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ABSTRACT. Squalene synthase (SQS) catalyses a step following the final branch in the pathway of cholesterol 
biosynthesis. Inhibition of this enzyme, therefore, is an approach for the treatment of atherosclerosis with the 
potential for low side effects. We have characterised the inhibition of rat liver microsomal SQS by 3-(biphenyl- 

4-yl)quinuclidine (BPQ). BPQ f 11 o ows slow binding kinetics in that the rate of accumulation of product 
decreases with time if the inhibitor is added when the assay is started. Preincubation of BPQ and SQS leads to 
a biphasic dose-response where accumulation of product is linear with time only for the sensitive phase. When 
the famesyl pyrophosphate (FPP) substrate is present at 19.6 FM, approximately 77% of the SQS activity is 
sensitive to the inhibitor (u,-,,) and the remainder is insensitive (w,). The apparent inhibition constants (K’, 
values) are respectively K,\ = 4.5 nM and K,; = 1300 nM. Similar biphasic behaviour is exhibited by other 
inhibitors and in microsomes prepared from human and marmoset liver. As the concentration of FPP is reduced 
below 19.6 JJ,M, there is a decrease in the relative contribution from woi. Conversely, the value of K,: for BPQ 
remains constant when the FPP concentration is changed, showing noncompetitive kinetics with respect to this 

substrate. Possible causes of the observed kinetics are discussed. Inhibition by BPQ is said to follow tight binding 
kinetics because the value of I$ is similar to the concentration of inhibitor binding sites. Thus, to avoid an 

artefactual variation in potency when the enzyme concentration is varied, it is necessary to allow for the effects 
of depletion of free inhibitor. Furthermore, estimates of potency that average activity across the two phases are 

influenced by the relative contributions of each phase. These contributions differ according to the FPP con- 
centration and the species used as the source of microsomes. Thus, it is necessary to separate the phases to 

compare measurements made in different experiments. Our observations indicate that careful experimental 
design and data analysis are required to characterise the kinetics of SQS inhibitors. BIOCHEM PHARMA- 

COL 51;11:1489-1501, 1996. 
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Reduction of plasma cholesterol levels is associated with 
reduced mortality in patients with a history of coronary 
heart disease [l]. Inhibitors of cholesterol biosynthesis, such 
as the 3-hydroxy-3-methylglutaryl CoA reductase inhibi- 
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t Abbreviations: AA, diphenylmethyl 4,8,8-trimethyl-l- 

azaadamantane-4,carboxylate; BPQ, 3-(biphenyl-4-yl)-quinuclidine; 
BPQ-OH, 3-(biphenyl-4-yl)-3-hydroxyquinuclidine; FPP, famesyl pyro- 
phosphate; k, apparent rate constant for transition from initial to final 
velocity; kc,,, turnover number (moles product/mole enzyme/set); K,, 
product of the apparent dissociation constants for the first and second 
molecules of FPP to bind; Kb, apparent dissociation constant for the sec- 
ond molecule of FPP; Ki, inhibition constant; K:, apparent inhibition 
constant; Kg: and I(:, apparent inhibition constants for insensitive and 
sensitive phases, respectively; LK,, log of K,; LK:, log of K:, LK;i, and LK:,, 
logs of K:, and KA, respectively; SQS, squalene synthase; V, rate at satu- 
rating substrate concentration; vgi and uoz, uninhibited rates for inhibitor- 
insensitive and sensitive phases respectively; v,, initial rate; v2, final rate; 
v,,, steady-state race. 
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tors, lovastatin and simvastatin, are effective cholesterol- 
lowering agents in man and animals [l, 21. However, the 
results from clinical trials suggest that there is scope to 
reduce adverse effects and improve efficacy for cholesterol- 
lowering agents (for example, see Ref. 3). 

The mammalian isoprenoid pathway not only produces 
sterols, but also generates dolichol, ubiquinone, the famesyl 
group of haem A, the famesyl and geranylgeranyl groups of 
prenylated proteins, and the isopentenyl side-chain of iso- 
pentenyl adenine. The pathways for the synthesis of these 
isoprenoids diverge from the synthesis of cholesterol either 
at, or before, the FPPt branch point [4]. Thus, SQS (EC 
2.5.1.21), which catalyses the reductive dimerization of FPP 
to squalene via the intermediate presqualene pyrophosphate 
(Fig. 1, see Ref. 5), is the first committed step in sterol 
biosynthesis. 

Reductions in the levels of ubiquinone and possibly other 
noncholesterol metabolites of mevalonate have been im- 
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FIG. 1. The reaction catalysed by SQS. In the SQS assay, the 
FJ?P substrate is tritiated at Cl. The label is uniformly dis- 
tributed between the two prochiral hydrogens. Thus, one 
mole of tritium is released as protons for each 3 moles that 
are included in squalene. 

plicated in generating some of the side effects of 3-hydroxy- 
3-methylglutaryl CoA reductase inhibitors [6, 71. A specific 
inhibitor of SQS should inhibit the biosynthesis of squa- 
lene, avoid depletion of other isoprenoids, and possibly 
show reduced side effects. Furthermore, FPP, the substrate 
for SQS, is water soluble and may be readily metabolized 
[8], so that inhibition should not lead to excessive accu- 
mulation. The potential of SQS inhibitors is illustrated by 
experiments in rats, where significant inhibition of choles- 
terol biosynthesis by lovastatin occurs with concomitant 
inhibition of dolichol and coenzyme-Qa biosynthesis. In 
contrast, a bisphosphonate SQS inhibitor has no effect on 
these metabolites under conditions where cholesterol bio- 
synthesis is inhibited >90% [9]. Similarly, the SQS inhibi- 
tor, squalestatin 1, blocks cholesterol synthesis and leads to 
increased production of ubiquinones in tissue culture [lo]. 

SQS is a membrane-bound microsomal enzyme [ll]. 
DNA encoding SQS from two species of yeast, rat, and man 

has been cloned [12-161. Truncated forms have been pro- 
duced by partial proteolysis and genetic engineering. These 
derivatives are soluble enzymes with similar kinetic prop- 
erties to native microsomal SQS [17-20],* suggesting that 
SQS contains a soluble catalytic fragment and a C-terminal 
membrane anchor. 

Pharmacological interest has focused on anionic SQS 
inhibitors: FPP analogues [21-231, bisphosphonates [9], and 
tricarboxylic acids (known as squalestatins or zaragozic ac- 
ids) [24, 251. These compounds are reported to follow com- 
petitive kinetics with respect to FPP. We, now, describe the 
first kinetic characterisation of a representative from a 
novel cationic series of SQS inhibitors, the 3-substituted 
quinuclidines. The activity of one of these compounds, 
BPQ-OH, has been characterised in viva [26]. This com- 
pound inhibits the biosynthesis of cholesterol in rat liver at, 
and not before, SQS. It has no effect on the synthesis of 
dolichols or ubiquinone 9. The activity of a related com- 
pound, BPQ (Fig. 2), in vitro is characterised in the present 
work. We show that BPQ does not exhibit kinetic compe- 
tition with respect to FPP, and we present the first dem- 
onstration of biphasic dose-response for inhibitors of SQS, 
with the two phases exhibiting a marked difference in af- 
finity. Potent SQS inhibitors follow tight binding kinetics 
because the concentration of binding sites is similar to the 
concentration of compound added to the assay. We show 
how the occurrence of biphasic, tight binding kinetics 
makes it essential to use appropriate experimental design 
and rigorous data analysis to measure correctly the potency 
of SQS inhibitors. 

* Using a truncated enzyme that contains residues 2.5 to 383 of human 
SQS, Ward WHJ, Holdgate GA, Davidson RG, Pioli D, Abbott M and 
Charles AD, unpublished data. 

Qq-J+g 

(4 

FIG. 2. The structures of the SQS inhibitors used in this 
study. (A) 3-(biphenyl-4-yl)-quinuclidine. (B) Diphenyl- 
methyl 4,&S-trimethyl-l-azaadamantane-4-carboxylate. 
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FIG. 3. Dose-response curves for inhibition of SQS. Graphs (A, and C to F) show inhibition of squalene production, whereas 
graph (B) shows inhibition of proton release. Rat liver microsomes were used in (A, B and F), human liver microsomes in (C), 
human recombinant SQS in (D) an d marmoset liver microsomes in (E). The SQS inhibitor was BPQ in graphs (A to E), and 
AA in (F). These experiments were performed using the standard assay procedure (see Materials and Methods), except for (D) 
which was at 0.3 pM FPP. The solid lines were calculated using the best fit parameters in Table 1. The broken line in (C) was 
calculated by fitting Eqn ( 13), and that in (F) was calculated by fitting Eq ( 1) (see Discussion). 

MATERIALS AND METHODS 

Reagents were purchased from the Sigma Chemical Co. 
(Poole, U.K.), BDH (Lutterworth, U.K.), and NEN (Steve- 
nage, U.K.). SQS inhibitors were synthesized at ZENECA 
Pharmaceuticals [27, 281. Microsomes were prepared from 
rat and marmoset liver as described by McTaggart et al. [26]. 
Human liver microsomes were supplied by the Keystone 
Skin Bank, Exton, PA. 

Assay of SQS Activity 

The procedures are detailed by McTaggart et al. [26]. 
Briefly, in the standard assay, microsomes were preincu- 
bated for 15 min at 37” with the inhibitors (total volume 
180 FL) prior to addition of 20 p,L FPP to start the reac- 
tion. The assay was performed at 37” in 50 mM phosphate 
buffer, pH 7.4, and 19.6 PM [1-3H]FPP (approximately 30 
Ci/mol) and 0.9 mM NADPH in the presence of 4.95 mM 
MgCl, (essential for SQS activity) and 9.9 mM KF (to 
inhibit phosphatases). Inhibitors were dissolved in DMSO, 
which was added to a final concentration of 2.5% (v/v). 
After 15 min the reactions were stopped by addition of 
KOH to 0.8%. The mixtures were applied to Cl8 reverse 
phase columns. Fraction 1 was eluted using 0.1 M KOH, 
and fraction 2 was released using 10% (v/v) ethyl actetate 
in hexane. Fraction 1 contains the protons released in the 
first step of the SQS reaction (Fig. l), and fraction 2 con- 
tains squalene and squalene epoxide. Assays were per- 

formed under initial rate conditions, following only the part 
of the time-course when substrate depletion is low (typi- 
cally below 5%). The critical micelle concentration for FPP 
under the assay conditions was measured as 40 p,M by using 
a fluorimeter to detect any dispersion of light by micelles at 
various concentrations of the substrate. This value is in 
agreement with that of 50 p,M measured by Mookhtiar et al. 
[20] under similar conditions. Thus, FPP does not form 
micelles under any of the conditions described in the cur- 
rent work. 

Analysis of Measured Rates 

Equations were fitted to data by unweighted nonlinear re- 
gression using GruFitTM [29]. When substrate and inhibitor 
were varied in the same experiment, multivariate regression 
was used. Identification of the most suitable rate equation 
was assisted by an F-test [30] that was used to compare the 
residual sum of squares obtained after fitting the various 
relationships. The best rate equation was taken as that with 
the most fitting parameters, none of which was redundant. 
The F-test estimated the probability, P, that the improve- 
ment in fit associated with an extra parameter arose due to 
chance. Thus, this test indicated that the term was justified 
by the data if P was low (cl%), but not if it was high 
(>20%). The following additional criteria were used to help 
selection of the best rate equation: reasonable parameter 
values and S&s, and the residual differences between ob- 
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served and calculated rates following a random distri- 
bution [30]. 

Rate Equations 

Biphasic inhibition kinetics were analysed using the follow- 
ing equation: 

P, = {91&/( 1 + [I]/lOLK~,)} + {OJ 1 + [I]/lOLK”‘)} (I) 

where Y is the measured rate, vos and insensitive phases, and 
LK:, and LKZG are the logs of the apparent inhibition con- 
stants for the sensitive and insensitive phases. This rela- 
tionship was obtained from the standard rate equation for 
reversible enzyme inhibition [31] by adding another com- 
ponent due to the second phase. 

Log dissociation constants are widely used in the char- 
acterisation of receptors (see Ref. 32). The logarithmic pro- 
cedure and the standard arithmetic method give the same 
parameter values and residual sum of squares. They differ in 
that one calculates the SE of log K1!, whereas the other 
estimates the SE of Ki. SE values can be used to estimate 
the confidence limits of parameter values (see Ref. 32). 
Direct calculation of K,! gives confidence limits that are 
arithmetically distributed about the best fit value, whereas 
calculation of LK: leads to geometrically distributed confi- 
dence limits. The logarithmic fitting approach is more rea- 
sonable because Ki values are more likely to be correct 
within a certain factor, rather than a certain arithmetic 
range. We also determined logarithmic values for the con- 
centration of binding sites. 

When the range of inhibitor concentrations is sufficient 
to inhibit only the sensitive phase, equation (1) becomes: 

v = {v(JJ( 1 + [I]/loLq + V& (2) 

Potent compounds follow tight binding kinetics, where 
equation (1) changes to: 

v ={OSv,,(-b + {b2 + ?[lo(loLK”*-~S’)}O~5)} 
+ {VOi/(l + [I]/lOLK”)} (3) 

where: 

b = lO( LK,,-LSi) + [I]/loLsi _ 1 (4) 

and LSi corresponds to the log of the concentration of 
inhibitor binding sites. These relationships were obtained 
from the rate equation for tight binding inhibition [32]. 

RESULTS 
Inhibition of SQS by BPQ Follows Biphasic Kinetics 

The SQS assay used in this work generates two fractions. 
Fraction 1 contains the protons that are released in the first 
step of the reaction catalysed by SQS, and fraction 2 con- 
tains squalene that is formed in the second step (Fig. 1). 
The compositions of fractions 1 and 2 have been analysed 
by TLC, and HPLC followed by UV spectroscopy [26]. 
Following incubation of rat microsomes with 19.6 p,M FPP, 
the total radioactivity in fraction 1 is around 40% of that in 
fraction 2. This is close to the value of 33% that is expected 
when utilising FPP that is uniformly tritiated at the Cl 
position (Fig. 1). In fraction 1, 80% of the radiolabel is 
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FIG. 4. Tie-courses for inhibition of rat microsomal SQS. Assays were performed as described in Methods with (0, solid 
lines), or without (0, broken lines) a 15min preincubation of SQS and BPQ. AU lines were calculated using the best fit 
parameters in Table 2. Final concentrations of BPQ were as follows: A, 0 ti B, 0.01 I1M; C, 0.25 $4; D, 2.5 PM; E, 100 phL 
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TABLE 2. Kinetic parameters for the time course of inhibition of squalene synthase 

W. H. J. Ward et al. 

BPQ Rate “** 
(PM) equation (fmol SQ/sec/pg protein) v1 (fmol SQ/sec/pg protein) v2 (fmol SQ/sec/pg protein) k (set-‘) 

Without preincubation: 
0 6 
0.01 6 
0.25 5 
2.5 5 

100 5 

With preincubation: 
0 6 
0.01 6 
0.25 6 
2.5 5 

100 6 

15.3 * 0.2 
15.0 k 0.2 

16.7 f 0.6 -(8 k 5) 0.0006 f 0.0002 
16 f 2 0.5 + 0.5 0.006 f 0.001 
6*8 0.29 + 0.06 0.05 f 0.07 

14.5 f 0.1 
11.7 f 0.2 
2.46 f 0.07 

1.8 k 0.1 -(lO * 10) 0.0001 f 0.0002 
0.263 f 0.009 

Extxrimental details, procedures for data analysis, and symbol definitions are gwen m Methods and Results. Rat liver microsomes were the source of enzyme. Best fit values are 

shown + SE. 

concentration (Fig. 4EE). The effects of preincubation are 
similar for BPQ-OH. 

Initial inspection of dose-response data suggests a single 
phase when there is no preincubation (Fig. 5). However, 
the systematic distribution of residual differences between 
the best fit line and the experimental observations indicates 
that conventional kinetics are not obeyed [30, 321. When 
there is a preincubation, the residuals tend to be satisfactory 
for the sensitive phase and more systematic for the insen- 
sitive phase (Fig. 5). 

Characteristics of Inhibition by BPQ 

In some experiments, the inhibitor-sensitive phase follows 
tight binding kinetics (see below). That is, the concentra- 
tion of inhibitor added to the assay is similar to the con- 
centration of binding sites, so that there is significant deple- 
tion of free BPQ. Conventional rate equations assume that 
the free inhibitor concentration is approximately the same 
as the total concentration. This assumption does not hold 
in tight binding kinetics, which requires special rate equa- 
tions [31, 33, 361. Consideration of this factor when deriv- 
ing rate equations allows estimation of the concentration of 
inhibitor binding sites (see Methods). 

There is close agreement between fraction 1 and fraction 
2 results for several species. This is exemplified by the data 
for rat microsomes (Table 1). The experimental variation 
in fraction 1 is greater than in fraction 2, so that there is a 
higher degree of uncertainty in the parameter values. The 
rat fraction 2 data are best described by the rate equation 
for biphasic kinetics where one phase is tight binding, Eqn 
(3). When compared to the nontight binding relationship, 
Eqn (l), the value of P = 1.9% (see Methods). 

The apparent inhibition constants for the sensitive and 

insensitive phases respectively are l$ = 4.5 nM and KZ\ = 
1300 nM (Table 1). Thus, the two phases differ in sensi- 
tivity by a factor of approximately 300. In both fractions, 

the sensitive phase accounts for 77% of the total activity. 
Biphasic kinetics also are seen for BPQ against SQS in 
human and marmoset microsomes, and recombinant trun- 
cated human SQS (Fig. 3C-E). The compound displays a 
lower affinity for SQS from these sources (Table 1). The K,! 
values are around 5- to 12-fold higher than against rat 
microsomes. The data were not sufficient to prove tight 
binding in these species (for marmoset P = 25%; for human 
microsomes P = 47%; for recombinant human, P = 77%). 
The results, therefore, were analysed assuming conven- 
tional kinetics, Eqn (1). 

Biphasic kinetics for inhibition of microsomal SQS are 
detected for a number of quinuclidines that are related in 
structure to BPQ (see [26]). Th’ b h IS e aviour is seen using 
microsomes from a range of mammals, including hamsters 
and dogs. Different structural types of SQS inhibitors also 
exhibit biphasic kinetics, as illustrated by the data on AA 
(Figs. 2 and 3F). 

Inhibition of the Sensitive Phase Follows Tight 
Binding Kinetics 

Conventional enzyme kinetics give a Hill coefficient (or 
slope factor) of 1 when each ligand molecule binds inde- 
pendently to each enzyme molecule in a 1:l stoichiometry 
(see Ref. 3 1). The sensitive phase for the dose-response 
curve for BPQ against rat microsomes sometimes exhibits a 
slope of greater than one (Fig. 3A and B). This could be due 
to tight binding, or cooperative kinetics. Cooperative ki- 
netics are reasonable for this system because SQS has at 
least two binding sites, as shown by its ability to bind two 
molecules of FPP. Both tight binding and cooperative rate 
equations give a similar high quality of fit. However, the 
following considerations indicate that tight binding occurs 
in this system. 

1. When BPQ is characterised at higher concentrations of 
rat microsomal protein, analysis assuming tight binding 
kinetics gives the expected results; that is, a linear in- 
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FIG. 5. Dose-response curves with and without preincubation of rat microsomes and BPQ. Assays were performed as described 
in Methods with (0, 0), or without ( n , Cl) 15-min preincubation. The best fit line with preincubation is described by Eqn ( 1) 
with v,, = 15.3 pmol squalene/pg protein/l5 min, voi = 3.8 pmol squalenelpg protein/l5 min, KIS = 12 nM, Kh = 2.3 JIM. That 
without preincubation is given by Eqn (2 ) and v,, = 17.7 pmol squalene/pg protein/l5 min, voi tied at zero, KiS = 1.1 pM. The 
insets show the differences between observed and calculated rates. Fiied symbols are shown where all replicates lie on the 
same side of the best fit line. 

crease in the estimated concentration of sites and no 
change in K:, (Fig. 6). The rate equation for cooperative 
kinetics gives estimates of affinity and slope factor that 
change with protein concentration. 
The slope becomes 1 when BPQ is characterised at lower 
concentrations of rat microsomal protein. Kinetics are 
no longer expected to be tight binding when the enzyme 
concentration is reduced well below that of the inhibi- 
tor. 
Less potent quinuclidines give a slope of 1. This is con- 
sistent with tight binding kinetics for BPQ, but not with 
cooperative kinetics because a similar cooperative effect 
would be expected for inhibitors that are analogous in 
structure. 
More potent compounds (e.g. AA) follow tight binding 
kinetics. 

The Phase with a Higher Affinity for BPQ is 
Associated with Luw FPP Concentrations 

The potency of BPQ against rat microsomal SQS has been 
measured at a range of FPP concentrations between 1.6 and 

19.5 p,M (Table 3). Inhibition follows biphasic non-tight 
binding kinetics (Eqn 1). To avoid depletion of FPP at 
reduced concentrations of the substrate, these experiments 
were performed at lower protein concentrations (down to 5 
p,g/assay) than those in Table 1 (20 kg/assay), explaining 
why the behaviour was no longer tight binding. The unin- 
hibited rate associated with the sensitive phase (v,,) re- 
mains almost constant at around 15 fmol squalene/sec/kg 
protein, indicating saturation even at the lowest FPP con- 
centration. The value of K,; (around 5 nM) also does not 
vary in this range of FPP concentrations, suggesting that 
inhibition follows either uncompetitive or noncompetitive 
kinetics (see Ref. 31). The inhibited rate linked with the 
insensitive phase (voi) increases from 3.0 to 8.6 fmol squa- 
lene/sec/kg protein as the FPP concentration is elevated. 

Mechanism of lnhibition by BPQ 

To determine the kinetic mechanism for inhibition in the 
sensitive phase, BPQ was varied at a range of FPP concen- 
trations including those where the substrate was not satu- 
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ing comparison using the F-test. For competitive inhibi- 
tion, I& is absent because it tends to infinity. In uncom- 
petitive inhibition, Ki3 is retained and K,, tends to infinity. 
Pure noncompetitive inhibition loses a parameter because 
K,, = Ki3. These data justify the additional parameter when 
mixed inhibition is compared with competitive and uncom- 
petitive inhibition (P c 0.001% and I’ = 0.17%, respec- 
tively), but not when it is compared with pure noncom- 
petitive inhibition (I’ = 32%), so that the measured veloc- 
ity is best described by the relationship: 

v = V[FPP]*/{K,( 1 + [I]/Ki) + [FPP]‘(l + [II/K,)} (10) 

Data also were analysed by using a Hill coefficient for in- 
hibitor binding, but this did not improve the quality of fit 
(I’ = 87%, h = 0.99 f 0.05). After comparison with several 
other models, Eqn (10) continues to give the best descrip- 
tion of the measured rates. This relationship gives an ad- 
equate description of the kinetics by the criteria given in 
the Methods section. It was rearranged into the following 
form to estimate the confidence limits of K, and K,: 

v = VIFPP]‘/{lOLKO(l + [I]/lOLKt) 
+[FPP12( 1 + [I]/lOLKs)} (11) 

where LK, and LK, are the logs of Ki and K,. The best fit 
values (95% confidence limits in parentheses) are V = 1.16 
(1 .l l-1.20) fmol squalene/sec/Fg protein, K, = 0.068 
(0.058-0.079) PM’, and K, = 4.4 (3.9-5.0) nM. The double 
reciprocal plot of l/u against l/[S]’ gives lines that intersect 
on the abscissa (Fig. 7), as expected for pure noncompeti- 
tive inhibition [31, 341. V is expected to be similar to vos, 
which is estimated at higher values in the range 8.5-17 
fmol/sec/kg at 19.6 p,M FPP (Tables 1 and 3), reflecting 
variation between experiments. The variation is lower (vos 
= 14-17 fmol/sec/p,g) when the uninhibited rate at 1.6- 
19.5 p,M FPP is estimated in a single experiment (Table 3). 

DISCUSSION 
Characteristics of Rat Liver Microsmnal SQS 

In the absence of inhibitor, the total rate at 19.6 FM FPP 
is 1 l-26 fmol squalene/sec/pg protein, of which 8.5-l 7 
fmol/sec/pg protein are associated with the BPQ-sensitive 
phase (Tables 1 and 3). These values are in good agreement 
with previous measurements for rat liver of 5 and 30 fmol/ 
sec/pg protein [17, 371. The specific activities are lower for 
the primate microsomes than for the rat (Table 1). This 
may reflect differences in the abundance of SQS, or differ- 
ences in the turnover rate of each enzyme molecule. 

From the data in Table 1, there is 63-83% coupling 
between the two steps catalysed by microsomal SQS. A 
high degree of coupling also has been seen for yeast micro- 
somal SQS in the absence of detergents [38]. Conversely, 
Sasiak and Rilling [39] report only one mole squalene 
formed for each 6 moles of presqualene pyrophosphate (see 
Fig. 1) in the presence of detergent. These conditions ap- 
pear to perturb the function of SQS because an enzyme 

should be unlikely to release a significant proportion of a 
bound intermediate. 

Assuming that the concentration of inhibitor binding 
sites for the sensitive phase equals the concentration of 
active sites, then each active site turns over at a rate of 
0.0056 set-’ (=k,,,). This is lower than published k,,, values 
of 0.1 to 7.4 s-1, which were measured in the presence of 
detergents [17-20,39,40]. Detergents accelerate SQS, pos- 
sibly by increasing a rate-limiting release of product [17, 19, 
201, especially because squalene is very hydrophobic and is 
unlikely to partition from the active site and into solution. 

Our results for the sensitive phase agree with previously 
published work in terms of the concentration of FPP re- 
quired to give half-maximal rate. We find that the substrate 
concentration giving half-maximal rate, S,., = 0.26 p,M 
(the square root of K, = 0.068 PM’), compared well to 
values of 0.5 to 1 p,M for rat liver [17, 25, 371 and 0.3 p,M 
for hog liver [41]. The value of k,JK,,, is a measure of the 
catalytic efficiency, and we find k,,JS,,, = 2.2 x lo4 s-l 
M-‘. This is similar to that of 8.3 x lo4 s-l M-’ for a 
truncated yeast SQS [19] and within the range of 104-lo8 
S -’ M-’ that is typical for enzyme-catalysed reactions [42]. 

The affinities of rat, human, and marmoset SQS for BPQ 
fall within a 16-fold range (Table 1). This observation is 
consistent with biphosphonate SQS inhibitors having simi- 
lar potencies against the human and rat enzymes [9], and 
with the observation of 85% sequence identity between rat 
and human SQS [13-161. 

The concentration of BPQ binding sites associated with 
the sensitive phase is 7.6 nM when there is 100 p,g micro- 
somal protein per cm3 in the assay (Table 1). This value is 
in close agreement with published results. Bergstrom et al. 
[25] report that the zaragozic acid SQS inhibitors are very 
tight binding, giving an IC,, of = 5 nM at 110 p,g/cm3 rat 
microsomal protein. The measured IC,, under these con- 
ditions is equal to 50% of the concentration of binding 
sites, leading to an estimate of 9.1 nM SQS at 100 pg/cm3 
protein. The M, of rat SQS is 48,000 [13], so that 7.6 nM 
enzyme in 100 p.g protein/cm3 corresponds to SQS being 
0.4% of the protein in microsomes. This figure agrees 
closely with the report of a 160-fold purification from rat 
liver microsomes to give homogeneous SQS [17]. Here, the 
enzyme accounts for 0.6% of the microsomal protein. 
When the data for recombinant SQS (Fig. 3D) are analysed 
assuming tight binding, Eqn (3), the concentration of sites 
is estimated as 10 nM (95% confidence intervals 0.04-3000 
nM), which is consistent with the value of 34 nM calcu- 
lated by dividing the protein concentration by M,. 

Inhibition of SQS by BPQ Follows Biphasic Kinetics 

Preincubation of the inhibitor and enzyme could load SQS 
with BPQ, which dissociates slowly during the assay, in- 
validating the steady-state approximation [see 31, 34, 351. 
The time-course of product accumulation was investigated 
both with and without preincubation (Fig. 4; Table 2). 
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There is no gradual increase in rate after preincubation 
with BPQ (Fig. 4EE), showing that dissociation is either 
too fast, or too slow, to detect. (This protocol allows rea- 
sonably accurate estimation of affinity even if dissociation 
is too slow to detect, because addition of FPP to start the 
assay only leads to a small dilution from 180 to 200 yL.) 
Conversely, slow binding is seen when there is no preincu- 
bation (Fig. 4C-E). The steady-state approximation is valid 
during the sensitive phase when there is a preincubation 
(BPQ at 0.01 and 0.25 ~.LM, Fig. 4B, C). At 2.5 FM BPQ, 
binding is slow even after preincubation (Fig. 4D), corre- 
lating with a change between sensitive and insensitive 
phases. The steady-state approximation holds at 100 FM 
BPQ after preincubation because the high inhibitor con- 
centration allows faster equilibration (Fig. 4E). With no 
preincubation, the value of vr at each concentration BPQ 
is comparable with the uninhibited rate, and the value of k 
increases with inhibitor concentration, as expected for a 
process that is dependent upon association of BPQ and 
enzyme (Table 2). At 100 p,M BPQ, the value of v2 without 
preincubation is very similar to that of v,, after preincuba- 
tion. The rate after preincubation with 100 I.LM BPQ, 
therefore, probably reflects the steady state, whereas the 
time-course without preincubation reflects the approach to 

steady state. 
The systematic residuals in dose-response studies per- 

formed without preincubation (Fig. 5) indicate that con- 
ventional kinetics are not obeyed [30, 321. This is most 
marked in the sloping region of the curve that contains the 
data governing the estimate of potency. At several BPQ 
concentrations, all replicates fall on the same side of the 
best fit line, rather than being distributed both above and 
below it as expected for an adequate rate equation [30, 321. 
Some uneven distribution of residuals is expected by 
chance with this small number of replicates. However, the 
dose-response data do reflect the failure of the steady state 
seen in the time courses (Fig. 4). Detection of systematic 
residuals requires precise measurements and careful exami- 
nation of rates. It is far easier to see the artefactual nature 
of the kinetics without preincubation in the time-course 
studies (Fig. 4) than in the dose-response analysis (Fig. 5). 
These factors, and use of protocols without preincubation, 
may explain why there are no previous reports of biphasic 
dose-response behaviour. Alternatively, slow binding may 
occur only for certain inhibitors under specific conditions. 
With preincubation, the residuals tend to be satisfactory for 
the sensitive phase and more systematic for the insensitive 
one (Fig. 5), again reflecting the validity of the steady-state 
approximation. Similar behaviour is seen in the other dose- 
response data where there is preincubation (Fig. 3). Thus, 
both time-course and dose-response studies show that data 
from the sensitive phase after preincubation are the easiest 
to interpret. 

Preincubation in the absence of FPP allows detection of 
biphasic kinetics, with BPQ binding at high affinity during 
the sensitive phase. The insensitive phase may be due to 

SQS that is not inhibited during the sensitive-phase bind- 
ing BPQ at lower apparent affinity due to competition by 
FPP, explaining why it is not detected at low FPP (Table 3). 
The cause of biphasic kinetics is not clear. For example, 
SQS may exist in phosphorylated and unphosphorylated 
forms that bind BPQ differently. Additional possibilities 
include partial proteolysis, oxidation, conformation 
changes, or isoforms. Alternatively, biphasic kinetics may 
result from inhibitor binding along two different branches 
of a reaction pathway. An unbranched mechanism involv- 
ing binding of a second molecule of inhibitor to an enzyme- 
inhibitor complex could not explain the detection of two u0 
values. Biphasic time-courses have recently been reported 
for inhibition of SQS by zaragozic acid A [43]. The cause of 
this behaviour is not clear, but it may be the same as the 
origin of the biphasic dose-response curves seen in the pre- 
sent work. 

We observe that inclusion of high concentrations of 
thiol reagents or protease inhibitors during microsome 
preparation and enzyme assay has no effect on the number 
of kinetic phases. It could be that different enzymes from 
various subcellular locations generate the biphasic kinetics, 
perhaps because of posttranslational modifications. There 
are reports of SQS in microsomes [l 1, 441 and peroxisomes 
[45]. Different complementary DNA sequences have been 
reported for human SQS, raising the possibility that various 
forms of the enzyme originate from different individuals 
[40]. However, biphasic kinetics are seen for homogeneous 
SQS, suggesting that this behaviour is an intrinsic property 
of the enzyme. A purified recombinant yeast SQS exhibits 
biphasic FPP-dependence in the formation of presqualene 
pyrophosphate in the absence of NADPH and inhibitors 
[20], and a homogeneous recombinant human SQS follows 
biphasic kinetics with respect to BPQ (Fig. 3D).* Further- 
more, although there are two SQS mRNAs in a number of 
rat and human tissues [14,45], the two sequences differ only 
in their 3’untranslated regions [14]. 

Addition of pyrophosphate increases inhibition by am- 
monium analogues of putative carbocation intermediates in 
the SQS reaction, probably by mimicking an ion pair that 
is formed during catalysis [47]. Up to 10% of the FPP is 
converted into pyrophosphate in our assays, suggesting that 
the kinetics of the cationic quinuclidines may be affected 
by accumulation of the product. The highest levels of py- 
rophosphate occur when the rate is fastest. However, the 
accumulation of squalene at high rates after preincubation 
with BPQ is linear with time (Fig. 4B, C), implying that the 
pyrophosphate formed is insufficient to affect the kinetics. 
Addition of 775 p_M pyrophosphate markedly increases the 
potency of a quinuclidine related to BPQ (K,: decreases 
75-fold). There is no significant change in K,: at 1.6 FM 
pyrophosphate. These observations, coupled with increased 
contribution from the inhibitor sensitive phase with no 

*Ward WHJ, Holdgate GA, Davidson RG, Pioli D, Abbott M and 
Charles AD, Unpublished data. 
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change in Kc: as FPP (and pyrophosphate produced) is low- 
ered (Table 3), show that accumulation of up to 2 p.M 
pyrophosphate is unlikely to cause the 290sfold difference 
between K*L and Kii for BPQ (Table 1). 

The FPP concentration in rat liver is around 0.5 p,M 
[48]. Thus, the BPQ-sensitive phase is responsible for most 
of the SQS activity in the absence of inhibitors. However, 
there appears to be at least a 6-fold increase in radiolabelled 
FPP following inhibition of SQS in Hep G2 cells [25] or rat 
liver [26]. The radiolabel derives from biosynthetic precur- 
sors and may reflect similar increases in total FPP levels. If 
so, the activity of the BPQ-resistant phase may become 
significant, especially in human and marmoset liver where 
the insensitive phase contributes a greater proportion of the 
total activity (Table 1). Thus, occurrence of the BPQ- 
insensitive phase may have consequences for the transfer of 
activity of SQS inhibitors across species in uivo. 

A Kinetic Mechanism for Inhibition of SQS b BPQ 

Variation of FPP and BPQ in the same experiment has al- 
lowed characterisation of the kinetic phase that is most active 
at low FPP concentrations (Fig. 7). This phase approximates 
the total rate at physiological substrate levels. The insensitive 
phase is difficult to characterise because it has low activity and 
does not approximate to steady state. The inhibitor sensitive 
phase is accurately described by Eqn (lo), where second order 
kinetics are followed with respect to FPP. Previous publica- 
tions have described various types of kinetics with respect to 
this substrate. Several apparently demonstrate first-order ki- 
netics [38, 41, 491, and others seem to assume first-order ki- 
netics during characterisation of inhibitors [21, 22, 40, 501. 
Conversely, Shechter and Bloch [5 11 and Mookhtiar et al. [20] 
propose complex kinetics including a term that is second- 
order with respect to FPP. These differences may be due to 
changes in mechanism according to the assay conditions, or 
may reflect the range of substrate concentrations, or methods 
of data analysis. 

In the absence of BPQ, Eqn (10) reduces to: 

e, = V[FPP]‘/(K, + [FPP12) (12) 

which describes the FPP-dependence in Fig. 7. In a thor- 
ough study of a truncated soluble recombinant yeast SQS, 
it is reported that FPP-dependence follows Eqn (7) [20], 
which contains an extra term, KJFPP], to reflect binding of 
a single molecule of FPP. Failure to detect this term in the 
current work is probably because the second FPP molecule 
binds at high affinity (Kb is low), so that the levels of 
complexes with a single molecule of FPP bound are low 
compared to those with containing no FPP, or two mol- 
ecules of the substrate. Thus, there is only a subtle differ- 
ence between the behaviour in Fig. 7 and that described by 
Mookhtiar et al. [20]. It is not clear whether or not there is 
a second phase of FPP-dependence at high substrate con- 
centrations in the absence of BPQ. The second phase in the 
presence of BPQ may be due to competition between in- 
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hibitor and FPP. Inhibition of SQS by BPQ follows first- -. - 
order kinetics, whereas the FPP-dependence follows sec- 
ond-order kinetics, Eqn (lo), possibly because it binds 
strongly at only one of the two FPP-sites. The two FPP-sites 
appear to have different binding specificities (see Ref. 5), 
and our failure to detect a complex containing a single 
molecule of FPP suggests that the second molecule binds 
with a higher affinity than the first. 

The noncompetitive kinetics for the cationic quinucli- 
dine SQS inhibitor contrast with the FPP-competitive ki- 
netics seen for anionic inhibitors such as the FPP- 
analogues, squalestatins, and bisphosphonates [9, 21-23, 
25, 40, 43, 501. This does not prove that FPP and BPQ use 
different sites. BPQ binds slowly and at a high affinity in 
the sensitive phase, suggesting that dissociation may be 
slow enough to prevent competition by FPP during the 
assay. Alternatively, noncompetitive kinetics may occur 
because BPQ associates with SQS after FPP. It may bind to 
E.NADP’, or at one of the two farnesyl sites to E.presqua- 
lene pyrophosphate or E.squalene complex (when presqua- 
lene pyrophosphate or squalene is bound at the other far- 
nesyl site). Thus, noncompetitive kinetics may involve 
slow dissociation of an enzyme.product complex that is 
bound by the inhibitor. Similar behaviour has been re- 
ported for aldose reductase inhibitors, which u&se the 
binding site for glucose but follow noncompetitive, or un- 
competitive, kinetics [52,53]. We speculate that BPQ func- 
tions as an analogue of proposed carbocationic intermedi- 
ates in the SQS reaction mechanism (see Ref. 5), with the 
hydrophobic side-chain occupying a farnesyl binding site 
and the charged nitrogen mimicking a carbocation. This 
hypothesis is supported by the increased potency of quinu- 
clidines in the presence of pyrophosphate, and observation 
of kinetic competition between an FPP analogue and 
BPQ.* 

Analysis of SQS Inhibition Data 

Slow, tight binding and the occurrence of two kinetic 
phases mean that care is required for accurate analysis of 
SQS inhibition. The importance of using a rate equation 
for biphasic kinetics is illustrated using the data for inhibi- 
tion of human microsomal SQS by BPQ. An apparently 
reasonable fit (Fig. 3C) is obtained using the Hill equation: 

v = vo/( 1 + [I]“‘/Ic,,sl) (13) 

where v0 is the rate in the absence of inhibitor and sl is the 
slope factor. This equation is often used to analyse biologi- 
cal data (see Refs. 29 and 32), and estimates IC,, = 1700 
nM and sl = 0.45. The relationship for biphasic kinetics, Eq 
(l), leads to K,’ values of 70 and 12,000 nM (Table 1). 
Analysis assuming single-phase kinetics generates mislead- 
ing results because it averages potency across the two 

*Ward WHJ, Holdgate GA, Davidson RG, Pioli D, Abbott M and 
Charles AD, unpublished data. 
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phases, which vary in magnitude (especially between spe- 
cies and according to FPP concentration), and the ratio of 
I$/K,k varies according to the structure of the inhibitor 
(Table 1). We find that numerous SQS inhibitors exhibit 
biphasic kinetics (see Table 1 and [26]. The ability to detect 
multiple phases is dependent upon several factors, espe- 
cially having a sufficient difference between the two K,’ 
values and both phases giving a significant contribution to 
the overall rate. There is also variation between assays that 
may be associated with different preparations of microsomes 
or purity of the FPP substrate. These factors, lack of prein- 
cubation, or use of different inhibitors, may explain why 
previous studies have not reported biphasic kinetics. 

levels in humans. Proc Nat1 Acad Sci USA 87: 8931-8943, 
1990. 

8. 

9. 

Gonzalez-Pacanowska D, Arison A, Have1 CM and Watson 
JA, Isopentenoid synthesis in isolated embryonic Drosophila 
cells. .I Biol Chem 263: 1301-1306, 1988. 
Ciosek CP, Magnin DR, Harrity TW, Logan JVH, Dickson 
JK, Gordon EM, Hamilton KA, Jolibois KG, Kunselman LK, 
Lawrence RM, Mookhtiar KA, Rich JC, Slusarchyk DA, Sul- 
sky RB and Biller SA, Lipophilic l,l-bisphosphonates are 
potent squalene synthase inhibitors and orally active choles- 
terol lowering agents in viva. .I Biol Chem 268: 24832-24837, 
1993. 

10. 

The importance of tight binding is illustrated using the 
data for inhibition of rat microsomal SQS by AA. An ap- 
parently reasonable fit (Fig. 3F) is obtained using the rela- 
tionship for biphasic non-tight binding kinetics, Eqn (1). 
This analysis gives Kg: = 1.2 nM. The relationship for tight 
binding kinetics, Eqn (3), gives K,\ = 0.3 nM. Failure to 
allow for the effects of tight binding leads to underestima- 
tion of potency and an apparent affinity that varies accord- 
ing to the concentration of binding sites. These problems 
have been encountered when characterising other potent 
SQS inhibitors [25]. 

11. 

12. 

Thelin A, Peterson E, Hutson JL, McCarthy AD, Ericsson J, 
Effect of squalestatin 1 on the biosynthesis of the mevalonate 
pathway lipids. Biochem Biophys Acta 1215: 245-249, 1994. 
Stamellos KD, Shackelford JE, Shechter I, Jiang G, Conrad D, 
Keller G-A and Krisnas SK, Subcellular localisation of squa- 
lene synthase in rat hepatic cells. Biochemical and immuno- 
chemical evidence. J Biol Chem 268: 12825-12836, 1993. 
Jennings SM, Tsay YH, Fisch TM and Robinson GW, Mo- 
lecular cloning and characterisation of the yeast gene for 
squalene synthetase. Proc Nat1 Acad Sci USA 88: 6038-6042, 
1991. 

13. 

14. 

In conclusion, careful assay design and data analysis are 
required to avoid the misleading effects of slow, tight bind- 
ing and multiple phases during inhibition of SQS by BPQ. 15. 

We thank the following for their contributions, advice, and support: 
John Preston, Larry W. Furlong, Peter J. Hunison (in memoriam), 
Jonathan O’Connell, Reg K. Goodwin, David Griffiths, David S. 
Clarke, Alan J. Foubister, David I’. Tuffin, and Leslie R. Hughes. 

16. 

References 17. 

McKenzie TL, Jiang G, Straubhaar JR, Conrad DG and 
Shechter I, Molecular cloning, expression and characteriza- 
tion of the cDNA for rat hepatic squalene synthase. .I Biol 
Chem 267: 21638-21674, 1992. 
Summers C, Karst F and Charles AD, Cloning, expression 
and characterisation of the cDNA encoding human hepatic 
squalene synthase, and its relationship to phytoene synthase. 
Gene 136: 185-192, 1993. 
Robinson GW, Tsay YH, Kienzle BK, Smithonroy CA and 
Bishop RW, Conservation betwen human and fungal 
squalene synthetases-similarities in structure, function and 
regulation. Mel Cell Biol 13: 2706-2717, 1993. 
Jiang G, McKenzie TL, Conrad DG and Shechter 1, 
Transcriptional regulation by lovastatin and 250hydro- 
xycholesterol in HepG2 cells and molecular cloning and ex- 
pression of the cDNA for human hepatic squalene synthase. 
J Biol Chem 268: 12818-12824, 1993. 
Shechter I, Kunger B, Rucker ML, Engstrom RG, Spirit0 JA, 
Islam MA, Boettcher BR and Weinstein DB, Solubilization, 
purification and characterization of a truncated form of rat 
hepatic squalene synthetase. J Biol Chem 267: 8628-8635, 
1992. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

Scandinavian Simvastatin Survival Study Group, Ran- 
domised trial of cholesterol lowering in 444 patients with 
coronary heart disease: the Scandinavian Simvastatin Sur- 
vival Study (4s). Lancet 344: 1383-1389, 1994. 
Alberts AW, Chen J, Kuron G, Hunt V, Huff J, Hoffman C, 
Ruthrock J, Lopez M, Joshua H, Harris E, Patchett A, Mon- 
aghan R, Currie S, Stapley E, Albers-Schonberg G, Hensens 
0, Hirshfield J, Hoogsteen K, Liesch J and Springer J, Meva- 
lonin: a highly potent competitive inhibitor of hydroxy- 
methyl glutaryl-coenzyme A reductase and a cholesterol low- 
ering agent. Proc Natl Acad Sci USA 77: 3957-3961, 1980. 
Davey-Smith G, Song F and Sheldon TA, Cholesterol low- 
ering and mortality-the importance of considering initial 
level of risk. BMJ 306: 1367-1373, 1993. 
Goldstein JL and Brown MS, Regulation of the mevalonate 
pathway. Nature 343: 425-430, 1990. 
Poulter CD and Rilling HC, Conversion of farnesyl pyrophos- 
phate to squalene. In: Biosynthesis ofisoprenoid compounds (Eds 
Porter JW and Spurgeon SL), vol. 1, pp 413-441. Wiley, New 
York, 1981. 
Kornhurst DJ, MacDonald JS, Peter CP, Duchai DM, Stubbs 
RJ, Germerhausen JI and Alberts AW, Toxicity of the HMG- 
CoA reductase inhibitor, lovastatin, to rabbits. .J Pharmacol 
Exp Ther 248: 498-505, 1989. 
Folkers K, Langsjoen I’, Willis R, Richardson P, Xia L-J, Ye 
C-Q and Tamagawa H, Lovastatin decreases coenzyme Q 

18. 

19. 

20. 

21. 

22. 

23. 

LoGrasso PV, Soltis DA and Boettcher BR, Overexpression, 
purification and kinetic characterisation of a carboxy- 
terminal truncated yeast squalene synthetase. Arch Biochem 
Biophys 307: 193-199, 1993. 
Zhang D, Jennings SM, Robinson GW and Poulter CD, Yeast 
squalene synthase: expression, purification and characterisa- 
tion of soluble recombinant enzyme. Arch Biochem Biophys 
304: 133-143, 1993. 
Mookhtiar KA, Kalinowski SS, Zhang D and Poulter CD, 
Yeast squalene synthase. A mechanism for addition of sub- 
strates and activation by NADPH. .J Biol Chem 269: 11201- 
11207, 1994. 
Biller SA, Forster C, Gordon EM, Harrity T, Scott WA and 
Ciosek CP (1988) Isoprenoid (phosphinylmethyl)phospho- 
nates as inhibitors of squalene synthetase. J Med Chem 31: 
1869-1871, 1988. 
Biller SA, Forster C, Gordon EM, Harrity T, Rich LC, Mar- 
retta J and Ciosek CP, Isoprenyl phosphinylformates: new 
inhibitors of squalene synthetase. J Med Chem 34: 1912- 
1914, 1991. 
Biller SA, Sofia MJ, De Lange B, Forster C, Gordon EM, 
Harrity T, Rich LC and Ciosek CP, The first potent inhibitor 
of squalene synthase: a profound contribution of an ether 



Inhibition of Squalene Synthase in Vitro 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

oxygen to inhibitor-enzyme interaction. _I Amer Chem Sot 
113: 8522-8524, 1991. 
Baxter A, Fitzgerald BJ, Hutson JL, McCarthy AD, Motteram 
JM, Ross BC, Sapra M, Snowden MA, Watson NS, Williams 
RJ and Wright C, Squalestatin 1, a potent inhibitor of squa- 
lene synthase, which lowers serum cholesterol in oioo. _I Biol 
Chem 267: 11705-I 1708, 1992. 
Bergstrom JD, Kurtz MM, Rew DJ, Amend AM, Karkas JD, 
Bostedor RG, Bansal VS, Dufresne C, VanMiddlesworth FL, 
Henses OD, Liesch JM, Zink DL, Wilson KE, Onishi J, Mil- 
ligan JA, Bills G, Kaplan L, Nallin Omstead M, Jenkins RG, 
Huang L, Meinz MS, Quinn E, Burg RW, Kong YL, Mochales 
S, Mojena M, Martin 1, Pelaez F, Diez MT and Alberts AW, 
Zaragozic acids: a family of fungal metabolites that are pico- 
molar competitive inhibitors of squalene synthase. Proc NntI 
Acad Sci USA 90: 80-84, 1993. 
McTaggart F, Brown CR, Davidson RG, Freeman S, Holdgate 
GA, Mallion KB, Mirrlees DJ, Smith GJ and Ward WHJ, 
Inhibition of squalene sythase of rat liver by novel 3’ substi- 
tuted quinuclidines. Biochem PharmacoISl: 1477-1487, 1996. 
Delpech B and Khuong-Huu Q, Convenient two-step synthe- 
sis of substituted 1-azaadamantanes from cw-pinene. J Organic 
Chem 43: 48984900, 1978. 
Brown GR, Mallion KB, Harrison PJ and Harrison A, Biphe- 
nylquinuclidines, useful as squakne synthemse inhibitors. Internu- 
tional Patent: Publication Number WO 93109115, 1993. 
Leatherbarrow RJ, GraFit (Version 3.01). Erithacus Software 
Ltd, Staines, U.K., 1992. 
Mannervik B, Regression analysis, experimental error, and 
statistical criteria in the design and analysis of experiments for 
discrimination between rival kinetic models. Meth EnTymol 
87: 370-390, 1982. 
Segel IH, Enzyme Kinetics. Behuviour and Analysis of Rapid 
Equilibn’um and Steady State Enzyme Systems. John Wiley, New 
York, 1975. 
Kenakin TA, Analysis of dose-response data. In: Pharmaco- 
logical analysis of drug-receptor interaction, pp 176-220. Raven 
Press, New York, 1993. 
Williams JW and Morrison JF, The kinetics of reversible tight 
binding inhibition. Meth Enzymol 63: 437467, 1979. 
Cleland, WW, Statistical analysis of enzyme kinetic data. 
Meth Enzymol63: 103-138, 1979. 
Morrison JF and Walsh CT, The behavior and significance of 
slow-binding enzyme inhibitors. Adv Enzymol 61: 201-301, 
1988. 
Goldstein A, The mechanism of enzyme-inhibitor-substrate 
interactions. _I Gen Physiol 27: 529-580, 1944. 
Amin D, Cornell SA, Gustafson SK, Needle SJ, Ullrich JW, 
Bilder GE and Perrone MH, Bisphosphonates used for the 
treatment of bone disorders inhibit squalene synthase and 
cholesterol biosynthesis. _I Lipid Res 33: 1657-1663, 1992. 
Agnew W and Popjak G, Squalene synthetase. Stoichiometry 
and kinetics of presqualene pyrophosphate and squalene bio- 
synthesis by yeast microsomes. J Biol Chem 253: 4566-4573, 
1978. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

52. 

53. 

1501 

Sasiak K and Rilling HC, Purification to homogeneity and 
some properties of squalene synthetase. Arch Biochem Biophys 
260: 622-627, 1988. 
Soltis DA, McMahon G, Caplan SL, Dudas DA, Chamberlin 
HA, Vattay A, Dottavio D, Rucker ML, Engstrom RG, Cor- 
nell-Kennon SA and Boettcher BR, Expression, purification 
and characterisation of the human squalene synthase: use of 
yeast and baculoviral systems. Arch Biochem Biophys 316: 
713-723, 1995. 
Dugan RE and Porter JW, Hog liver squalene synthetase: the 
partial purification of the particulate enzyme and kinetic 
analysis of the reaction. Arch Biochem Biophys 152: 28-35, 
1972. 
Fersht AR, Enzyme Structure and Mechanism. 2nd Ed. WH 
Freeman and Company, New York, 1985. 
Lindsey S and Harwood HJ, Inhibition of mammalian squa- 
lene synthetase activity by zaragozic acid A is a result of 
competitive inhibition followed by mechanism-based irre- 
versible inactivation. _I Biol Chem 270: 9083-9096, 1995. 
Cohen LH, Griffioen M, Van Roermund CWT and Wanders 
RJA, Subcellular localisation of squalene synthase in human 
hepatoma cell line HepG2. Biochim Biophys Acm 1126: 114- 
118, 1992. 
Ericsson J, Appelvist E-L, Thelin A, Chojnacki T and Dallner 
G, Isoprenoid biosynthesis in rat liver peroxisomes. Charac- 
terisation of cis-prenyltransferase and squalene synthetase. f 
BioI Chem 267: 18708-18714, 1992. 
Keller RK, Cannons A, Vilsaint F, Zhao Z and Ness GC, 
Identification and regulation of squalene synthetase mRNA. 
Arch Biochem Biophys 302: 304-306, 1993. 
Poulter CD, Capson TL, Thompson MD and Bard RS, Squa- 
lene synthetase. Inhibition by ammonium analogues of car- 
bocationic intermediates in the conversion of presqualene 
diphosphate to squalene. J Amer Chem Sot 111: 3734-3739, 
1989. 
Bruenger E and Rilling HC, Determination of isopentenyl 
diphosphate and farnesyl diphosphate in tissue samples with a 
comment on secondary regulation of polyisoprenoid biosyn- 
thesis. Anal Biochem 173: 321-327, 1988. 
Beytia E, Qureshi AA and Porter JW, Squalene synthase. III 
Mechanism of action. J BioI Chem 248: 1856-1867, 1973. 
Hasumi K, Tachikawa K, Sakai K, Murakawa S, Yoshikawa N, 
Kumazawa S and Endo A, Competitive inhibition of squalene 
synthetase by squalestatin I. J Antibiot 46: 689-691, 1993. 
Shechter L and Bloch K, Solubilization and purification of 
trans-farnesyl pyrophosphate-squalene synthetase. J Biol Chem 
246: 7690-7676, 1971. 
Wilson DK, Tarle I, Petrash JM and Quiocho FA, Refined 1.8 
A structure of human aldose reductase complexed with the 
potent inhibitor zopolrestat. Proc Natl Acad Sci USA 90: 
9847-9851, 1993. 
Cook PN, Ward WHJ, Petrash JM, Mirrlees DJ, Sennitt CM, 
Carey F, Brittain DR, Tuffin DP and Howe R, Kinetic char- 
acteristics of ZENECA ZD5522, a potent inhibitor of human 
and bovine lens aldose reductase. Biochem Pharmacol 49: 
1043-1049, 1995. 


