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atm (initial pressure at 25 °C) of carbon monoxide for 48 h in
the presence of [IrC1(CO),], (2 mol %) as a catalyst. Incorpo-
ration of a siloxy(silyl)methylene unit, derived from one molecule
of CO and two molecules of HSiEt,Me, into the terminal carbon
atom of the alkene took place to afford a 1-silyl enol silyl ether
(1, R” = By, 74% (E/Z = 19/21); 2, R’ = Cy, 66% (E/Z =
86/14); 3, R’ = t-Bu, 60% (E/Z = 69/31)) as the sole product.®
No regioisomer was detected. Dimethylphenylsilane (HSiPhMe,)
and triethylsilane (HSiEt;) can also be used for the reaction of
1-hexene to give the corresponding products in 65% (E/Z =
87/13) and 50% yields (E/Z = 66/34), respectively. Several
iridium complexes were examined for their catalytic activity.
While neither IrCI(CO)(PPh;), nor IrH(CO)(PPh,), was ef-
fective, Ir,(CO),, exhibited catalytic activity affording 1 in 65%
yield.

The new catalytic reaction can be applied to a wide variety of
terminal alkenes (Table I). Note that functional groups, such
as acetal,” cyano,® and epoxide,” known to react in transition metal
catalyzed reactions with HSiR, or with HSiR;/CO remain intact.
While norbornene was reactive, cyclohexene reacted only sluggishly
under those conditions. The multifunctionality of the products
is synthetically attractive and will no doubt find application in
the future. The products obtained can be easily hydrolyzed to
acylsilanes.*!9 For example, treatment of 1 with acid (ace-
tone/HCI (0.2 M) = 4/1) at 25 °C for 4 h gave an acylsilane
4 in quantitative yield (Scheme I).

The stoichiometry of the reaction 1 indicates that two hydrogen
atoms in reactants are not incorporated in the product. These
are incorporated into another molecule of the starting alkene. Thus
reaction of vinylcyclohexene gave ethylcyclohexane (64% yield
based on HSiEt,Me) in addition to 2 (66%).!!

The mechanism of the catalytic reaction is not known at present.
The possibility that an acylsilane intermediate gives the observed
product by dehydrogenative silylation was eliminated. Thus re-
action of 4 with 1 equiv of HSiEt,Me in the presence of [IrCl-
(CO),], resulted in 93% recovery of 4.12 We are now examining
the possible intervention of a siloxycarbyne complex (Ir==COSIiR,)
intermediate.
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Oxidosqualene lanosterol-cyclase (EC 5.4.99.7) catalyzes a
remarkable and crucial cyclization/rearrangement reaction during
the course of sterol biosynthesis in fungi and animals (Figure 1).!
The underlying mechanism of this and related polyene—polycycle
conversions has intrigued scientists since the elucidation of the
structure of cholesterol.2 Decades of synthetic and bioorganic
investigations,’ culminating with the most recent work from the
Corey laboratory,* have provided a detailed understanding of the
substrate structural requirements, specificity, and stereochemistry
of cyclization/rearrangement. In stark contrast, little is known
about oxidosqualene cyclase enzymes, as they have only recently
yielded to complete purification.® We have initiated a program
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Figure 2. Location of the open reading frame (ORF) encoding the
oxidosqualene lanosterol-cyclase within erg7-complementing sequences
from C. albicans. Regions sequenced are indicated by the hashed lines.
The sequence-derived restriction map for enzymes Pvul, BstXI, BstEII,
Hpal, Scal, Bglll, Ball, and Pst1 on the HindIII fragment from pML19
differs somewhat from that reported by Kelly et al.®

of research directed at the isolation, characterization, and detailed
structure/function analysis of oxidosqualene cyclase genes and
enzymes. In this communication, we report the first nucleotide
and deduced amino acid sequence for an oxidosqualene cyclase
enzyme, the oxidosqualene lanosterol-cyclase from the fungus
Candida albicans.

This work began with the plasmids pML18 and pML19, which
were isolated by Kelly et al. and contain overlapping sequences
of C. albicans genomic DNA that complement cyclase-deficient
(erg7) mutants of the yeast Saccharomyces cerevisiae.® Kelly
and co-workers provided genetic and biochemical evidence that
these sequences encode an authentic oxidosqualene cyclase enzyme
and determined that a 4.0-kb subsequence spanning two adjacent
HindIII restriction fragments (but not the individual fragments)
was sufficient for erg7 complementation (Figure 2). These
HindIII fragments, one from pMLI18 and one from pML19, were
subcloned into the vector pHN 1+ for sequencing. Both strands
of the HindIII insert from pML19 were sequenced using the
Sanger dideoxy chain extension/termination technology’ and a
series of overlapping primers. This revealed a potential open
reading frame (ORF), which began near the left end of the pML19
HindIII fragment and ran toward and through the central, com-
mon HindlII site. Both strands of the adjoining region of the
HindIII fragment from pML18 were then sequenced, revealing
an in-frame stop codon which terminated the ORF. Sequencing
of the opposite end of the HindIII fragment from pML18 provided
no evidence for the presence of an additional ORF within the
4.0-kb complementing region. The ORF consists of 2187 nu-
cleotides (including the stop codon) and encodes a predicted protein
of 728 amino acids with molecular weight 83.7 kDa (Figure 3).
A consensus TATA box promoter sequence® and a consensus
polyadenylation signal® occur before the initiation codon and after
the stop codon, respectively.

(5) (a) Abe, I.; Ebizuka, Y.; Sankawa, U. Chem. Pharm. Bull. 1988, 36,
5031-5034. (b) Abe, L.; Sankawa, U.; Ebizuka, Y. Chem. Pharm. Bull. 1989,
37,536-538. (c) Abe, L; Ebizuka, Y.; Seo, S.; Sankawa, U. FEBS Lett. 1989,
249, 100—-104. (d) Kusano, M.; Abe, L; Sankawa, U.; Ebizuka, Y. Chem.
Pharm. Bull. 1991, 39, 239-241. (e) Corey, E. J.; Matsuda, S. P. T. J. Am.
Chem. Soc. 1991, 113, 8172-8174.

(6)8l§elly, R.; Miller, S. M.; Lai, M. H.; Kirsch, D. R. Gere 1990, §7,
177-183.

(7) Sanger, F.; Nicklen, S.; Coulson, A. R. Proc. Natl. Acad. Sci. U.S.A.
1977, 74, 5463-5467. Sequencing was performed using the Sequenase v. 2.0
kit from United States Biochemical.

(8) Breathnach, R.; Chambon, P. Annu. Rev. Biochem. 1981, 50, 349-383.

(9) (a) Proudfoot, N. J.; Brownlee, G. G. Nature 1976, 263, 211-214. (b)
Fitzgerald, M.; Shenk, T. Cell 1981, 24, 251-260.

Communications to the Editor

1 ATGTATTATTCAGAGGAAATTGGTCTTCCCAAAACTGATATTTCAAGATGGAGGTTACGA
M Y Y s E E I G L P K TD I §$ R WU R L R
61 AGTGACGCTCTTGGTAGGGAAACATGGCATTATCTATCACAATCTGAATGTGAAAGTGAA

s DAL GRETWUH YL S Q 8 E C E 5 E
121 CCACAATCAACATTTGTCCAATGGCTTTTAGAGTCGCCAGATTTTCCATC TCCGCCATCG
P Q 5 T F V Q W UL L E S P DVF P 8 P P s
181 TCAGATATTCATACTTCAGGCGAGGCAGCAAGAAAGGGAGC TGATTTTTTGAAACTATTG
$ DI H T S GEA AW AR RIKGADT F L K L L
241 CAATTGGATAATGGTATCTTCCCCTGCCAGTACAAAGGTCCAATGTTTATGACAATTGGE
L DNGIF P C QY KGPMTFMTTIG
301 TATGTAACTGCTAATTATTATAGCAAGACTGAGATACCTGAGCCGTATAGAGTTGAGATG
Y VT A N Y Y 8 K T E I P E P Y R V E M
361 ATACGTTATATTGTCAACACTGCACACCCAGTCGATGGTGGTIGGGGACTTCATTCTGTT
I R Y I V NT AHKUP V D G G W G L H 5 V
421 GATAAATCTACTTGTTTTGGGACAACCATGAATTATGTATGTCTCCGGTTATTAGGAATG
D K 8 T CVF GG T TMNY V C L RUL LG M
481 GAAAAGGATCATCCAGTTTTGGTTAAGGCGAGAAAAACATTACATCGTTTGGGTGGTGCC
E K DHE P VL VK AIRIKTIULUHIZ RILGG A
541 ATTAAGAATCCACATTGGGGTAAGGC TTGGC TATCTATTTTGAAT TTATATGAATGGGAG
I K NP H W G K A W UL S I L N L Y E WE
601 GGTGTGAACCCAGCTCCACCAGAACTTTGGAGATTACCGTACTGGTTACCAATTCATCCA
G V NP A P P E L WRLUP Y W L P I HP
661 GCGAAATGGTGGGTACATACTAGGGCTATCTATTTGCCATTGGGATATACGTCTGCAAAC
A K W W V HEHTRATI Y L P L G Y T 8 A N
721 AGAGTTCAATGTGAGCTTGATCCACT TTTAAAAGAGATCAGAAATGAAATTTACGTTCCA
R VvV ¢ ¢C E L D P L L K E I RN E I Y V P
781 AGTCAATTACCTTATGAGTCAATCAAATTTGGTAACCAGAGAAATAATGTTTGTGGTGTC
S @ L P Y E S5 I K F G N Q R NNV C G V
841 GATTTATATTACCCACATACAAAGATTCTTGATTTTGCAAARTTCTATATTGAGTAAATGG
D L Y Y P K T X I L DF A NS I L S5 K W
901 GAAGCTGTTAGACCTAAGTGGTTATTGAATTGGGTTAACAAGAAAGTTTATGATTTAATT
E AV R P K W L L N W V N K K V Y D L I
961 GTAARGGAGTATCAGAATACAGAGTACTIGTGTATTGCTCCTGTGAGTTTTGCCTTCAAT
V X E Y Q N TE Y L €I APV S5 F A F N
1021 ATGGTTGTGACGTGTCATTATGAGGGCTCTGAATCAGAAAACTTTAAGAAACTCCAAAAC
M V V T CH Y E G 5 E S ENTF K K L Q N
1081 AGAATGAACGATGTTTIGTTTCATGGACCTCAGGGAATGACTGTTATGGGGACAAATGGT
R M ND V L F HEGP Q G MTUV MG T NG
1141 GTACAAGTTTGGGATGCCGCCTTTATGGTACAGTACTTTTTCATGACAGGCTTAGTTGAT
vV @ VvV WD AATF MV QY F F M T G L VD
1201 GACCCAAAATATCACGATATGATCAGAAAGAGTTATTTATTTITAGTGAGATCTCAATTT
D P K Y HDMTIURI K S Y L F L VR 8§ Q F
1261 ACAGAAAATTGTGTCGATGGAAGTTTCAGAGATAGACGTAAAGGTGCTIGGCCATTTAGT
T E N C V D G S F R DRI RI K G A WP F s
1321 ACTAAGGAACAAGGATATACTGTTAGTGACTGTACTGCAGAAGCAATGAAGGCTATTATT
T K E Q G Y T VvV 8 D C T A E A M K A I I
1381 ATGGTTAGGAATCATGCAAGTTTTGC TGACATCAGGGACGAAATAAAAGATGAAAACTIG
M V R N H A S F A DI RDE I K DENL
1441 TTTGATGCTGTTGAAGTTTTGTTGCAAATTCAAAATGTGGGAGAATGGGAATATGGCTCA
F DAV E UV L L QI Q NV G EWE Y G 5§
1501 TTCTCGACTTATGAAGGTATAAAAGCCCCTTTGTTGCTAGAAAAATTGAATCCTGCCGAG
F s T Y E G I K A P L L L E K L N P A E
1561 GTTTTTAATAATATTATGGTGGAGTATCCATACGTGGAATGTACAGACTCTICCGTTITTA
V F NN I MV E Y P Y V E C T D S S5 V L
1621 GGGCTTACTTACTTTGCCAAATATTACCCTGACTACAAGCCCGAATTGATTCAGAAAACT
G L T Y F A K Y Y P D Y K P E L I Q@ K T
1681 ATTTCCTCTGCCATTCAATATATTCTTGATTCACAAGATAACATTGATGGCTCTTGGTAT
I s s A I @ Y I L D S QDN I DG S W Y
1741 GGITGTTGGGGAATTTGTTATACTTATGCGTCGATGTTTGCATTAGAAGCTTTGCATACA
G ¢ W G6 I ¢ Y T Y A s M F A LEATULUHT
1801 GTTGGTCTTGATTATGAATCCTCATCAGCTGTGAAAAAAGGATGTGATTTTCTTATITCA
vV ¢ L D Y E S5 S S AV K K G C D F L I s
1861 AAACAACTTCCAGACGGTGGATGGTCAGAATCAATGAAAGGTTGTGAAACACACTCTTAT
K ¢ L P D G G W S E S M K G C E T H s Y
1921 GTCAATGGTGAAAACTCTCTTGTTGT TCAATCGGCTTGGGCTTTGATAGGGTTGATATIG
vV NG E N S L V V Q §S A W AL I G L I L
1981 GGAAATTATCCTGATGAAGAGCCAATCAAAAGAGGAATTCAATTTTTGATGAAACGACAA
G N Y P D EE P I K R G I Q F L M K R Q
2041 TTACCGACTGGTGAGTGGAAGTATGAAGATATIGAAGGTGTATTTAATCACAGTTGTGCA
L P T G E W K Y E D I E G V F N H S8 C A
2101  ATAGAATATCCTTCATATAGGTTTTTATTTCCAATTAAGGCATTAGGTTTATATAAAAAC
I E Y P S Y RPFP L F P I K AL G L Y K N
2161 AAGTATGGTGATAAAGTGTTAGTTTAA
K Y G D K Vv L v *»

Figure 3. Nucleotide and deduced amino acid sequences for the C.
albicans oxidosqualene lanosterol-cyclase.

The predicted molecular weight of the C. albicans cyclase is
somewhat greater than that of the recently cloned squalene
hopene-cyclase from the thermophilic bacterium Bacillus aci-
docaldarius (69.5 kDa)'? and the relative molecular weight re-
ported for purified rat liver oxidosqualene lanosterol-cyclase (75
kDa).* The C. albicans cyclase appears to be substantially larger
than purified oxidosqualene cycloartenol- and oxidosqualene
amyrin-cyclase enzymes from plants (28—55 kDa)** and the
oxidosqualene lanosterol-cyclase from S. cerevisiae (26 kDa).*

The FASTA programs'! were used to search for similarities
between the DNA and predicted amino acid sequences of the C.

(10) (a) Ochs, D.; Tappe, C. H.; Gartner, P.; Kellner, R.; Poralla, K. Eur.
J. Biochem. 1990, 194, 75-80. (b) Ochs, D.; Kaletta, C.; Entian, K.-D.;
Beck-Sickinger, A.; Poralla, K. J. Bacteriol. 1992, 174, 298-302.
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albicans ORF and sequences in databases. No significant DNA
similarities were found with sequences contained in GenBank 71
or EMBL. Searches of protein sequence databases (PIR 31 and
SWISS-PROT 21) reported a limited similarity to human cho-
lesteryl ester transferase.'? Significantly greater similarity was
obtained by comparing the predicted amino acid sequence of the
C. albicans oxidosqualene lanosterol-cyclase with the predicted
amino acid sequence of the B. acidocaldarius squalene hopene-
cyclase.!® Four regions of notable similarity were observed, ranging
from 28% identity over 77 residues to 46% identity over 37 res-
idues. Beyond specific sequence identities, both cyclases have
regions of primary sequence in which tryptophan and/or tyrosine
residues are concentrated. Perhaps the electron-rich aromatic side
chains of some of these residues serve to stabilize cationic transition
states and/or high-energy intermediates along the cyclization/
rearrangement pathway.!34

It has been advanced that the B. acidocaldarius cyclase asso-
ciates with membranes by virtue of its richness in arginine resi-
dues.!? The C. albicans cyclase is not arginine-rich. A hydropathy
plot indicates that it is a moderately hydrophilic protein with two
notable hydrophobic regions (spanning amino acid residues
329-345 and 645-664). These may be involved in anchoring the
enzyme to membranes, which would be consistent with the be-
havior of oxidosqualene cyclase enzymes from plants, mammals,
and yeast which reside in the microsomal fractions of cell hom-
ogenates and require detergents for their solubilization.’
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Biphenylene or [2]phenylene, 1, is a key polycyclic hydrocarbon
with which to probe the effect of fusing a classical antiaromatic
nucleus, cyclobutadiene, to the aromatic frame of benzene.!
Activated molecules of this nature are important fundamentally,
because their study sheds light on the limits of chemical bonding
to carbon and, in a more practical vein, because they are pro-
tagonists in current efforts directed toward the elucidation of the
mechanism(s) of carcinogenesis by polycyclic benzenoid hydro-
carbons,? the activation of benzene and related petroleum and

(1) Cava, M. P,; Mitchell, M. J. Cyclobutadiene and Related Compounds,
Academic: New York, 1967. Vollhardt, K. P. C. Top. Curr. Chem. 1975,
59,113, Lloyd, D. The Chemistry of Conjugated Cyclic Compounds: to Be
or Not to Be Like Benzene?; J. Wiley and Sons: New York, 1989.

(2) See: Harvey, R. G., Ed. Polycyclic Hydrocarbons and Carcinogenesis;
ACS Monograph 283; American Chemical Society: Washington, DC, 1985.
Vo-Dinh, T., Ed. Chemical Analysis of Polycyclic Aromatic Compounds;
Wiley: New York, 1989.

Scheme I°
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R = C(CH,),CH(CH;),

N

“(a) (CH,),SiC=CH, PdCl,[P(C¢H;),],, Cul, (CH,CH,);N, 93%;
(b) (CH,),CHC(CH,),Si(CH;),C=CH,® PdCl,[P(C4H;),],, Cul,
azacyclohexane, methylbenzene, A, 79%; (c) K,CO;, CH,0H, CH,C-
H,0H, 100%; (d) (CH,);SiC=CH, CpCo(CO0),, 1,3-dimethylbenzene,
hy, A, 19%; (e) ICI, CH,Cl,, 0 °C, 56%.

coal-derived compounds as a source of industrial raw materials,’
and the development of organic electroactive materials, such as
potential conductors, ferromagnets, memory storage devices, and
so on.* Connected with these topics is the anticipated novel
organometallic chemistry of the strained and electronically reactive
w-framework. Finally, the direct connections of the component
benzene rings might be exploited in the assembly of the shortest
“spacer” analogs of the corresponding acenes, a facet that has
already been put to use in the synthesis of biphenylene-bridged
porphyrins.®*  The discovery that “CpCo” facilitates the co-
cyclization of o-diethynylarenes with alkynes to generate this
otherwise difficult to assemble structural moiety has led to the
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the angular [3]phenylene, 2-5.57
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4 (N=5) 7T N=3)

In a nutshell, the trends in the physical properties exhibited
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