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The substrate specificity of squalene synthetase has yet to be completely defined.l’2

This enzyme complex will, in the presence of NADPH and M§+2, couple two farnesyl pyrophosphates
(1) to form squalene3 via an intermediate presqualene pyrophosphate.“ We sought to probe this
transformation by designing analogues of I which could only be partially metabolized as well as
by delineating the minimum structural features of I necessary for substrate recognition. In
contrast to farnesyl pyrophosphate synthetase,5 we found this enzyme to be intolerant of
structural modifications of I even when the changes occurred at the hydrocarbon tail of the
molecule.

The following standard conditions were used for our incubations. The radiolabeled
alcohols, prepared by LiB3H4 reduction of the corresponding aldehyde, were converted into pyro-
phosphates using Popjak's procedure.6 The incubations were routinely carried out with 30yg of
the substrate pyrophosphate, 800mg of protein,7 and 1.3mg of NADPH in iml in 0.05M phosphate
buffer, pH 7.5, containing M3012 (10mM), KF (10mM) and glycerol (30% by volume). Five minute
incubations at 37° were used to compare the metabolic rates of the analogues relative to I.

For product studies, larger amounts of protein in conjunction with longer incubation periods
were employed. The incubations were quenched with ethanol and extracted with pet ether. Prior
to scintillation counting, the residue was chromatographed on Eastman silica gel chromatogram
sheets #13179 using 1% ether/pet ether.

The discovery that E-6,7,10,11-tetrahydrofarnesyl pyrophosphate (II) was not metabolized
either by itself or in the presence of I prompted an investigation to ascertain which of the
missing double bonds were essential for substrate recognition. The 10,11-dihydrofarnesyl
pyrophosphate III9 was converted to a hydrocarbon12 in 60% of the efficiency that I was
converted to squalene. By C-GC-M513, the product was 2,3,22,23-tetrahydrosqualene (IV).IA

In contrast to 1II, 6,7-dihydrofarnesyl pyrophosphate V15 was not metabolized enzymatically
either in the presence or absence of I. In an attempt to elucidate whether the role of the 6,7
double bond provided electronic stabilization of subsequent cations or induced the necessary
conformation such that bonding of the tail could occur, we prepared the E,E~7-desmethylfarnesyl
pyrophosphate (VI).16 VI was converted enzymatically to a hydrocarbon at 10% of the metabolic
rate of I. In the presence of equal amounts of unlabeled I, the conversion of VI to labeled
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hydrocarbon diminished to 25% of the original metabolic rate of VI. C-GC-MS analysis revealed
the structure of the product derived from VI to be a function of farnesyl pyrophosphate
concentration. In the absence of I, the product was the symmetrical 6,19-didesmethylsqualenels;

whereas in the presence of I, 6-desmethylsqualene (VII)19 was formed.
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The strong preference for the formation of the asymmetrical product suggested that one of
the two binding sites for farnesyl pyrophosphate was discriminating against VI more strongly
than the other. It was possible to confirm this hypothesis since the enzymatic coupling of the
two farnesyl components proceeds with stereospecific loss of the pro S hydrogen from C1 of one
of the farnesyl components. Moreover, Porter, from a detailed kinetic study of squalene
synthetase, had concluded that the two farnesyl pyrophosphates were bound sequentially and that
the hydrogen was removed from the first farnesyl moiety bound at the active site.22 Incubation
of VI with 1,1-dideuterofarnesyl pyrophosphate in a ratio of 2:1 and 20:1 produced only squalene-
d3 and a 6-desmethylsqualene-d1 in a ratio of 10:1 and t:1. The failure to observe any 6-
desmethylsqualene-d2 established the difference in substrate binding specificities of the two
sites.

As a rough approximation, the absence of a methyl at C7 of I results in a discrimination
against VI in favor of I by a factor of 20:1 at the second active site. The first binding site
must discriminate more strongly by at least another factor of 10 against VI. It would appear
likely that the 06-07 double bond is essential for proper orientation of the chain so that
binding can occur at each receptor site. The difference in metabolic rate with and without the
C7 methyl suggests that the methyl further enhances binding due to a specific hydrophobic imter-
action.

The importance of the remaining three methyl groups was examined. The additional 7 fold
reduction in metabolic rate of E,E-3-methyl-2,6-undecadien~l-yl pyrophosphate (‘IIII)23
relative to that of VI indicated that the gem dimethyls of the terminal isopropylidene éroup
are important., Likewise, the 03 methyl of I 1s essential. 3-Desmethylfarnesyl pyrophosphate
(IX)24 was inert both in the presence and absence of I. Under the conditions employed,
products would have been detected if the conversion proceeded in greater than 2% of the
efficiency of the conversion of I to squalene. Subsequent to the completion of our results,
Ortiz de Montellano, using IX possessing much higher specific activity, reported detection
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of the C_, hydrocarbon derived from the enzymatic coupling of IX and I {n ~ 0.5% the

efficienzg of the conversion of I to squalene.

These results suggest that both of the active sites are quite specific. Our results in
conjunction with those of Ortiz de Montellano permit a consistent picture with respect to
the substrate specificity of the two binding sites for farnesyl pyrophosphate. The c6~c7
and cu-c12 double bonds most likely serve to properly orient the molecule so that binding
can occur. Each of the methyl groups, especially that at C3 is essential for productive
substrate binding to occur. Moreover, the first binding site responds more adversely to
substrate analogues than the second regardless of the position of the structural modification.
Due to the high specificity of the first active site, the failure of a substrate analogue to be
metabolized equally at both sites does not allow distinction between alternative mechanistic

pathways leading from presqualene pyrophosphate to squalene.
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