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Nature has used random mutagenesis and selection to generatécheme 1. Oxidosqualene Cyclases Convert Oxidosqualene to
an enormous diversity of enzymes. Protein scientists have recentlyPiverse Cyclic Structures
begun to make progress in engineering enzymes with broadened
substrate, reaction, and product specifiéitig.has proven to be
dramatically more difficult to redesign enzymes to have stringent
specificity. Described herein are experiments in which homology o
modeling was combined with site-directed mutagenesis to redesign
cycloartenol synthase to make lanosterol with 99% accuracy.

Oxidosqualene cyclases convert acycl)-2,3-oxidosqualene
(1) to over 100 cyclic triterpenes §gHs00 and GoHs,0,).2 The
reaction is initiated by epoxide protonation, followed by cation
olefin cyclization and cation rearrangement, and terminated either
by deprotonation or by water addition. Cycloartenol synthase is a Table 1. % Yields of Cycloartenol (2), Lanosterol (3), Parkeol (6).

member of this enzyme family that generates cycloarte?)oltlie and 9B-A7-Lanosterol (7) in Cycloartenol Synthase Mutants
sterol precursor in plants and some protists. Lanosterol synthase is

a paralog that forms lanosterd)( the sterol precursor in animals e 2 3 6 !
and fungi. These enzymes are only moderately relate¢O¢6 native 99 0 1 0
identical) but promote mechanistically similar reactions. Both :g;g 8 gg % g
enzymes cyclize oxidosqualene to the protosteryl catiratd 1481V 54 25 21 0
promote hydride and methyl shifts to form the C-8 catipgnd Y410T 0 65 2 33
then diverge by abstracting a different proton (Scheme 1). Cy-  Y410T/1481V 0 78 <1 22
cloartenol synthase promotes an additional hydride shift and Y410T/HA77N/1481V 0 8 0 22
terminates the reaction with cyclopropyl ring formation and VALOT/MATTQNABIV 0 ’8 0 22
_ yclopropyl ring H477N/1481V 0 29 1 0
deprotonation from C-19, whereas lanosterol synthase deprotonates H477Q/1481V 0 94 6 0

from C-9. We elucidated how the known catalytically important
residues impact the difference in deprotonation using a structural
model derived from thdlicyclobacillus acidocaldariusqualene- lanosterol synthases maintain Thr at the corresponding position.
hopene cyclaseAacSHC) crystal structuré.The orientation of The AthCAS1 Tyr410Thr mutant forms 65% lanosterol along with
active-site side chains was refined using the recently reported crystal9g-lanosta-7,24-dienf8ol (7) and parkeol.Removing the aromatic
structure of the human lanosterol synthase (see Supporting Informa-ring of Tyr410 decreases steric bulk above the intermediate. Because
tion).* We established previously that Tyr410, His477, and 1le481 the hydroxyl in Thr is closer to the-carbon than in Tyr, the polar
are strictly conserved, catalytically important residuearabidopsis groups of Tyr410Thr, Tyr532, and His257 are repositioned in the
thalianacycloartenol syntha8¢AthCAS1). These residues syner-  Tyr410Thr mutant. This combination of steric and electronic
gize to promote cycloartenol biosynthesis, and mutations at thesechanges abolishes cycloartenol biosynthesis and allows deproto-
positions allow lanosterol formation. 1le481 is conserved in all nation of the C-8/C-9 lanosteryl cation to form produgts$, and
cycloartenol synthases, whereas Val is present in lanosterol 7. His477 is not in the active site, but is a second-sphere residue
synthases. The lle48%-methyl promotes accurate cycloartenol that affects the product profile through interactions with the side
formation by preventing rotation of the intermediate through steric chain of Tyr41(Pd His477 is strictly conserved in the known
interactions with C-2 and the two axial methyl groups of the A-ring.  cycloartenol synthases, whereas lanosterol synthases maintain either
Removing they-methyl group with an Ile481Val mutation results  GIn or Cys. TheAthCAS1 His477GIn mutant is a parkeol synthase
in 25% lanosterol in addition to cycloartenol and parkép(Table (73%) that also forms lanosterol (22%\though known lanosterol
1)# Tyr410 hydrogen-bonds with His257 to form part of the ceiling  synthases lack Asn at this position, AIRCAS1 His477Asn mutant
of the active sité? Both Tyr410 and His257 are close to C-19, pjosynthesizes 88% lanosterol and 12% parRebhe structural
and one of these could be the base that deprotonates to formmodel suggests that these His477 mutations alter steric and
cycloartenol. Alternatively, their influence on deprotonation could - g|ectronic surfaces of the active site by offering a smaller interaction
result from participation in the H-bonding network. Tyr410 is partner to Tyr410, which is consequently withdrawn from the active
present in all cycloartenol synthases, but animal and fungal sjte, The Tyr410Thr mutation facilitates lanosterol production by
- P decreasing active-site bulk al_wd relocgtil_wg potential proton acceptors,
5P O oo, rice University. and the His477 mutants achieve a similar result by moving Tyr410
I Department of Biochemistry and Cell Biology, Rice University. away from the intermediate cation.

14132 = J. AM. CHEM. SOC. 2005, 127, 14132—14133 10.1021/ja053791j CCC: $30.25 © 2005 American Chemical Society



COMMUNICATIONS

Figure 1. Superposition of wild-typ&thCAS1 (green) with (AAthCAS1
H477Q 1481V (yellow) and (B)AthCAS1 H477N 1481V (blue). The
lanosteryl cation is shown with a transparent Connolly surface. The
hydrogen-bonding pattern is indicated by dotted lines.

Careful examination of the homology model suggested that the
His477GIn and His477Asn mutations should synergize with the
lle481Val mutation to more accurately biosynthesize lanosterol. The
AthCAS1 His477GIn mutant has the polar functionality moved

toward C-11 and consequently biosynthesizes more parkeol than

lanosterol. AthCAS1 His477Asn forms lanosterol by positioning
the base near C-9/C-8, but close enough to C-11 to form some
parkeol. AthCAS1 lle481Val allows some lanosterol biosynthesis
by introducing a smaller side chain, which enlarges the active-site
cavity, permitting rotation of the intermediate cation. Computer
models show that both thi®hCAS1 His477GIn lle481Val and the
AthCAS1 His477Asn lle481Val double mutants relocate polarity
to a position more favorable for lanosterol formation. The decreased
sterics allow the intermediate to rotate, moving C-9/C-8 toward
the base. Becau#®hCAS1 His477GIn and\thCAS1 His477Asn
form 73 and 12% parkeol, respectively, the reduction in parkeol
biosynthesis inAthCAS1 His477GIn lle481Val was expected to
be less than that iAthCAS1 His477Asn lle481Val.

The AthCAS1 His477Asn lle481Val and thithCAS1 His477GIn
lle481Val double mutants were expressed in the yeast lanosterol
synthase mutant SMY8Both mutant enzymes genetically comple-
mented the mutation, whereAshCAS1 did not. Expression in the
yeast squalene epoxidase/lanosterol synthase double mutantRXY6
provided cyclase free of in vivo products, and in vitro assay with
racemic oxidosqualene generated a triterpene alcohol fraction. After
purification by silica gel chromatography and derivatization as the
trimethylsilyl (TMS) ethers, GEFID and GC-MS of theAthCAS1
His477Asn lle481Val mutant showed a major peak (99%) with
retention time and MS identical to that of a TM#nosterol
standard. The GEMS spectra also revealed the presence of TMS
parkeol (1%). The structural assignments were confirmed by 500
MHz 1H NMR analysis. Similar analyses on th&thCAS1
His477GIn lle481Val mutant products revealed the same products
in a ratio of 94 and 6%. If any additional byproducts were present,
they were at levels<1%. The GC-FID ratios are in close
agreement with the ratios obtained by NMR quantitation. These

rationally designed cycloartenol synthase derivatives are the best

known examples of terpene synthases modified to make different
products accurately, and they compare favorably with remodeled
proteins in other systems. The experimental results for both double
mutants confirmed our working hypothesis and further validate the
homology model. Activity assays indicated that tA¢hCAS1
His477Asn lle481Val mutant has about half the activity of wild-
type AthCAS111

The synergistic behavior of the His477Asn/GIn and lle481Val
mutations resembles that seen with the Tyr410Thr and lle481Val
mutations; theAthCAS1 Tyr410Thr lle481Val double mutant

produces lanosterol more accurately (78%) than the parent mitants.
Neither mutation depends on direct interaction with the other or
preempts the effects of the other. In contrast, the His477Asn and
His477GIn mutations lack influence when both lle481Val and
Tyr410Thr are present (Table 3 These three mutations are not
synergistic because, when Tyr410 is mutated to Thr, His477Asn/
GIn cannot interact with the smaller and more distant Thr side chain
and, therefore, cannot influence catalysis.

The AthCAS1 His477Asn lle481Val double mutant (with native
Tyr410) is the most accurate example of an enzyme mutated to
biosynthesize lanosterol, and tA¢hCAS1 His477GIn lle481Val
double mutant is nearly as accurate. Neither enzyme has the
Tyr410Thr lle481Val maintained by animal and fungal lanosterol
synthases. Although no known native enzyme uses the motifs of
the more accurat&thCAS1 His477Asn lle481Val double mutant,
the AthCAS1 His477GIn lle481Val double mutant has the residues
of the phylogenetically distinct trypanosomal lanosterol synth¥ses.

The experiments described here show how mutagenesis coupled
with a high-quality model allows the design of an efficient and
highly accurate lanosterol synthase. An improved understanding
of structure and catalytic mechanisms should facilitate future
engineering of enzymes with tailored catalytic activitiés.
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