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Biosynthesis of Squalene. Evidence for a Tertiary Scheme 1. Biosynthesis of Squalene
Cyclopropylcarbinyl Cationic Intermediate in the R NADPH WR
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Squalene synthase (SQSasmjtalyzes the'1l coupling of PSPP ) 2
two molecules of farnesyl diphosphate (FPP) to produce the
triterpene squalene (SQ) as the first committed step in choles-
terol biosynthesi8. The transformation occurs in two distinct A
steps (see Scheme 1). The first is a prenyl transfer reaction R= \/\)\/\)\ i, S Y
during which C(1) of one molecule of FPP is inserted into the '
C(2)—C(3) double bond of another to produce presqualene Rz,
diphosphate (PSPP), a cyclopropylcarbinyl diphosphate with a NADP"
c1'-2-3 structure. In the second reaction, PSPP rearranges to sa

SQ in a series of steps that involve loss of inorganic pyrophos- . .
phate (PP, rearrangement of the hydrocarbon skeleton, and :ﬁgegrg:' Mechanism for Formation of HBO, DSQ, HSQ,
incorporation of a hydrogen from NADPHSimultaneous with

the discovery of PSPP, several groups proposed mechanisms
for the conversion of PSPP to SQ based on known rearrange-
ments of cyclopropylcarbinyl catiodsé One proposat,” which
accounts for the regio- and stereochemical features of the
enzyme-catalyzed reaction, is shown in Scheme 2. A key
feature of the mechanism is the cyclopropylcarbirgyclo-
propylcarbinyl rearrangement of carbocatibrto 2, followed

by transfer of hydride from NADPH to C(Lwith inversion of
configuration.

Zhang and Poult@rrecently obtained direct evidence for
carbocationic intermediates in the rearrangement of PSPP to
SQ during studies with recombinant yeast SQSédecubation
of the enzyme with FPP in buffer lacking NADPH, resulted in HBO HSQ DSQ
the rapid conversion of the substrate to PSPP, followed by a

substantially slower enzyme-catalyzed solvolysis of PSPP to potryococcene and squalene are presumably formed from the
give a mixture of g)-dehydrosqualene (DSQ, 24%) and two same carbocationic intermediates by transfer of a hydride from
Cso alcohols, hydroxybotryococcene (HBO, 14%), a triterpene NADPH412 Since the nucleophilic water presumably occupies
alcohol with a 1-3 fusion of farnesyl residues, and hydroxy- the region in the catalytic site where the reduced nicotinimide
squalene (HSQ, 58%}. DSQ was formed by elimination of a  ring of NADPH resides in the normak& complex, we thought
proton from catior2, while the alcohols resulted from nucleo- jt might be possible to shift the regioselectivity of the enzymatic
philic capture of cations and2, respectively, by water (Scheme  reaction from alcohols to hydrocarbons by incubating the
3). The analogous naturally occurring triterpene hydrocarbons recombinant SQSase and FPP in the presence of a NADPH
(1) Abbreviations used are as follows: DS@)-flehydrosqualene; FPp, ~ nalog. Instead, incubation of the enzyme with NARP&h
farnesyl diphosphate; HBO, hydroxybotryococcene; HSQ, hydroxysqualene; unreactive dihydro analog of the cofactor, gave 5 €clo-
MOPS, 3-(N- morpholino)propanesulfonic acid; NADRIdihydronicotin- propylcarbinyl alcohol whose structure is identical to that

amide adenine dinucleotide phosphate, reduced form; RBrganic ;i o
pyrophosphate; PSOH, presqualene alcohol; PSPP, presqualene diphosphatg?_ng'nalIy prqposed by. Rlll|nb3 for presqualene alcohol (PSOH).
RIOH, rillingol; SQ, squalene; SQSase, squalene synthase. he formation of this alcohol provides strong support for

(2) Poulter, C. D.; Marsh, L. L.; Hughes, J. M.; Argyle, J. C.; Satterwhite, carbocatior? as an intermediate in the rearrangement of PSPP

D. M.; Goodfellow, R. J.; Moesinger, S. @. Am. Chem. So0d.977, 99,
38163823 0 SQ. . . .
(3) Poulter, C. D.; Rilling, H. CBiosynthesis of Isoprenoid Compounds NADPH; was synthesized by catalytic reduction of NADPH

Porter, J. W., Spurgeon, S. L., Eds; Wiley: New York, 1981; Vol. 1, pp with Pd/BaCQ according to the procedure of Dageall* The

413-441. #iva inhihi ; —

(4) Poulter, C. DAcc. Chem. Red.99Q 23, 7077, anall%g was a competitive inhibitor against NADPK|,= 40

(5) van Tamelen, E. E.: Schwartz, M. A. Am. Chem. S0d971, 93 uM, ¥ in the normal reaction catalyzed by _recomblnant yeast
1780-1782. SQSase. Incubation of 1BM enzyme at 30C in MOPS buffer

(6) Altman, L. J.; Kowerski, R. C.; Rilling, H. CJ. Am. Chem. Soc.
1971, 93, 1782-1783. (12) Huang, Z.; Poulter, C. DJ. Am. Chem. Sod989 111, 2713~

(7) Rilling, H. C.; Poulter, C. D.; Epstein, W. W. Larsen,BAm. Chem. 2715.
Soc.1971 93, 1783-1785. (13) Rilling, H. C.J. Biol. Chem1966 241, 3233-3236.

(8) Coates, R. M.; Robinson, W. H. Am. Chem. Sod972 94, 5920~ (14) Dave, K. G.; Dunlap. R. B.; Jain, M. K.; Cordes, E. H.; Wenkert,
5921. E. J. Biol. Chem.1968 243 1073-1074.

(9) Zhang, D.; Poulter, C. DI. Am. Chem. S04995 117, 1641-1642. (15) Initial velocities were measured by the assay described by Zhang

(10) Zhang, D.; Jennings, S. M.; Robinson, G. W.; Poulter, CAizh. et all® K, was determined from measurements at four concentrations of
Biochem. Biophys1993 304, 133-143. NADPH (75, 150, 300, 60@M) and NADPH; (50, 100, 200, 50(:M).

(11) The product distribution is slightly different than originally reported Initial velocities were determined in duplicate and fit to the following
because of improved HPLC conditions. We were able to detect several minor equation for competitive inhibition:Vops = Vimax®* [NADPH/(Ku*(1 +
components that accounted fca. 4% of the total. [NADPH3J/K;) + [NADPH]).
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Scheme £ Synthesis of Rillingol PSOH? that was subsequently synthesized by Ortiz de Mon-

/\/L ab /\/\/L cd " " tellano and Corey® Hence, we name the new alcohol rillingol
O A I Og/a\r (RIOH).
3 4 5

Most of the mechanisms proposed for conversion of PSPP

to SQ do not includ® as an intermediate, and previous efforts

le' to duplicate the rearrangement dto 2 by solvolysis of Gg
models for the presqualene system met with limited suct¥ss.

R% “““ \r“ 0 Rj};;a ~~~~ YR Most of the products in the model studies were formed by

- nucleophilic capture of the primary cyclopropylcarbinyl cation

OH 0 or its open chain i3 isomer, and less than 0.1% of the products
2 (a) NaH, triethyl phosphonoacetate, 82%: (b) DIBALH, 99%; (c) had 1-1 isoprenoid structures related to squalene. In contrast,

o-dioxaborolane, Zn(Es) CHal (ref 21), 74%; (d) TPAP, NMO, 89%; ~ aPproximately 80% of PSPP rearranged td broducts (DSQ

(e) homogeranyl iodide, Mg, 85%; (f) TPAP, NMO, 96%: (g) and HSQ) during the SQSas_e-cataIyzed solvolysis. _Althou_gh
CHsMgBr, 88%. this percentage decreased slightly to 71% when the incubation

was conducted in the presence of NADfkhe remaining
containing 10 mM MgGl, 3004M FPP, and 70&xM NADPH3 product was RIOH, which has &-1-2 skeleton that readily
resulted in rapid formation of PSPR.{ ~ 0.2 s%), followed rearranges to a’'4l structure® Our results indicate that the
by a slower conversion of PSPR{~ 0.002 s2) to solvolysis ~ catalytic machinery in SQSase promotes the formation'-df 1
products. HPLC analysigrevealed three major products: DSQ products by enhancing the rearrangement ¢6 2 relative to
(39%), HSQ (31%), and a new compound not formed %6) capture ofl by nucleophiles. We have previously proposed
in the absence of NADP#With a retention time characteristic  that PRreleased from PSPP serves as a template to direct the
of a Ggp alcohol (29%). No peak for HBO<1%) was seen in cyclopropylcarbinyl rearrangement within a highly ordet<@R
the HPLC trace. Mass spectral atitiNMR datd’ for the new ion pair®2% Formation of RIOH as a major product during the
compound indicated that it was a tertiary cyclopropylcarbinyl enzyme-catalyzed solvolysis of PSPP provides particularly
alcohol isomeric with presqualene alcohol (PSOH), HBO, and strong support for the presence of cyclopropylcarbinyl ca®ion
HSQ. The carbon skeleton of the compound, including the during the rearrangement of PSPP to SQ.
relative stereochemistry in the cyclopropane ring, was confirmed
by synthesis from farnesal as outlined in Scheme 4. Additional  Acknowledgments. This study was supported by NIH grant
work is needed to establish the absolute stereochemistry of allGM25521. M.B.J. was an ACS Division of Organic Chemistry
three chiral centers in the molecule. The tertiary cyclopropy- Graduate Fellow sponsored by Boehringer Ingelheim (338 and
Icarbinol has a ¢11-2 fusion of isoprenoid units like that found a NIH trainee (GM 08537, 199395) and B.S.J.B. was supported by
in the naturally occurring monoterpene rothrockene and is NIH training grant GM 08537 (199596).
identical to the structure originally proposed by Rilling for ;59633085

(16) Products were chromatographed on a Microsorb-M¥hbsilica

gel column with isocratic elution using 1:20 (v/igrt-butyl methyl ether/ (18) Ortiz de Montellano, P. R.; Corey, E. Detrahedron Lett1968
hexane. 5113-5115.

(17)H NMR (500 MHz, CDC}): 5.15 (t, 1H, 6.3 Hz), 5.135.07 (m, (19) Poulter, C. D.; Moesinger, S. G.; Epstein, W. Vétrahedron Lett.
3H), 4.61 (d, 1H, 9.3 Hz), 2.151.95 (m, 16H), 1.73 (s, 3H), 1.68 (s, 6H), 1972 67—70.
1.62 (s, 3H), 1.60 (s, 6H), 1.59(s, 3H), 1-47.41 (m, 1H), 1.13 (bs, 1H), (20) Poulter, C. D.; Muscio, O. J.; Goodfellow, RBlochemistryl974

1.12 (s, 3H), 0.850.79 (m, 2H), 0.42-0.39 (m, 1H). LRMS (El, 70 eV): 13, 1530-1538.
426 (M, 3), 408 (M— H0, 19), 271 (33), 149 (42), 81 (55), 69 (100). (21) Charette, A. B.; Juteau, H. Am. Chem. Sod994 116, 2651
HRMS (El, 70 eV) for GoHsoO: calcd 426.3861, found 426.3865. 2652.



