as shown
in Fig. 4.
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Figure 4. GC spectra of W9, W10, W11, and
W25.

In S cerevisiae, the consensus opinion
for LA conversion to ergosterol has been that
three consecutive rounds of demethylation
occurred at the C-14 and C-4 positions of LA,
yielding This is then
methynylated by A sterol methyl
transferase (ERG6) to produce fecosterol.””
Analyses of sterol composition of S
cerevisiae also revealed the presence of LA,
zymosterol,  fecosterol, episterol,
ergosterol, but not the C-31 sterol derivative
eburicol.™'® The main sterols accumulated

zymosterol.
24(25)

and

in this study are also different from that



obtained from fission yeast
Schizosaccharomyces pombe and
Schizosaccharomyces octosporus, as well as
from ketoconazole-treated Trypanosoma
cruz, all of which accumulate eburicol as a
major end product.™'!  Thus, the isolation of
eburicol, 4,4-DMF, and 4-MF in this study
was seemingly inconsistent with previous
S cerevisiae ergosterol
biosynthetic pathway. However, this can be
resolved if both an additional route from LA

observation for

to ergosterol exists and a new sterol methyl
transferase activity occurred upon CAS
double mutant transformation of the
CBYS57[pZS11] strain. In the presence of
both ERG7 and CAS double mutants, two
pathways may exist from LA to fecosterol, as
shown in Fig. 5. 1) In the classical pathway,
LA is demethylated at positions C-14 and
C4 to yield then
methynylated by ERG6 to produce fecosterol.
2) In the alternative pathway, the formation
of the eburicol from LA is followed by

zymosterol  and

consecutive C-14 and C-4 demethylations to
yield 4,4-DMF and 4-MF, followed by a
third demethylation to yield fecosterol.
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Figure5. Pro
transformations and
oxidosgualene to fecosterol,
presence of ERG7 or ERG?/ERG?
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Detailed
reaction
topography

between oxidosqualene cyclase and sterol
3a,12,13

comparison
mechanism  and

of  putative
active  site
revealed high similarities

methyl transferase. Both enzymes are

commonly  hypothesized to form a
stereochemically prefolded substrate
conformation and then generate a

carbocation intermediate, which undergoes
1,2-hydride migration and deprotonation.
Analysis of protein sequences for both
enzymes also revealed the aromatic amino
acids involved in substrate binding or
catalysis.  The phenylalanine to alanine
substitution may cause minor changes in the
topography of the active site and affect the
(or  product) the
relationship between binding energy and
catalysis, or the recognition of the terminal

side chain.  An alternative biosynthetic

substrate affinity,

pathway to ergosterol from lanosterol was
then generated.

In conclusion, we identified four CAS
double mutants that fail to complement the
viability of cyclase-deficient yeast strain but
accumulates eburicol, 4,4-DMF and 4-MF
when present with wild type ERG7. These
CAS mutants derived from A. thaliana,
which was demonstrated for the first time in
S cerevisiae, showed that a double amino
acid residues substitution in the primary
sequence of oxidosqualene cyclase can alter
the ergosterol biosynthetic pathway and

result in the accumulation of novel
24-methylene sterols end products. Finally,
this discovery may provide important

information for understanding the active site
topology for both CAS and ERG6 enzymes
and significantly benefit rational drug design
and molecular engineering of the ergosterol
biosynthetic pathway.

S L

We have successfully accomplished the
preliminary objective to study the active site
architecture and cyclization/rearrangement
reaction mechanism of

oxidosqualene-lanosterol cyclase as well as



to expand cyclase product diversity. New
data and insights have been obtained to
the the

oxidosqualene cyclization reaction, specially

facilitate understanding  of
in the initiation step and substrate specificity
and protein evolution. Based on the active
site residues site-directed mutagenesis results
and novel product isolation, an evolutionary
model for the oxidosqualene cyclase enzyme
could be proposed. The obtained result has
been advanced in elucidating the possible
role of some amino acid residues present in
the enzyme, specially for the residues
involved in the initiation of cyclization or
high energy transition state intermediate.
the

research result provides important viewpoint

Therefore, scientific value of this

site
the

mechanism  of

relevant to understand the active

architecture and
cyclization/rearrangement

oxidosqualene cyclase.
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