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ABSTRACT

i A

AthCAS1His477Asn 88% 12%
AthCAS1His477GIn 22% 73%

Cycloartenol synthase cyclizes and rearranges oxidosqualene to the protosteryl cation and then specifically deprotonates from C-19. To
identify mutants that deprotonate differently, randomly generated mutant cycloartenol synthases were selected in a yeast lanosterol synthase
mutant. A novel His477Asn mutant was uncovered that produces 88% lanosterol and 12% parkeol. The His477GIn mutant produces 73%
parkeol, 22% lanosterol, and 5% A’-lanosterol. These are the most accurate lanosterol synthase and parkeol synthase that have been generated
by mutagenesis.

Oxidosqualene cyclases convert oxidosqualene to a largeproduct profiles and we present here experiments that convert
family of C3oHsO triterpene alcohols andsHs;O; triterpene cycloartenol synthase to quite accurate lanosterol synthase
diols?! Cyclization reactions are initiated by protonating the and parkeol synthase enzymes.

epoxide, and ring diversity is then generated through Cycloartenol synthase cyclizes oxidosqualehet¢ cy-
alternative cyclization and rearrangement of the resultant cloartenol ), the pentacyclic sterol precursor in plarasd
carbocation. Olefin positioning is then achieved by specific some protists (Scheme 1).anosterol synthase is a related
deprotonation. How oxidosqualene cyclases promote specificenzyme that cyclizes the same precursor through similar
rearrangement and deprotonation of cationic intermediatesintermediates to lanosterd); an isomeric tetracyclic sterol
remains unclear, and a full understanding will require precursor in fungi and most animdisThese enzymes
identifying the catalytically relevant enzyme residues and catalyze similar cyclizations and rearrangements; they gener-
determining how their structures influence cyclization, rear- : : .
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Scheme 1. Cyclization of Oxidosqualene in CAS1 Mutants

ate different products by abstracting different protons. We cycloartenol synthase derivatives that acquired the ability to
have described directed evolutfeapproaches to find muta-  biosynthesize lanosterol were identified by replica-plating
tions that allow eitherArabidopsis thalianacycloartenol transformants to the corresponding plates containing galac-
synthase AthCAS1f or Dictyostelium discoideunty- tose but lacking ergosterl Because it was conceivable that
cloartenol synthaseDdiCAS1Y to biosynthesize lanosterol.  strains could gain ergosterol independence by means other
After finding several catalytically relevant positions, we than evolving lanosterol synthase activity, we conducted a
generated site-specific mutants of b&&thCAS1 andSac- secondary screen for lanosterol biosynthesis. Yeast ultimately
charomyces cetgsiae lanosterol synthase to explore how converts lanosterol into ergosterol, which we assayed by GC
varying the residue at these positions altered the triterpeneafter TMS-derivatization. Strains that accumulated ergosterol
product profile® These experiments established that Tyr410 were assumed to biosynthesize lanosterol, and their cyclase
and lle481 AthCAS1 numbering) are essential for accurate genes were investigated further.

cycloartenol biosynthesis. With hopes of identifying ad-  Plasmids were recovered from positive strains and se-
ditional catalytically relevant positions, we generated libraries quenced; each had a single mutation. SMY8 was retrans-
of randomly mutated\thCAS1 derivatives by amplifyinga  formed with each individual mutant construct, and the
plasmid encodingAthCAS1 in the mutageni&. coli strain transformants were rescreened to ensure that the sterol-
XL1-Red (Stratagene). We then selected individuals from independent phenotypes were plasmid-linked. Two of the
this mutant library that make lanosterol by their ability to plasmids that complement most effectively (from 7500
genetically complement the yeast lanosterol synthase mutantAthCAS1 transformants) had His477Asn and Tyr532His
SMY8.° Because lanosterol is an essential precursor to themutations.

yeast sterol ergosterol, SMY8 is sterol dependent when it The randomly generated His477Asn mutant was expressed
expresses a cycloartenol synthase but gains sterol indepenin the yeast strain LHY4 essentially as describedn in
dence when the cycloartenol synthase acquires mutations thatitro assay with oxidosqualene generated milligram amounts
allow lanosterol biosynthesis. Yeast transformants were of lanosterol and parkeold), which were identified as
selected on synthetic complete medium lacking uracil and follows. The alcohol products were derivatized to the more
supplemented with heme and ergosterol as desctibkdant volatile trimethylsilyl (TMS) ethers, which GC resolved as
two components that comigrated with TMS-derivatized
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than GC-FID, strikingly close agreement with integration of establishes that Tyr532 facilitates (but is not essential for)
the peak areas of both angular methyl groups (88:12) andtetracycle formation.
vinyl protons confirms the quantitation. This agreement also ~ While our analytical and structure determination efforts
provides reassurance both that no comigrating compoundwere underway, a report appearethat describes a mutant
distorted the GC values and that no additional product went selection essentially identical to those we have published
unnoticed in the GC-FID and GC-MS experiments. previously2® and explored further here. In addition to
The previous high watermark for converting cycloartenol Mutations at the Tyr410, Ala469, and lle481 positions that
synthase into a lanosterol synthase was the Tyr410Thrwe have described previously, His477Tyr and Tyr532His
lle481Val double mutant that produces 75% lanosterol and mutants were found to complement a lanosterol synthase
25% QB-lanosta-7,24-dienfBol (A’-lanosterol, 5).82 Al- mutant. These enzymes were reported to produce primarily
though the known native |anostero| Synthases encode notlanosterol (and an Unquantiﬁed amount Of aChi”eOl A in the
asparagine but g'utamine (fung| and trypanosomes) or case Of the Tyl’532HIS) on the baSiS Of gene’[iC behaVior
cysteine (mammals) at this position, the His477Asn mutant coupled with TLC analysi$! Unfortunately, neither genetic
biosynthesizes lanosterol quite cleanly. Hypothesizing that complementation nor TLC can provide evidence that lanos-
a derivative encoding the native glutamine residue might terol is the major product. Relatively little lanosterol is
increase lanosterol production further, we generated andnecessary for genetic complementation of a lanosterol
assayed the\thCAS1 His477GIn mutation. We were sur- synthase mutant; thecdERG7 Thr384Tyr Val454lle double
prised to find that this mutant is a parkeol synthase. The Mutant genetically complements despite making only 13%
triterpene alcohols were converted to TMS ethers. GC-Ms lanosterof<+2 Although yeast requires a trace of ergosterol
revealed a major peak with retention time and mass spectralto spark cell growth, a wide variety of sterols are serviceable
characteristics indistinguishable from TMS-parkeol. Only one Membrane componenit%Both parkeol and cycloartenol can
other peak with the appropriate mass appeared, and it had be copverted into usable membrane sterols, and either can
retention time and mass spectral characteristics consistenfg€neétically complement a yeast lanosterol synthase mutant
with TMS—lanosterol. GC-FID provided a tentative ratio of When supplemented with only 1% lanosteftilica gel TLC
73:27 parkeol:lanosterotH NMR of a partially purified does not provide even a meaningful q_uahtatlve indication
sample confirmed the presence of parkebD(647, 0.737, of product st_ructure_ becguse most oxidosqualene cyclase
and 5.224 ppm) and lanosteral 0.687 and 0.810 ppm), products comigrate (including cycloartenol, lanosterol, parke-

but integration of the 0.647 and 0.687 signals provided a ©" A'-lanosterol, and a wide variety of pentacyclic com-
77:23 ratio. The reason for this discrepancy was readily pounds). Although incubating with radiolabeled substrate and

apparent from th&H NMR spectra; signals at5.556, 1.020, identifying products by chromatographic comigration is a
and 1.017 ppm revealed the presenceAdflanosterol.  Standard and appropriate approach in many areas of enzy-
Integration of the H-7 proton ok’-lanosterol relative to the ~ M°l0gY, most triterpene alcohols havg-@H groups in

H-11 proton of parkeol showed thaf-lanosterol made up sterically similar environments, and they are not trivial to
5% of the total product mixture. This compound went separate even using HPLC. Determining the composition of

undetected in the GC analyses because its TMS etherproducts formed t_)y oxidosqualene c_yclases requires mu_ItipIe
comigrates with that of lanosterol in diverse GC conditions. orthogonal techniques that should include NMR and either
Combining this figure with the GC quantitation of 73% GC'M_S or LC'MS,' ) ,
parkeol and 27%AE-lanosterol+ A’-lanosterol isomers Having a quantitative product profile of both the Glln and
provides a product yield of 73% parkeol, 22% lanosterol, Asn mutants allows us to draw conclusions regarding the
and 5%A’-lanosterol. Integrating théH NMR signals of role of His477. His477 is strictly conserved in the known
H-7 (A’-lanosterol), H-11 (parkeol), and H-24 (side-chain cycloa}rtenol synthases (Figure .1)' Both Fhe Asq and G'In
representative of total product) provides a product ratio of m“‘a“f_’f‘s abolish c_ycloar_tenol blosynthe_33|s, conS|_stent with
71% parkeol, 24% lanosterol, and 58%-lanosterol. Again a specific role for His477 in cyclopropy! ring formation. The
these numbérs are in close égreement ' AthCAS1 His477GIn mutant is the most accurate known
The Tvr532His mutant corres onds. to UBHICASL parkeol synthase for which sequence information is avail-
Tyr481Hiys mutant uncovered ir? one of our previous ablez® Although Gn differs from Asn only by having an

lections® In th dv. theAthCAS1 Tvr532Hi additional methylene that slightly increases steric bulk and
selections In that s.tu y; t ; .t yrossHis mutant  gphiets the polar moiety, the His477GIn mutant has radically
was generated by site-specific mutagenesis and was show

. Yifferent catalytic properties from the His477Asn mutant.
to produce no cycloartenol but a mixture of 45% lanosterol

3) 31% keol d 24% achilleol A @) 5 B The Asn mutant produces lanosterol more accurately than
(), o parkeo 4), an 6 achilleol A ). Because any described cycloartenol synthase mutant. Asn induces
Tyr532 is strictly conserved between the known examples |,nsterol formation more effectively than GIn in the

of both cycloartenol synthase and lanosterol synthase, thisAthCASl background, but GIn is preferred in native lanos-

position is not part of the catalytic difference between native o synthases. This finding is a vivid illustration that a
cycloartenol and lanosterol synthase. The Tyr532His muta-

tion allows lanosterol biosynthesis not by altering residues  (11ywu, T. K.; Griffin, J. H.Biochemistry2002, 41, 8238-8244.

that directly participate in deprotonation but by some indirect . (}2) The H|i5477r?ln mutant was ag»la igown to genetically complement
H H H e the lanosterol synthase mutation in .

mechanls_m. 'I_'he formation of S|gn_|f|cant a_mounts of the (13) Nes, W. D.; Janssen, G. G.. Crumley, F. G.; Kalinowska, M.

monocyclic triterpene alcohol achilleol A in the mutant Akihisa, T.Arch. Biochem. Biophy<993 300, 724-733.
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cycloartenol synthase active sifetHHowever, deprotonation
is more strongly influenced by the residue at 477 than any

. other position that has been studied to date. Subtle changes
AthCAS1 PFSTA DK PH S 483 in the amino acid structure alter catalysis with an influence
PsaCAST  EEEECEEEENY ECEY | 483 that is consistent with residue 477 being located within the
PgiCAS1 PFSTA DR PH s 483 " ite. The phvsical locati ¢ Hisa77 will not likel
g /CAST P EsT A DiM M s 483 active site. The physical location of His will not likely
LcyCAS1 PF ST A DN PIM S 491 be resolved without a crystal structure, but if experiments
ggqgﬁgl E E S $ E H E S Zgg should ever confirm the modeled position of His477, this
/ S ) ’ S - L
TbrERGT IR R P c A S 621 reS|dl_Je would .have unprecgdent.ed catalytic importance for
7erere7  NEEREEA K K (BERS 612 a residue outside of the active site.
SceERG7  GIZECEEE K THONE Y T 456 . )
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