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ABSTRACT

Animals, fungi, and some protozoa convert oxidosqualene to lanosterol in the ring-forming reaction in sterol biosynthesis. The Trypanosoma
cruzi lanosterol synthase has now been cloned. The sequence shares with the T. brucei lanosterol synthase a tyrosine substitution for the
catalytically important active-site threonine found in animal and fungal lanosterol synthases.

Designing drugs against pathogenic protozoa is complicated
by two major obstacles: they biosynthesize compounds by
pathways resembling those of their human hosts and
pathogenic protozoa are often difficult to culture on a
sufficient scale for classical biochemical studies.Trypano-
soma cruziis a typical example. This causative agent of
Chagas’ disease affects 18-22 million people,1 but current
treatments are inadequate. We are seeking antitrypanosomal
targets in sterol biosynthesis, which has provided several drug
targets in diverse pathogenic eukaryotes. Although animals
and fungi construct structurally similar sterols, their sterol
biosynthetic pathways have pharmaceutically exploitable
differences.2 Sterol biosynthesis inhibitors originally devel-
oped as antifungals have promising antitrypanosomal activ-
ity.3 Recombinant methodology offers a powerful means to
study trypanosome enzymes without pathogen culture, and
heterologous systems can provide amounts of enzymes and

products that are unattainable with conventional metabolic
studies. Heterologously expressed sterol biosynthetic en-
zymes would also be useful for assaying the antitrypanosomal
potential of sterol biosynthesis inhibitors. Oxidosqualene
cyclase4 inhibitors5 have recently shown substantial promise
againstT. cruzi.6 To facilitate developing drugs against
Chagas’ disease, we have cloned aT. cruzi oxidosqualene
cyclase gene and have developed a yeast expression system
for the encoded enzyme.

A GenBank search uncovered theT. cruzi (CL-Brenner
strain) genomic clone G14J107 (GenBank accession number
AF285826), which encodes a predicted protein similar to
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known oxidosqualene cyclases. This enzyme family converts
oxidosqualene to cyclic triterpene alcohols that are the
precursors to membrane sterols. Sequencing revealed that
G14J10 could encode a 300 amino acid fragment similar to
the N-termini of known oxidosqualene cyclases. In pursuit
of a full-length clone, the fragment was radiolabeled with
[R-32P]-dCTP and was used to screen aλgt11 T. cruzi CL
strain epimastigote genomic library8 using established pro-
tocols.9 Although nine of ∼6 × 105 plaques hybridized
strongly, no full-length clone was obtained. However,
sequencing the longest clone (Genbank accession number
AF285827) revealed that it contained the missing 3′ se-
quence, and it lacked only 130 bp from the putative start
site. Attempts to PCR-amplify the 5′ end of the gene from
this genomic DNA library using G14J10 clone-specific
primers were unsuccessful, as were attempts to amplify the
complete coding sequence from a cDNA pool using spliced
leader-specific primers. Fortunately, both fragments share a
uniqueBamH I site, which was used to subclone the two
together and reassemble the complete open reading frame.

For complementation studies, the reconstructed coding
sequence was subcloned into the galactose-inducible integra-
tive yeast expression vector pRS305GAL10 and the high-
copy derivative pRS426GAL11 to construct pBJ1.21 and
pBJ1.22, respectively. Lithium acetate was used to transform9

the Saccharomyces cereVisiaelanosterol synthase mutant
SMY810 with both constructs. When plated on expression
medium (1% yeast extract, 2% peptone, 2% galactose, 20
mg/L heme) lacking ergosterol, strains expressing theT. cruzi
oxidosqualene cyclase grew similarly to a positive control
(SMY8 expressing native yeast lanosterol synthase from the
same plasmid).12 A negative control (SMY8 with empty
vector) required ergosterol to grow. These experiments show
that the T. cruzi oxidosqualene cyclase gene genetically
complements the yeast lanosterol synthase mutant, suggesting
that it encodes a lanosterol synthase.

The high-copy construct was used to transform the
squalene synthase-lanosterol synthase double mutant LHY411

to analyze the enzymatic properties in vitro. An extract
prepared from a 1-L culture (8 g of yeast) of the LHY4-
[pBJ1.22] transformant was incubated13 with 20 mg (0.5 mg/
mL) of racemic oxidosqualene.14 After 24 h at 25°C, the
reaction was quenched with 2 volumes of ethanol, and
product was isolated essentially as described.11 Column
chromatography (5:1 hexane/methylene chloride) provided
8.2 mg of product (82% yield). The control yeast strain
containing empty vector did not cyclize oxidosqualene,

indicating that the compound obtained was a product of the
recombinantT. cruzi oxidosqualene cyclase.

NMR and gas chromatographic studies showed that the
product was lanosterol. A 400 MHz1H NMR spectrum
contained key signals that are within 0.01 ppm of charac-
teristic lanosterol signals:15 δ 0.688 (C-18, s, 3 H), 0.810
(C-29, s, 3 H), 0.873 (C-30, s, 3 H), 0.911 (C-21, d,J ) 6.4
Hz, 3 H), 0.981 (C-19, s, 3 H), 1.000 (C-28, s, 3 H), 1.601
(C-27, s, 3 H), 1.681 (C-26, s, 3 H), 3.23 (C-3, dd,J ) 3.8,
11.4, 3 H), and 5.10 ppm (C-24, m, 1 H). The alcohol product
was acetylated with pyridine/acetic anhydride (1:1). Gas
chromatography showed a single signal that comigrated with
lanosteryl acetate (retention time of standard relative to that
of cholesteryl acetate) 1.332; that of sample to cholesteryl
acetate) 1.325). Neither cycloartenyl acetate nor parkeyl
acetate was observed (<0.5% detection limit).

These in vivo complementation and in vitro product
analysis experiments establish thatT. cruzi encodes a
lanosterol synthase (Scheme 1). Animals and fungi biosyn-
thesize sterol from lanosterol, whereas plants biosynthesize
structurally similar sterols from cycloartenol. Difficulties in
large-scale culture have precluded classical metabolic studies
to establish which routeT. cruziuses. The existence of aT.
cruzi lanosterol synthase establishes that lanosterol is aT.
cruzi metabolite and is consistent with this pathogen using
lanosterol as a sterol biosynthetic intermediate. A similar
recombinant expression approach established lanosterol as
aT. bruceimetabolite,13 and lanosterol biosynthesis has been
demonstrated16 in the kinetoplastidCrithidia fasciculata.
Thus, kinetoplastids apparently utilize a different initial cyclic
intermediate from most other protists (including the amoebae
Acanthamoeba polyphaga,17 Dictyostelium discoideum,18

Naegleria loVaniensisand N. gruberi,19 and the euglenids
Euglena gracilis20 andAstasia longa21), which biosynthesize
sterol from cycloartenol as plants do.

The reconstructed 2.7 kbpT. cruzilanosterol synthase gene
encodes a predicted 902 amino acid protein that is 67%
identical to that ofT. brucei,13 28-35% identical to other
known lanosterol synthases,10,12,22and 30-32% identical to

(8) Van Voorhis, W. C.; Eisen, H.J. Exp. Med.1989,169, 641-652.
(9) Ausubel, F. M.; Brent, R.; Kingston, R. E.; Moore, D. D.; Seidman,

J. G.; Smith, J. A.; Struhl, K.Current Protocols in Molecular Biology;
Wiley-Interscience: New York, 1999.

(10) Corey, E. J.; Matsuda, S. P. T.; Baker, C. H.; Ting, A. Y.; Cheng,
H. Biochem. Biophys. Res. Commun.1996,219, 327-331.

(11) Hart, E. A.; Hua, L.; Darr, L. B.; Wilson, W. K.; Pang, J.; Matsuda,
S. P. T.J. Am. Chem. Soc.1999,121, 9887-9888.

(12) Corey, E. J.; Matsuda, S. P. T.; Bartel, B.Proc. Natl. Acad. Sci.
U.S.A.1994,91, 2211-2215.

(13) Buckner, F. S.; Ngyuen, L. N.; Joubert, B. M.; Matsuda, S. P. T.
Mol. Biochem. Parasitol.2000,110, 399-403.

(14) Nadeau, R. G.; Hanzlik, R. P.Methods Enzymol.1968,15, 346-
351.

(15) Emmons, G. T.; Wilson, W. K.; Schroepfer, G. J. Jr.Magn. Reson.
Chem.1989,27, 1012-1024.

(16) Raederstorff, D.; Rohmer, R.FEMS Microbiol. Lett.1986,34, 269-
272.

(17) Raederstorff, D.; Rohmer, M.Biochem. J.1985,231, 609-615.
(18) (a) Nes, W. D.; Norton, R. A.; Crumley, F. G.; Madigan, S. J.;

Katz, E. R.Proc. Natl. Acad. Sci. U.S.A.1990, 87, 7565-7569. (b) Godzina,
S. M.; Lovato, M. A.; Meyer, M. M.; Foster, K. A.; Wilson, W. K.; Gu,
W.; de Hostos, E. L.; Matsuda, S. P. T.Lipids 2000,36, 249-255.

(19) Raederstorff, D.; Rohmer, M.Eur. J. Biochem.1987,164, 427-
434.

(20) Anding, C.; Brandt, R. D.; Ourisson, G.Eur. J. Biochem.1971,24,
259-263.

(21) Rohmer, M.; Brandt, R. D.Eur. J. Biochem.1973,36, 446-454.
(22) (a) Buntel, C. J.; Griffin, J. H.J. Am. Chem. Soc.1992, 114, 9711-

9713. (b) Roessner, C. A.; Min, C.; Hardin, S. H.; Harris-Haller, L. W.;
McCollum, J. C.; Scott, A. I.Gene1993, 127, 149-150. (c) Shi, Z.; Buntel,
C. J.; Griffin, J. H.Proc. Natl. Acad. Sci. U.S.A.1994,91, 7370-7374. (d)
Kusano, M.; Shibuya, M.; Sankawa, U.; Ebizuka, Y.Biol. Pharm. Bull.
1995,18, 195-197. (e) Abe, I.; Prestwich, G. D.Proc. Natl. Acad. Sci.
U.S.A.1995,92, 9274-9278. (f) Baker, C. H.; Matsuda, S. P. T.; Liu, D.
R.; Corey, E. J.Biochem. Biophys. Res. Commun.1995,213, 154-160.
(g) Sung, C.-K.; Shibuya, M.; Sankawa, U.; Ebizuka, Y.Biol. Pharm. Bull.
1995,18, 1459-1461.

1958 Org. Lett., Vol. 3, No. 12, 2001



known cycloartenol synthases.18b,23Interestingly, theT. cruzi
andT. bruceilanosterol synthases have a significant sequence
difference (Figure 1) from the mammalian and fungal

lanosterol synthases, which conserve a threonine residue at
position 384 (S. cereVisiaenumbering). TheT. cruzi lano-
sterol synthase has a tyrosine at the corresponding position
540, as do theT. bruceilanosterol synthase13 and the known

cycloartenol synthases.18b,23 This threonine/tyrosine di-
chotomy is catalytically important. TheS. cereVisiae
Thr384Tyr lanosterol synthase mutant is inaccurate,24 pro-
ducing substantial amounts of parkeol and lanost-24-ene-
3â,9R-diol. The converse Tyr410Thr mutant in theArabi-
dopsis thalianacycloartenol synthase converts oxidosqualene
to lanosterol and 9â-lanosta-7,24-dien-3â-ol but forms no
cycloartenol.25 To abolish parkeol and lanost-24-ene-3â,9R-
diol production and maintain accurate lanosterol biosynthesis,
the T. cruzi lanosterol synthase must have one or more
additional catalytically relevant differences from animal and
fungal lanosterol synthases. These presumptive compensatory
changes are not among the known catalytically relevant
lanosterol synthase residues (inS. cereVisiaenumbering:
His146, His234, Val454, and Asp456);11,26 the T. cruzi
lanosterol synthase maintains these residues.

The T. cruzi lanosterol synthase Tyr540 residue corre-
sponds to the active-site S307 residue in theAlicyclobacillus
acidocaldariussqualene-hopene cyclase,27 the crystal struc-
ture of which has been solved.28 The T. cruzi lanosterol
synthase Tyr540 and the corresponding threonine in the
animal enzymes are therefore probably active-site residues.
This active-site difference between human and kinetoplastid
lanosterol synthases presents an attractive chemotherapeutic
target. Because the tyrosine phenol is more readily ionized

(23) (a) Corey, E. J.; Matsuda, S. P. T.; Bartel, B.Proc. Natl. Acad. Sci.
U.S.A.1993,90, 11628-11632. (b) Morita, M.; Shibuya, M.; Lee, M.-S.;
Sankawa, U.; Ebizuka, Y.Biol. Pharm. Bull. 1997, 20, 770-775. (c)
Kushiro, T.; Shibuya, M.; Ebizuka, Y.Eur. J. Biochem.1998,256, 238-
244. (d) Hayashi, H.; Hiraoka, N.; Ikeshiro, Y.; Yazaki, K.; Tanaka, S.;
Kushiro, T.; Shibuya, M.; Ebizuka, Y.Plant Physiol.1999,121, 1384. (e)
Hayashi, H.; Hiraoka, N.; Ikeshiro, Y.; Kushiro, T.; Morita, M.; Shibuya,
M.; Ebizuka, Y.Biol. Pharm. Bull.2000,23, 231-234.

(24) Meyer, M. M.; Segura, M. J. R.; Wilson, W. K.; Matsuda, S. P. T.
Angew. Chem.2000,112, 4256-4258,Angew. Chem., Int. Ed.2000,39,
4090-4092.

(25) Herrera, J. B. R.; Wilson, W. K.; Matsuda, S. P. T.J. Am. Chem.
Soc.2000,122, 6765-6766.

(26) (a) Corey, E. J.; Cheng, H.; Baker, C. H.; Matsuda, S. P. T.; Li, D.;
Song, X.J. Am. Chem. Soc.1997,119, 1289-1296. (b) Joubert, B. M.;
Hua, L.; Matsuda, S. P. T.Org. Lett.2000,2, 339-341. (c) Matsuda, S. P.
T.; Darr, L. B.; Hart, E. A.; Herrera, J. B. R.; McCann, K. E.; Meyer, M.
M.; Pang, J.; Schepmann, H. G.Org. Lett.2000,2, 2261-2263.

(27) Ochs, D.; Kaletta, C.; Entian, K.-D.; Beck-Sickinger, A.; Poralla,
K. J. Bacteriol.1992,174, 298-302.

(28) (a) Wendt, K. U.; Poralla, K.; Schulz, G. E.Science1997, 277,
1811-1815. (b) Wendt, K. U.; Lenhart, A.; Schulz, G. E.J. Mol. Biol.
1999,286, 175-187

Scheme 1. Animals and Fungi Cyclize Oxidosqualene to Lanosterol

Figure 1. Animal and fungal lanosterol synthases fromS.
cereVisiae,12,22cCandida albicans,22a,bSchizosaccharomyces pombe,10

Rattus norVegicus,22d,e andHomo sapiens22f,g maintain a tyrosine
at a catalytically important residue (at a position corresponding to
S. cereVisiaeThr384). Cycloartenol synthases fromD. discoideum,18b

A. thaliana,23a Pisum satiVum,23b Panax ginseng,23c Glycyrrhiza
glabra,23f and Luffa cylindrica23e maintain tyrosine at the corre-
sponding position, as do the trypanosomatid lanosterol synthases
from T. brucei13 andT. cruzi (this work).
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than the threonine hydroxyl, it is more nucleophilic and it
forms stronger hydrogen bonds and ionic interactions.
Moreover, the polar functionality in tyrosine is positioned
several angstroms farther from theR-carbon than in threo-
nine. It is worth noting that currently available antifungal or
antihypercholesterolemic compounds optimized to inhibit
human or fungal lanosterol synthases may not inhibit
trypanosomatid enzymes efficiently enough to kill trypano-
somes. However, effective therapeutics might readily be
identified by screening structural analogues of these inhibitors
for antikinetoplastid activity for their ability to inhibit the
growth of the yeast lanosterol synthase mutant expressing
T. cruzi lanosterol synthase.
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