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Squalene Synthase: Steady-State, Pre-Steady-State, and Isotope-Trapping Studies
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ABSTRACT. Squalene synthase catalyzes two consecutive reactions in sterol biosynthegisndensation

of two molecules of farnesyl diphosphate (FPP) to form the cyclopropylcarbinyl intermediate presqualene
diphosphate (PSPP) and the subsequent rearrangement and reduction of PSPP to form squalene. Steady-
state and pre-steady-state kinetic studies, in combination with isotope-trapping experiments of enzyme
substrate complexes, indicate that two molecules of FPP add to the enzyme before NADPH and that
PSPP is converted directly to squalene without dissociating from the enzyme under normal catalytic
conditions. In addition, formation of PSPP or a prior conformational change in squalene synthase is the
rate-limiting step for synthesis of squalene from FPP via PSPP in the presence of NADPH and for synthesis
of PSPP in the absence of NADPH. Squalene synthase is inhibited at high concentrations of FPP. Inhibition
is specific for the formation of squalene, but not PSPP, and is competitive with respect to NADPH. In
addition, the binding of either NADPH or a third, nonreacting molecule of FPP stimulates the rate of
PSPP formation. A kinetic mechanism is proposed to account for these observations.

Squalene synthase (EC 2.5.1.21) catalyzes the first twoScheme 1: Reactions Catalyzed by Squalene Synthase

pathway-specific reactions in the biosynthesis of sterols. As
illustrated in Scheme 1, the enzyme mediates the condensa-
tion of two molecules of farnesyl diphosphate (FPB)form

a cI-2-3-linked intermediate, presqualene diphosphate (PSPP),
and the subsequent rearrangement and reduction of PSPP,
with NADPH as a hydride donor, to produce squalene
(1, 2). Squalene synthase is localized in the membrane of
the smooth endoplasmic reticulum) (and is difficult to
purify. Early kinetic studies were carried out with microsomal
or detergent-solubilized enzyme preparatioas 10). Al-
though the biosynthetic reactions from FPP to squalene were
elucidated in the 1950s and 1960s, it was not until Sasiak
and Rilling purified yeast squalene synthase to homogeneity
in 1988 that it became clear that both reactions were
catalyzed by a single enzyméa().

Analysis of amino acid sequences for squalene synthase
provided insights for engineering more soluble variants.
Jennings et al. cloned the yeast squalene synthase gene in
1991 (1) and suggested that the enzyme consisted of a large
cytosolic domain anchored to the endoplasmic reticulum by
a single C-terminal transmembrane helix. Subsequently, a
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1 Abbreviations: FPP, E,E-farnesyl diphosphate; PSPP, presqualene
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oluble and fully active version of recombinant yeast

diphosphate; SME, 2-mercaptoethanol; EDTA, ethylenediamiine- Squalene synthase was constructed by deletion of a C-
N,N,N',N'-tetraacetic acid; EGTA, ethylene glycol kfséminoethyl terminal hydrophobic region from the wild-type enzymé@,(

etherN,N'-tetraacetic acid; PMSF, phenylmethanesulfonyl fluoride; 13). Escherichia coliclones that express the truncated gene

Mops, 3-(N-morpholino)propanesulfonic acid; BSA, bovine serum

albumin; HPLC, high-pressure liquid chromatography; IPP, isopentenyl provide a convenient source of soluble enzyriia (.4).

diphosphate; SDSPAGE, sodium dodecy! sulfatgpolyacrylamide gel

Previous investigators attempted to characterize the chemi-

electrophoresis; DTT, dithiothreitol; TLC, thin-layer chromatography; cal and kinetic mechanisms of the two reactions catalyzed

NADPH, dihydronicotinamide adenine dinucleotide phosphate; NADP
nicotinamide adenine dinucleotide phosphate; NADH, dihydronicotin-

by squalene synthase by studying each individually. The

amide adenine dinucleotide; PRnorganic pyrophosphate; DPM, ~ €NZyme converts FPP to PSPP in the absence of NADPH or

disintegrations per minute.

NADH and to squalene when incubated with PSPP and

10.1021/bi9915014 CCC: $19.00 © 2000 American Chemical Society

Published on Web 01/27/2000



Kinetic Mechanism for Squalene Synthase Biochemistry, Vol. 39, No. 7, 200QL749

NADPH. An electrophilic cyclopropanation is suspected in FPP. The reaction was carried out at 3D in 20 mL of
the synthesis of PSPP, by analogy with other prenyl transfer buffer containing 50 mM Mops, pH 7.2, 20 mM MgCand
enzyme mechanisms, although evidence for the mechanisml mg/mL BSA. FPP (2Qtmol) was added in five 4mol
is sparseZ, 15). In contrast, there is considerable evidence aliquots at 10 min intervals to give a final concentration of
for a cationic cyclopropylcarbinyl rearrangement in the 1 mM FPP. Recombinant squalene synthase (0.7 mg, SA
conversion of PSPP to squalei22 16, 17, 18). Early kinetic 1.9umol mg ! min~) was added in two equal portions; the
experiments were interpreted in favor of a Ping-Pong first addition initiated the reaction, and the second was added
mechanism for the synthesis of PSPP, followed by an orderedafter 60 min, following addition of all of the FPP. Incubation
mechanism for the synthesis of squalene from PSPP andwas continued fo3 h with occasional mixing. Insoluble
NADPH (6, 7). More recent work favored an ordered magnesium salts of PSPP formed gradually during the course
addition of FPP to two nonequivalent FPP-binding sites of the incubation. The turbid solution clarified when the
during the synthesis of PSPP4j. There has been consider- reaction was quenched with 5 mL of 0.5 M EDTA. The
able speculation about whether PSPP remains bound to thesolution was extracted three times with 20 mL of 1-butanol,
enzyme during its synthesis from FPP and subsequentthe extracts were combined, and butanol was removed under
conversion to squalene. The speculation includes whethervacuum. The residue was dissolved in 7 mL of 5:4:1 25 mM
both reactions occur at a single or two separate active sitesNH,HCO;z:acetonitrile:1-butanol to give 62mol (62%) of
Several observations are pertinent to the kinetic relation- PSPP after HPLC purification28) on a 20 x 300 mm
ship between the first and second reactions. Agnew andShodex Asahipak ODP column (Phenomenex). Concentra-
Popj« reported that FPP inhibited the synthesis of squalene tions were determined by phosphate analy2is 22). PSPP
at concentrations above 1@0/, but not PSPPY). Perhaps  was stored dry at-80 °C in small portions of known quantity
as a manifestation of this selective substrate inhibition, the and was dissolved in buffer containing 5 mM {HHCO;,
relative amounts of PSPP and squalene produced in othed% (v/v) Tween-80, and 40% (v/v) 2-propanol shortly before
studies appeared to depend on substrate concentrations. In ase.
study by Mookhtiar et al., PSPP and squalene were synthe- (c) [1-*H]FPP. [1-H]FPP (15-30 mCil«mol) was pur-
sized at identical rates when [FPP] was below.A0 (14). chased from NEN. This material was acceptable for measur-
However, in studies performed by Muscio et &) @nd ing synthesis of squalene (see below), but gave an unac-
Sasiak and Rilling X0) using FPP concentrations between ceptably high background in the proton release assay for
50 and 100uM, PSPP accumulated as the first reaction PSPP (see below). The background was reduced to accept-
outpaced the second. Agnew and Papfuggested that able levels by HPLC on a 4.5% 250 mm Magellan C18
selective inhibition of squalene synthesis by FPP was column (Phenomenex)28). [1-*H]FPP was diluted with
evidence for separate catalytic sites and proposed that FPRinlabeled FPP in 25 mM NHICG; to the desired specific
competed with PSPP at high concentrations by binding activity and concentration. Stock solutions for kinetic
nonproductively to the second sit®) (Several groups found  measurements were stored-&80 °C.
that NADPH accelerated PSPP synthesis, although the (d) [4,8,124“C]FPP. Synthesis of [4,8,124C]FPP from
cofactor is not required for the first reactios, 8—10, 12, [4-1C]IPP was based on a similar procedure for preparing
14). This issue was addressed in a mechanism proposed by3C-labeled FPP, using IPP isomerase and FPP synthdise (
Mookhtiar et al. where NADPH adds after formation of Recombinant avian FPP synthag&)(was partially purified
PSPP. If dissociation of PSPP from the enzyR®&PP (24) and assayed by the acid lability methdb), Rhodo-
complex is rate limiting in the absence of NADPH, reduction bacter capsulatu$PP isomerase was purified and assayed
of PSPP to squalene, which may dissociate more rapidly, as described2{).
would accelerate the synthesis of PSPP from FRR There For synthesis of [4,8,12C]FPP, the reaction mixture
are, however, no reports that bear directly on which step is consisted of 0.74mol of [4-14C]IPP (54.1 mCi/mmol, NEN),
rate limiting and whether PSPP is released during the normal0.6 mg of IPP isomerase (SA 0.1&nol mg-! min1), 0.1
conversion of FPP to squalene in the presence of NADPH. mg of FPP synthase (SA 12mol mg™* min-%), 10 mM
We now describe steady-state, pre-steady-state, and isotopggotassium phosphate, pH 7.0, 50 mM KCI, 10 mM MgCl
trapping experiments that address these issues using solublé¢ mM DTT, and 1 mg/mL BSA in a total volume of 0.3
recombinant yeast squalene synthase and propose a newnL. The reaction was incubated at 30, and synthesis of

mechanism for substrate binding. FPP was monitored at-42 h intervals by the acid lability
assay. Afte5 h the reaction was not complete. The volume
EXPERIMENTAL PROCEDURES was increased to 0.6 mL (maintaining original buffer

concentrations), and an additional 0.6 mg of IPP isomerase

Preparation of Squalene Syntha3euncated recombinant  and 0.1 mg of FPP synthase were added. &tk of further
yeast squalene synthase was producdd.iooli XA90 and incubation, the reaction was quenched by addition of 0.15
purified essentially as previously describetl)( Protein mL of 0.5 M EDTA. Proteins were removed by filtration
concentrations were determined according to the method ofthrough a Microcon-10 unit (Amicon), and FPP was purified
Bradford (9). by HPLC as described previouslg3) on a Prodigy ODS-

Preparation of Substrates. (a) Farnesyl Diphosph&tieP (3) 4.5 x 250 mm column (Phenomenex). Radiochemical
was synthesized from farnesyl bromide according to the purity was verified by TLC on Diamond LK6DF silica plates
procedure of Davisson et al2@. Concentrations were (Whatman) developed with 5:3:5 2-propanol:ethyl acetate:
determined by phosphate analysis using published protocolsconcentrated aqueous ammonia and imaged with a Storm
(21, 22). 840 phosphorimager (Molecular Dynamics). Radiolabeled

(b) Presqualene DiphosphateSPP was synthesized from FPP was mixed with cold FPP to achieve the desired specific
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activity. Stock solutions for kinetic studies were prepared were desired, 1.6 mL (80% recovery of ligroine-soluble
in 25 mM NH;HCO; and stored at-80 °C. radioactivity) of the ligroine extract was applied to the
(e) [4,8,12,4,8,12-1“C]PSPP. Enzymatic synthesis of alumina column, although greater care was required during
[4,8,12,4,8,12-1“C]PSPP was identical to that of [4,8,12- pipetting to not load part of the aqueous layer on to the
4C]FPP except that Bg of purified squalene synthase (SA column.
1.2 umol mg* min~!) was added to the reaction mixture. (b) Assay for Presqualene Diphosphate (Proton Release
The reaction was monitored to minimize the hydrolysis of Assay)Assays for proton release were carried out essentially
PSPP by squalene synthagé)( When addition of squalene  as reported previoushyi8, 30). The remaining ligroine was
synthase was delayed, RgFPP precipitated and failed to  carefully removed from the aqueous layer of the squalene
react further. It was essential that FPP synthase and squalenassay and discarded. Methanol (2 mL) and a boiling chip
synthase be added simultaneously. In addition, it was were added to the aqueous layer. A U-shaped piece of glass
necessary to wash the Microcon-10 unit repeatedly with tubing threaded through a rubber stopper was attached to
1-butanol to efficiently recover PSPP. HPLC purification and the test tube containing the sample. The test tube was placed
TLC analysis were as described for FPPC]JPSPP was in an aluminum block heated to 8&, and 1.2-1.5 mL of
stored dry at-80 °C and dissolved in a buffer containing 5 the contents was distilled into a test tube chilled on ice. A 1
mM NH4HCO;, 4% (v/v) Tween-80, and 40% (v/v) 2-pro- mL portion of the distillate was mixed with 10 mL of
panol just before use. Radioactive material was mixed with Cytoscint cocktail and analyzed for radioactivity. As the
unlabeled PSPP to achieve the desired specific activity. distillation proceeded, solvent that distilled later had a slightly
() NADPH.NADPH was purchased from USB and was higher radioactivity per volume than solvent that distilled
dissolved in distilled, deionized water or 25 mM DHHCO; earlier. As a result, the small variation between samples in
immediately before use. Concentrations were determined bythe volume of the distilled solvent contributed a slight
UV absorption at 340 nm, using an extinction coefficient of nonsystematic error to the assay. However, control experi-

6200 M1 cm™ (28). ments demonstrated that 382% of exchangeable tritium
(9) [4B-*H]NADPH. [4B-*H]NADPH was prepared by a  was consistently recovered. Measured DPMs were divided

scaled down version of the protocol for preparing [#g- by 0.38 to correct for the recovery of tritium counts.

NADPH (29). A 0.3 mL sample of [2*H]p-glucose (0.02 Time Course Measuremen®&me course reactions were

umol, 15 Ci/mmol; Sigma) was dried under a stream of carried out at 30C using a Kintek rapid mixing machine.
argon. The tritiated glucose, 0.08nol of NADP" (USB), Squalene synthase was in 50 mM Mops buffer, pH 7.2,
and 110 units ofLeuconostoc mesenteroidegucose-6- containing 20 mM MgGlJ, 4 mg/mL BSA, and 1 mM DTT.
phosphate dehydrogenase (Sigma) were dissolved i 60 [*H]FPP and NADPH (when included) were in 50 mM Mops
of 83 mM potassium phosphate, pH 8.0, and @40 of buffer, pH 7.2, containing 2% (v/v) Tween-80, and 20% (v/
DMSO, and incubated for 16 h at 2. NADPH was V) 2-propanol. Upon mixing 24L of enzyme solution with
purified by gel filtration @9) and analyzed by TLC on 24 uL of substrate solution, final concentrations of compo-
Diamond LK6DF silica plates (Whatman) developed with nents other than enzyme, FPP, and NADPH were as
9.6:0.7:2.2 isobutyric acid:concentrated aqueous ammonia:follows: 50 mM Mops, pH 7.2, 10 mM MgGJl 2 mg/mL
water and imaged. The radioactivity comigrated with au- BSA, 0.5 mM DTT, 1% (v/v) Tween-80, and 10% (v/v)
thentic NADPH. PH]NADPH was diluted with unlabeled  2-propanol. Reactants were expelled from the rapid mixing
NADPH immediately before each experiment. The specific machine after the designated reaction time with approxi-
activity of the sample was determined by liquid scintillation mately 100uL of buffer [50 mM Mops, pH 7.2, 1% (v/v)
spectrometry and UV spectroscopy. Tween-80, and 10% (v/v) 2-propanol] and approximately 175
(h) [4B-’H]NADPH. [4B-?°H]NADPH was prepared and uL of quench solution [1:1 (v/v) 40% aqueous KOH:
purified as described previousl29). Concentrations were  methanol]. Assays for squalene and PSPP were carried out

determined as described for NADPH. as described above.

Squalene Synthase Assays. (a) Assay for Squaldrmee. Isotope-Trapping ExperimentReactions for isotope trap-
assay was modified from published protocolk2,(18). ping were carried out at 3UC using a Kintek rapid mixing
Assays contained 50 mM Mops, pH 7.2, 10 mM MgQl% machine. After quenching, the squalene extraction assay was

(v/v) Tween-80, 10% (v/v) 2-propanol, 1 mM DTT, 1 mg/ performed, andH and“C radioactivities in squalene were
mL BSA, NADPH, FPP (or PSPP), and squalene synthasemeasured.

in a total volume of 200uL in glass test tubes unless (a) Trapping of Enzyme [4,8,12C]FPP Complexes with
otherwise specified. Reactions were incubated &tG@nd [4B-*H]NADPH. Typically, 24 uL of enzyme solution and
were quenched with an equal volume of 1:1 (v/iv) 40% 24 ulL of [**C]FPP solution were mixed and incubated for 1
aqueous KOH:methanol. Sufficient solid NaCl was added s, before mixing with 24.L of a chase solution containing
to saturate the mixture, and 2 mL of ligroine containing 0.5% [4B-*H]NADPH and unlabeled FPP. Reactions were quenched
(v/v) squalene was added. The mixture was vortexed after 0.3-40 s upon expulsion with approximately 100
vigorously for 30 sA 1 mL portion of the ligroine layer  of buffer and approximately 7%L of additional chase
was applied to a 0.5 6 cm alumina column (86200 mesh, solution into a test tube containing 300 of a KOH quench
Fisher) packed in a Pasteur pipet and preequilibrated with 2 solution. The enzyme solution contained 50 mM Mops, pH
mL of ligroine containing 0.5% (v/v) squalene. The column 7.2, 30 mM MgC}, 1 mM DTT, 5 mg/mL BSA, and 840
was eluted with 5< 1 mL of toluene containing 0.5% (v/v)  uM squalene synthase. ThEC]FPP solution contained 50
squalene. The radioactivity of the eluent was measured in 5mM Mops, pH 7.2, 20% 2-propanol, 2% Tween-80, and 20
mL of Cytoscint (ICN) or Ecoscint O (National Diagnostics) 120uM [4,8,12+4C]FPP (3-29 uCi/umol). Concentrations
scintillation cocktail. When greater recoveries of squalene in the preincubation period, following 1:1 mixing of enzyme
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and [“C]FPP solutions, were as follows:—20uM squalene
synthase, 1660uM [4,8,12+44C]FPP, 50 mM Mops, pH 7.2,
10% 2-propanol, 1% Tween-80, 15 mM MgCD.5 mM
DTT, and 2.5 mg/mL BSA. Chase solution consisted of 1.8
mM [4B-*H]JNADPH (6—15 uCi/umol), 180-280 uM

unlabeled FPP (such that the total concentration of FPP was

100 uM in the reaction), 50 mM Mops, pH 7.2, 10%
2-propanol, and 1% Tween-80. Reaction concentrations,
following 2:1 mixing of preincubated enzym&(C]FPP and
chase solution, were as follows: 2:63.3 uM squalene
synthase, 10&kM FPP, 600uM [4B-3H]NADPH, 50 mM
Mops, pH 7.2, 10% 2-propanol, 1% Tween-80, 10 mM
MgCl,, 0.3 mM DTT, and 1.6 mg/mL BSA.

(b) Trapping Enzyme [4,8,12,8,12-“C]PSPP with [4B-
SHINADPH. Enzyme (24uL) and [4C]PSPP (24ulL)
solutions were mixed, incubated for 2 s, and combined with
24 ul of a chase solution containing [484]NADPH and
unlabeled FPP. Reactions were externally quenched afte
0.3-65 s, upon being expelled from the rapid mixing
machine, as described for the trapping of enzyM€E]FPP
complexes. Enzyme solution contained 4M squalene
synthase and was otherwise identical to that used for enzym
[4,8,12+C]FPP trapping.’fC]PSPP solution contained 100
1M [4,8,12,4,8 ,12-1%C]PSPP (7.4Ci/umol), 50 mM Mops,

I

€
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Ficure 1: Initial rates for squalene synthesis from FRB and
PSPP @), in reactions containing 1 mM NADPH. Reaction
mixtures containing NADPH, but not enzyme or isoprenoid
substrate, were equilibrated at 3D before rapid successive addition
of enzyme and3H]FPP or [“C]PSPP. Reactions with FPP (200
uL total volume) were incubated for 5 min and then quenched.
For 0.5-3 uM FPP, enzyme was 0.11 nM, antH|FPP was 818
uCilumol; for 5-50 uM FPP, enzyme was 1.1 nM, antH]FPP
was 107uCi/lumol; and for FPP concentrations ##¥ and higher,
enzyme was 11 nM, andH]FPP was 8.3 Ci/umol. Reactions
with PSPP ranged in volume from 8@Q for 10 uM PSPP to 500
uL for 175 uM PSPP and were incubated for 10 min before

pH 7.2, 20% 2-propanol, and 2% Tween-80. Concentrations quenching. Reactions contained 44 pmol of enzyme, #@JRSPP

in the preincubation period, following 1:1 mixing of enzyme
and [C]PSPP solutions, were as follows: 2M squalene
synthase, 5&M [4,8,12,4,8,12-“C]PSPP, 50 mM Mops,
pH 7.2, 10% 2-propanol, 1% Tween-80, 15 mM Mg@.5
mM DTT, and 2.5 mg/mL BSA. The chase solution consisted
of 1.8 mM [4B-*H]NADPH (8.6 uCi/umol), 300 uM
unlabeled FPP, 50 mM Mops, pH 7.2, 10% 2-propanol, and
1% Tween-80. Reaction concentrations, following 2:1 mixing
of preincubated enzymé#C]PSPP and chase solutions, were
as follows: 13.3(M squalene synthase, 381 [4,8,12,4,8 ,-
12-1“C]PSPP, 10uM unlabeled FPP, 60@M [4B-3H]-
NADPH, 50 mM Mops, pH 7.2, 10% 2-propanol, 1%
Tween-80, 10 mM MgGl 0.3 mM DTT, and 1.6 mg/mL
BSA.

(c) Trapping Enzyme [4BH]NADPH with [4,8,1214C]-
FPP. Enzyme/fHINADPH (24 uL) and [“C]FPP (24ul)
were mixed, incubated for 0-1180 s, and then expelled from
the rapid mixing machine with approximately 10Q of
buffer and approximately 17gL of the quench solution.
The enzymeAH]NADPH solution contained 1M squalene
synthase, 30@M [4B-3H]NADPH (15 uCi/umol), 50 mM
Mops, pH 7.2, 20 mM MgGl 1 mM DTT, and 4 mg/mL
BSA. [*“C]FPP/unlabeled NADPH contained 20 [4,8,-
124C]FPP (2.2uCilumol), 2.7 mM unlabeled NADPH, 50
mM Mops, pH 7.2, 20% 2-propanol, and 2% Tween-80.
Reaction concentrations following 1:1 mixing of enzyme/
[BHJINADPH and [“C]JFPP/unlabeled NADPH solutions were
as follows: 5uM squalene synthase, 1M [4,8,12+4C]-
FPP, 1.5 mM NADPH, 50 mM Mops, pH 7.2, 10%
2-propanol, 1% Tween-80, 10 mM Mggl0.5 mM DTT,
and 2 mg/mL BSA.

(d) Trapping Enzyme [4BH]NADPH with [4,8,12,4,8 ,-
12-“C])PSPP.The experimental procedure was similar to
that for trapping of enzymelH]NADPH with [1“C]FPP. The
enzyme/fH]NADPH solution was as above except that the
enzyme concentration was 20/, and the specific activity
of [4B-3H]NADPH was 52uCi/umol. [*C]PSPP/unlabeled

was 0.2 uCilumol. Data for FPP were averages of duplicate
determinations, while those for PSPP were single determinations.

NADPH solution contained 200M [4,8,12,4,8,12-14C]-
PSPP (4.2.Ci/umol), 2.7 mM unlabeled NADPH, 50 mM
Mops, pH 7.2, 20% 2-propanol, and 2% Tween-80. Reaction
concentrations following 1:1 mixing of enzyméfi|NADPH

and [“C]PSPP/unlabeled NADPH solutions were as fol-
lows: 10uM squalene synthase, 100 [4,8,12,4,8,12-
14C)PSPP, 1.5 mM NADPH, 50 mM Mops, pH 7.2, 10%
2-propanol, 1% Tween-80, 10 mM Mg£l0.5 mM DTT,
and 2 mg/mL BSA.

RESULTS

Squalene Synthase Uses FPP More Efficiently Than PSPP
as a SubstrateThe effect of FPP and PSPP concentrations
on the initial rate of squalene formation was studied at
saturating concentrations of NADPH (1 mM). The results
for FPP and PSPP are compared in Figure 1. FPP showed
substantial substrate inhibition at higher concentrations.

PP the half-saturation concentration of FPP for binding to
both of its binding sites, was estimated from rates measured
for [FPP] < 80 uM, where substrate inhibition was not
obvious, by fitting the data to the Michaeti#lenten
equation using Gra-Fit Version 3.0 (Erithacus Software).
VAP is an apparent value based on the §jo° = 19 + 4
uM, andVi? = 2 34 0.2 s1. Squalene synthase followed
normal Michaelis-Menten behavior when PSPP was the
substrateK">""= 75 + 20 uM and Viyax = 1.3+ 0.2 s'L.

The kinetic constants suggest that FPP is preferred over PSPP
for squalene at lower [FPPI5X and that PSPP should
accumulate as the reaction proceeds if it is released during
turnover.

Rate-Determining Step of the Reaction Sequence Occurs
Prior to or Concurrent with PSPP FormatioriPre-steady-
state time course studies were used to identify the rate-
determining steps, for the synthesis of PSPP and squalene
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Ficure 2: Time course for formation of PSP®) and squalene Ficure 3: Time course for formation of PSPP from 2001 FPP,

(©) from 80 uM FPP and 1 mM NADPH. The reactions were inthe absence of NADPH. Reactions were initiated by rapid mixing
initiated by combining enzyme and substrate in a rapid mixing as described in Figure 2. The enzyme solution containgdv8
machine. The enzyme solution contained\ squalene synthase, squalene synthase, and the substrate solution containegMO00
and the substrate solution contained 180 [1-*H]FPP (38uCi/ FPP (24uCilumol). The final concentrations after 1:1 mixing of
umol) and 2 mM NADPH. The final concentrations after 1:1 mixing enzyme and substrate solutions wereM squalene synthase and
of enzyme and substrate solutions wereM squalene synthase, 200 uM [1-3H]FPP; reactions were 0-2.5 s in duration.

80 uM [1-H]FPP, and 1 mM NADPH; reactions were 0-08 s

in duration. 08 r~—71 T T T 1T T 1T T T T 1T T T T 1T 1] 40

from FPP in the presence of NADPH and for the synthesis i 7
of PSPP in the absence of NADPH. As shown in Figure 2, 06
a “burst” of PSPP or squalene synthesis was not observed
during the first turnover of the enzyme when optimal
substrate concentrations were used to achieve a maximal rate
of squalene synthesis (8aV FPP and 1 mM NADPH).
Rates of formation of the two products were identical within 02 L4 v 1 40
the error limits of the assays. Product formatikp; = 1.6 j. v
+ 0.1 s'%, was linear for several turnovers when data points & oY
from both assays were treated as a single data set or R
separatelyk>>""= 1.6 + 0.1 s* and k32 = 1.50 + 0.03 0 20 40 60 80 100 120 140 160 180
s L. Similar pre-steady-state kinetic profiles for formation t(s)

of both PSPP and squalene show that the rate-determiningrigure 4: Time course for synthesis of PSPP and squalene with
step occurs before PSPP is formed. In addition, the absencei00 and 50:M FPP. Data points are represented as follows: PSPP
of a typical precursor/product profile for PSPP and squalene synthesis with 10&M FPP (), squalene synthesis with 100/

further supports the suggestion that PSPP does not dissociatgv'i::ﬁ ggbpfﬂpl'zs%m(vh)esfll""riéggt?ﬂs':soﬁ]gi)ﬁ gg“f"fn”'\‘z SI\)I’Rg‘SSHiS
. . u . .
from the enzyme during synthesis of squalene from FPP. Reactions at low FPP concentrations containedM2 squalene

Data from the corresponding pre-steady-state time coursesynthase in the enzyme solution and 200 [1-3H]FPP (26xCi/
carried out in the absence of NADPH are given in Figure 3. umol) and 2 mM NADPH in the substrate solution, for a final

The absence of a burst shows that release of PSPP is nogoncentration after mixing of kM squalene synthase, 1QM

S : . PSPP__ [1-3H]FPP, and 1 mM NADPH. Reactions at high FPP concentra-
rate limiting. The rate of PSPP synthesis was linkdy, = tions contained 1@M squalene synthase in the enzyme solution

1.3+ 0.1 s'1. Taken together, these studies demonstrate that;ng 1000uM [1-3H]FPP (5.1xCilumol) and 2 mM NADPH in
product release is not rate limiting, regardless of whether the substrate solution, for a final concentration after mixing of 5
the final product is squalene or PSPP. Thus, the rate-limiting «uM squalene synthase, 500/ [1-*H]JFPP, and 1 mM NADPH.
step occurs before or during formation of PSPP and does Time courses were followed with reactions between 0.5 and 180 s
not phange in the absence of NA_DPH. . :lce?grgitlll%rlweaé(:‘)tgtl‘t;]li?lgtiigg.hlgh FPP concentrations. Data points
High FPP Concentrations Inhibit Formation of Squalene
but Not PSPPSubstrate inhibition of squalene synthesis at FPP, there was a marked difference in the rates of PSPP
high FPP concentrations has been reported previodsk; ( and squalene synthesis. While formation of PSPP synthesis
9, 10, 12). An early study suggested that high FPP concen- was unimpeded, a substantial and immediate, although
trations inhibit synthesis of squalene but not PS®PSince transient, inhibition of squalene synthesis was observed.
this study included only a few data points at inhibitory FPP  The rapid recovery of squalene synthesis after20 s
concentrations and was performed with crude microsomal may be due to a drop in [FPP] because of precipitation. FPP
enzyme, we decided to reexamine the issue using rapidforms a visible precipitate with magnesium in a time- and
quench techniques. Time courses were measured at botltoncentration-dependent manner (data not shown). The rates
inhibitory and noninhibitory FPP concentrations, and reac- observed for PSPP and squalene synthesis just after mixing
tions were assayed for synthesis of both PSPP and squaleneshould reflect the true extent of substrate inhibition at the
The results are shown in Figure 4. At 100 FPP, neither  initial FPP concentrations. However, as the magnesium salts
PSPP nor squalene synthesis was inhibited, and the progressf FPP precipitate, the concentration of soluble FPP will
curves were nearly superimposable. However, at 00 drop, and the rate of the reaction should increase transiently

o pgm
Q0 »
<P »

04 | o — 20

Fractional conversion
slaaown]
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Rate of PSPP synthesis (s™)
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0 0.002 0.004 0.006 0.008 0.01 0 100 200 300
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FiGure 5: Double reciprocal plot of rate of squalene synthesis FIGUREG: Initial rates for PSPP synthesis versus FPP concentration,
versus [NADPH], at four inhibitory concentrations of FPP. FPP in the presence®) or the absenceX) of 1 mM NADPH. FPP
concentrations are as follows: 208 FPP (»), 300uM FPP @), concentrations were varied from 10 to 3@, in buffer containing
400uM FPP (7), and 500uM FPP @). [1-3H]FPP was 2.4.Ci/ no or 1 mM NADPH. For FPP concentrations between 10 and 80
umol. The concentration of enzyme was &M, and reactions were M, [1-*H]FPP (20uCi/umol) was incubated with 125 nM enzyme.
incubated for 10 s after addition of FPP before they were quenched.For [FPP]> 100 uM, [1-*H]FPP (4.0uCi/umol) was incubated
Data points were averages of duplicate determinations. with 750 nM enzyme. Reactions were quenched after 10 s, and
samples were analyzed with the proton release assay. Data points

as substrate concentrations drop below inhibitory concentra-Vere averages of duplicate determinations.

tions. Precipitation of FPP might also account for the scatter jjystrated in Figure 6. In the presence of 1 mM NADPH, a
in the data at longer reaction times and the failure of the plot of the rate of PSPP formation versus [FPP] fits a
reactions to reach completion. o saturation curve with§%" = 13 + 1 uM, similar to the
Substrate Inhibition by FPP is Competiéi with NADPH. —y51ye of 194M observed for squalene formation deduced
To further characterize the mechanism of substrate inhibition o, steady-state kinetic measurements (see Figure 1). Rates
by FPP, inhibition studies were conducted where [NADPH] 4t pspp synthesis were slower in the absence of NADPH at
was varied at different inhibitory concentrations of FPP, and low FPP concentrations but matched those seen in the
reactions were analyzed for squalene formation. Because FPFEJresence of NADPH at FPP concentratian200.M. This
precipitates if a time- and concentration-dependent mannerqeryation is consistent with a model where formation of a
from the Mg*-containing assay buffer at these concentra- o aternary complex, either by binding of NADPH or a third
tions, the most consistent and reproducible results were qacule of FPP to EEPPFPP. stimulates production of
obtained using shorter reaction times and correspondingly pgpp. Mookhtiar et al. observed an increase in the rate of
higher concentrations of enzyme. The double reciprocal plot synthesis of PSPP at intermediatel(«M), versus low (0.+
shown in Figure 5 shows competitive inhibition. This is 0.54M), FPP concentrations in the abs;ance of NADRM)(
consistent with a binding mechanism where a third molecule They s'uggested that the acceleration might result from
of FPP binds to the £#PPFPP ternary complex at higher  j,creased competition for the enzyme by FPP, assuming that

concentrations, blocking formation of an-FPRFPP PSPP release was rate limitini4f. Our results suggest a
NADPH complex, but not substantially interfering with the  gifferent model where the rate of PSPP formation is
reaction to form PSPP. stimulated by FPP binding to the BPPFPP complex, even

Both High FPP and NADPH Concentrations Stimulate 4; moderate concentrations of FPP, in the absence of
PSPP Formationln previous kinetic studies, it was observed NaADPH.
that the rate of PSPP synthesis was enhanced by NADPH Hydride Transfer in Squalene Synthesis Displays No

(5, 8-10, 12, 14). This phenomenon was usually explained - sjgnificant Kinetic Isotope EffecQuantitative treatment of
by a rate-limiting dissociation of PSPP fromRPPFPP that the data from dual isotope-trapping studies described later
is circumvented by its immediate conversion to squalene in yequire a correction if there is a primary kinetic isotope effect
the intermediate ®2SPPNADPH complex @, 10, 14).  on hydride transfer from NADPH during the reductive
However, this explanation is inconsistent with the more rearrangement of PSPP to squalene. THEH kinetic
comprehensive results presented here. As seen in Figure Sotope effect on hydride transfer to squalene was measured
dissociation of PSPP is not rate limiting, and in the absence y, competition experiments between [ABI]NADPH/[4B-
of NADPH, the rate-determining step still occurs before 3 NADPH (31) and [4B2HINADPH/[4B-H]NADPH, where
PSPP is formed. a H/T isotope effect should exceed a D/T effect as predicted
An alternative explanation is required for the observed py reduced mass consideratio@g)(
stimulatory effect of NADPH on PSPP synthesis. Since  The amount of*4C-radioactivity in squalene when the
Competitive substrate inhibition by FPP at different NADPH reaction goes to Comp|eti0n is
concentrations indicates that FPP and NADPH bind to the
same form of the enzyme, rates of PSPP formation were c.ppm®™Y = (2.22x 1P dpmiCi)FPR,, SA--{0.8)
measured over a broad range of FPP concentrations with and 1)
without NADPH.
The rate of PSPP synthesis was enhanced at highwhere FPR; is the moles of FPP in the reaction, SAis
concentrations of FPP in the absence of NADPH, as the specific activity of FPP, and the factor of 0.8 represents
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Scheme 2. Trapping Schemes

a. Binary trappable complex

N* F
T e T B S PR
(trapping)
l F N* F

E+F 2> Eo(F+F") <—— Eo(F+F')N* < E*(F+F")N'o(F+F")—> (F4F*)—(F+F*)—N*
(no trapping)

b. Ternary trappable complex

N*
T EFFN —> F—F—N

(trapping)

l F N*

E +2F* > Eo(F+F*)s(F+F*) = Eo(F+F*)o(F+F*)oN* —> (F+F")—(F+F*)—N*
(no trapping)
2 E represents the enzymie* represents{C]FPP,F represents cold FPP in the chase solutih represents [4BHJNADPH, and squalene is
represented as a joining of the three substrates involved in its synthesis, although only the hydride of the involved NADPH is actually present in
squalene. (a) Trapping scheme for a binary trappable complex. (b) Trapping scheme for a ternary trappable complex.

the efficiency of squalene recovery in the assay. The The calculated values wer¥/K)n/(V/IK)r = 1.00+ 0.01
fractional completion with respect to FPP for a reacfiigp) and V/K)p/(VIK)r = 1.01+ 0.01. We conclude that there

is was no significant isotope effect on hydride transfer.
Complexes of Squalene Synthase with FPP Are Trapped
YC-DPM,,, with NADPH. Isotope-trapping experiments used to deter-
i e—— (2 mine the binding order of FPP and NADPH were patterned
C-DPM after similar studies for FPP synthasd4). Preformed

where “C-DPMys is the C radioactivity observed in the Eﬁ?Sﬂsxﬁﬁhbznggﬁgoiqggﬁgﬁli%{‘é&ﬁg;ﬂﬁii%ﬂ;
assay. . . unlabeled FPP. If enzyme-bourtdg]FPP is trapped byiH]-

Slr_wce the reactions CO”t?'”ed a 5-fold EXCESS of NA_DPH NADPH, squalene synthesized during the first turnover of
relative to FPP, gnd 2 equiv of_FPP react with 1 equiv of the enzyme has a high#iC/H ratio than squalene synthe-
NADPH, the fractional consumption of NADPHk4opt) wWas sized in subsequent turnovers, after the specific activity of
10-fold lower than that of FPP, as expressed in eq 3. [C]FPP is reduced by dilution with unlabeled substrate.

£ Since squalene synthase converts FPP to PSPP in the absence
fuappr = _FpP (3) of NADPH, it was necessary to preassociate enzyme and
10 [*C]FPP for only a brief period before the chase solution

- o ] was added. Quenched samples were assayed for squalene
The specific activity of“C in squalene was assumed to be 14c/H radioactivity.

2Spp since 2 mol of FPP is needed to form a mole of  gquations to calculate to fraction of bound substrate
squalene, and thé’C label was incorporated at remote ranned were adapted from a derivation reported by Lask-
positions where kinetic isotope effect are negligible. The yics and Poulter for EPP synthasgd) Two different
specific activity of°H in the product (SAq) was calculated  {rapping scenarios were considered for preformed complexes

using eq 4. between squalene synthase and FPP. In the most straight-
3 forward case, NADPH adds to and traps the ternaf{/€]-
B H-DPM,ps FPP[*“C]FPP complex. However, if NADPH does not add
SAsQ= 2 Seep 14C—DPM0 (4) to the ternary complex, trapping is still possible by ordered
b addition of NADPH and FPP to the binary-[*C]FPP

complex. Equations were derived for each of these possibili-
ties; the case for the binary trappable complex is considered
first. Two possible fates for the-E“C]JFPP complex fol-
log(14 ) lowing addition of the chase solution are shown in Scheme

NADPH (5) 2a. The binary complex can be trapped, by successive
log(1 — fyappHSAs SAvADPH) binding of NADPH and FPP and conversion to squalene, or

the complex can dissociate without trapping. THE-

fractional conversionsf{appn) ranging 0.006-0.03. radioactivity in squalene as a function of time is

(VIK)W/(VIK)T or (VIK)p/(VIK)t isotope effects were calcu-
lated using eq 533) from averages for six reactions at

(VIK) =



Kinetic Mechanism for Squalene Synthase

YC-DPM = (2.2 x 1¢° dpmuCi)[(SA, +
SA)PE + 2SA(1 — P)Ey + (I, — 1)2SAE ] (6a)

where SA is the specific activity of T'C]FPP {Ci/umol)
in the preformed HC]FPP complex, SAis the specific
activity of [**C]FPP (Ci/umol) after mixing with the chase
solution containingdH]NADPH and unlabeled FPHE; is
the total number of moles of active sitéjs the fractional

Biochemistry, Vol. 39, No. 7, 200QL755

YC-DPM = (2.2 x 10° dpmuCi)[(2SA, —
2SA)P+ 21 SAE,, (7h)

Dividing eq 7b by eq 8 gives

“c-DPM _ 2(SA— SAJP  2SA,
*H-DPM! SAgl, SAg

(9Db)

amount of E[**C]FPP trapped (expressed as a mole fraction Again, a plot of thel*CPRH ratio in squalene versus the

of Eyr), andl, is the number of turnovers at timeThe first
two terms in eq 6a represent th€-radioactivity incorpo-
rated into squalene fromC]FPP and (*C]JFPP + cold

FPP), respectively, during the first turnover of the enzyme,

and the third term represents tH€-radioactivity incorpo-

reciprocal ofl; should be linear with a slope proportional to
P.

Assuming thatE,,; and SA are known, the radioactivity
incorporated into squalene fromH]JNADPH in a single
turnover is

rated into squalene from subsequent turnovers. Upon rear-

rangement, eq 6a becomes

YC-DPM = (2.2 x 10° dpmuCi)[(SA, —
SA)P + 2L S|E, (7a)

Similarly, the ®H-radioactivity incorporated into squalene
from [4B-*H]NADPH as a function of time is

*H-DPM' = (2.2 x 10° dpmuCi)l SAE,,  (8)

where SA s the specific activity offHINADPH (uCi/umol).
Dividing eq 7a by eq 8 gives
“c.ppM _ (SA,— SA)P n 2SA,
*H-DPM' SAgl, SAy

(9a)

*H-DPM™Y = (2.2 x 10° dpm/uCi)SAE,,, (10)

Thus, the turnover number at a given time under conditions
where the reaction is irreversible is calculated from eq 11

*H-DPM!

" 3. ppMIY -

t

P can be calculated from the slope of a plot'¢€-DPMY
SH-DPM! versus 1lt. The fractional amount of enzyme
trapped P), calculated in this manner, is 2-fold higher for
E-[*“C]FPP than for H“C]FPP[C]FPP.

Obtaining accurate estimates lpffor squalene synthase
is not straightforward. Calculations of according to eqs
10 and 11 assume that all turnovers lead to squalene.
However, we have already shown that under certain condi-
tions squalene synthase can release PSPP prior to formation

where the*CPH ratio in squalene is expressed as a function of squalene. Estimates &fbased on the amount of tritium

of the turnover numbelt,. A plot of “CPH versus the
reciprocal ofl; should be linear with a slope proportional to
P.

For a trappable ternary-E‘C]FPP[*C]FPP complex, the

incorporated into squalene from [4B{NADPH only count
catalytic events resulting in formation of squalene. As a
consequence, the fraction &, not trapped (1— P) also
includes any H*C]FPP[*C]FPP or E['“C]FPP complexes

equations corresponding to eq 6a, eq 7a, and eq 9a take @at produce PSPP rather than squalene. Thus, the enzyme
slightly different form. The two possible fates for the ternary may catalyze the formation and release of many molecules
complex are shown in Scheme 2b[EC]JFPP[*C]FPP can  of PSPP and still not have undergone turnover all of the way
be trapped by addition of NADPH and converted to squalene, to squalene.
or the complex can dissociate with no trapping. Tfe- The fraction of squalene synthase that yields squalene in
radioactivity incorporated into squalene froMG]FPP asa  the first turnover can be calculated by correctiag for that
function of the number of turnovers is amount of PSPP that dissociates. At the substrate concentra-
w“ X _ tions used in our trapping experiments where FPP and
C-DPM = (2.2 x 10° dpmuCi)[2SAPE, + NADPH were approximately 5-fold higher than thés
2SA,(1 — P)E,, + (I, — 1)2SAE,,] (6b) vaIu_e;,_ the substrate-binding sites were near sa_\turation. When
the initial rate of squalene synthesis in a trapping study was

As described above for eq 6a, the first two terms representPelow the experimentally determined maximal rate, we
14C-radioactivity incorporated into squalene frotiQJFPP assumed the decrease was due.to_comp(_atlng synthesus of
and ([“C]JFPP + cold FPP), respectively, during the first PSPP and the enzyme was functioning at its max_lmal ra_te.
turnover of the enzyme, and the third term represents the Thus, the moles of enzyme that produce squalene in the first
14C-radioactivity incorporated into squalene during subse- turnover EL) is given by

quent turnovers. The two scenarios differ in the number of
FPP molecules with a specific activity of $that are trapped
and incorporated into squalene during the first turnover. For
E-[*“C]FPP, squalene from the first turnover contains only
one FPP molecule with a specific activity of gAvhile if

+ _ Eo
Etot - \Vj

max

(12)

wherev is the observed initial rate of squalene formation in

E-[*“C]FPP[“C]FPP is trapped, two molecules of FPP with
a specific activity of SA are incorporated into squalene.
Upon rearrangement, eq 6b becomes

the trapping study ani¥n.x is the corresponding maximal
rate for the same preparation of enzyme. WHgl is
substituted foE in eq 10 and this substitution is propagated
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FicURe 7: Trapping of preformed enzym&C]FPP complexes with FIGURES: Plot of enz ; ;

| A ! . ) : yme=PP complex trapping fraction, corrected
[3H].N.ADP|H' Conditions are described in Experimental Procedures; for pathway partitioning, versus [FPP] in the complex preformation
positive slope indicates trapping. period. The error bars foP reflect errors in the initial rateuj

_used for calculatingEl, and the error in the slope used to
through eqs 11, 9a, and 9b, egs 9a and 9b can be rewritteng|culateP!. 0ot P

as egs 13a and 13b,

2 [T T T T T T T T [T T T T[T T T T[T 7T
c.ppM _ (SA,— SA)P"  2SA 80 E
= + 16 .
H-DPM %ItT SA3 s 14 :" n
(for a binary trappable complex) (13a) é 12 - .
g 1 =
Uc.ppM _ 2(SA,— SA)P"  2SA, S os [ B
3 t t + o B .
H-DPM SAl SA; 3 06 N
(for a ternary trappable complex) (13b) ° g-‘z‘ oo oo

whereP! represents the fraction &, that is trapped antf 0 - '0'5' - 1' - '1'5' = ’; -

0 : :

is the number of turnovers based Bfj,.
For a series of experiments where the FPP concentration 11,

in preassociation with the enzyme is varied, while the Ficure9: Trapping of preformed enzyrn{éH]NADPH complexes

concentration of NADPH in the chase solution is held Wwith [**C]JFPP. Conditions are described in Experimental Proce-

constant, a plot oP" versus [FPP] should give a “saturation dures; insignificant slope indicates an absence of trapping.

curve” for formation of the trappable comple®; s for the of FPP, as does squalene synthesis, it is reasonable that the
curve is the FPP concentration, where half of the enzyme is S5 values for these two phenomena would be similar.
present as a trappable complex, and the limPot infinite Second, the limiting value d?' predicted from the saturation

[FPP] is the efficiency for trapping the preformed complex curve was 0.8%t 0.06 for E[*C]FPP[*“C]FPP, but was
at a specific [NADPH]. At infinite [NADPH], this limit twice this value, or approximately 90% higher than the
should approach unity. theoretical maximum, for “C]FPP. The limiting value of
Figure 7 shows a plot of*C-DPMPH-DPM versus 1 Pt for E-[**C]FPP[C]FPP is consistent with the fixed
for a representative trapping experiment. The positive slope NADPH concentration of six times the reportgl”°™" of
indicates that trapping has occurred. The mole fraction of 100uM (12) used in these experiments. These results suggest
total enzyme trappedP] in 11 experiments ranged 0.61 that E[Y“C]JFPP[YC]FPP is the catalytically competent
0.48 based on trapping E*C]FPP (eq 9a) or from 0.005to  complex that binds NADPH and synthesizes squalene.
0.24 based on trapping-E‘C]FPP[*C]FPP (eq 9b). Five E:NADPH Is Not Trapped with FPP or PSPBeveral
of the above experiments were identical except for the attempts were made to trap[BH]NADPH with FPP or
concentration of fC]FPP in the preassociation solution. The PSPP. JHINADPH concentrations exceeded>2 KN PP,
fraction of enzyme trapped as a mole fraction of enzyme and unlabeled NADPH in the chase solution was at least
that produced squalene during the first turnove) (was 10-fold higher than the!H]NADPH. This procedure allowed
calculated from these experiments according to egs 12, 13aus to detect trapping of as little as 0.2% of the total enzyme.
and 13b. Whe®" was plotted versus{C]FPP concentration,  Representative data from experiments WC[FPP or J4C]-
a “saturation curve” for formation of the trappable complex PSPP in the chase are plotted in Figures 9 and 10. In neither
was obtained (Figure 8). instance was trapping of-EH]NADPH observed. These
Two features of the plot shown in Figure 8 lead us to favor results, taken together with those in the preceding section,
E-[*“C]FPP[*C]FPP over HYC]JFPP as the trappable indicate that squalene synthase binds two molecules of FPP,
species. Firstys = 19 £ 3 uM, which is almost identical  followed by NADPH, to produce a catalytically competent
to §% = 19+ 4 uM observed for squalene synthesis in the E-FPPFPPNADPH complex.
steady-state kinetic analysis (see Figure 1). If formation of E:-PSPP Is Not Trapped with NADPHExperiments to
the trappable complex involved the binding of two molecules detect trapping of B“C]PSPP were patterned after those
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- e AL O m m s m my m y followed by NADPH. The quaternary-EPPFPPNADPH
18 | ] complex proceeds directly to ESPPNADPH and on to E
16 |- — squaleneNADP*. At high [FPP], FPP competes with
s 14 | - NADPH to form a quaternary EPPFPPFPP complex that
& 40 F ] is converted to PSPPFPP, which then dissociates. Forma-
o 4L 3 tion of a quaternary complex, by the binding of either
é 08 ] NADPH or FPP, stimulates formation of PSPP. Partitioning
& 06 [ ] between these paths depends on competition between
I o4 R 280 o 08— - NADPH and FPP for binding to the ternary-FPPFPP
o2 [ N complex. When [NADPH] is low, free PSPP is formed along
oLt v ] with squalene. It is unclear if the tertiary/PPPFPP complex
o 20 40 60 80 100 120 140 160 is slowly converted to BPSPP, which then dissociates or if

PSPP is formed through a small equilibrium concentration
of E-FPRPFPPFPP.

Since the maximal rates for turnover ofHRPPRFPP
NADPH and EFPRFPPFPP are similar, it is likely that
the rate-limiting step is the same for both conversions. A
likely candidate is the step described by the rate congtant

/1,

Ficure 10: Trapping of preformed enzynigH]NADPH complexes
with [*C]PSPP. Conditions are described in Experimental Proce-
dures; insignificant slope indicates an absence of trapping.

14 - — (see Scheme 3), although a rate-limiting conformational

12 L N change, associated either before or with the chemical step,

- - is possible. The substantial enhancement seen in the rate of

§ T 7] PSPP synthesis when NADPH or a third FPP is bound is

T 08 F - consistent with a rate-limiting conformational change.

”E 06 | 7] At higher FPP and NADPH concentrations, where FPP
a L i and NADPH both stimulate conversion of FPP to PSPP,
O 04 - = increasing [FPP] favors synthesis of PSPP, while increasing
T o2 b N [NADPH] favors synthesis of squalene. Conversely, increas-
T N E—r— ing [FPP] inhibits squalene synthesis, and increasing [NAD-

0 PH] inhibits PSPP release by changing the partitioning of

E-FPPFPP between the two paths. The steady-state equa-
tions describing this scenario are identical in form to those
for alternate substrate inhibitiol3%) as given by

o
@

1/1,

Ficure 11: Trapping of preformed enzynj&'C]PSPP complexes
with [BH]JNADPH. Conditions are described in Experimental

Procedures; insignificant slope indicates an absence of trapping. v = Vina{ NADPH] (14)
KIAPPR(1 + [FPPIKE™™Y + [NADPH]

described for enzyme FPP complexes. PSPP was unavailable m d

in the necessary quantities, and unlabeled FPP was used as V,adFPP]

a replacement in the chase solution. FPP is more efficiently (15)

V= FPP NADPH
utilized as a substrate by squalene synthase than PSPP and Ka il + [NADPHJ/K ) + [FPP]

should effectively compete with PSPP after the initial

turnover.

A representative set of data is plotted in Figure 11. It is
clear from the absence of a positive slope thgt®€]PSPP
was not trapped by3HINADPH. The '4CPH ratio for

wherev is the rate for synthesis of squalené,s the rate
for synthesis of free PSPIK"°" is the Michaelis con-
stant for NADPH,K"%is the dissociation constant for a

third FPP binding to the ternary complex, aXgax is the

squalene was consistent with the respective specific activitiescommon maximal rate for both pathways. Dividing eq 14

of [**C]PSPP and®H]NADPH after the addition of chase

by eq 15 yields eq 16, an expression for the relative rates of

solution and the relative efficiencies for synthesis of squalene the two paths:

from FPP and PSPP. Our inability to trap[EC]PSPP is

somewhat surprising since PSPP is an intermediate in
squalene synthesis from FPP and is converted to squalene v

when incubated with NADPH. A corrected trappirfgf) of
0.10 would have beesubstantiallyabove the background
for this experiment. [PSPP], at 5fM, was approximately
0.6 x K, in the E[*C]PSPP solution, and a premixing time
of 2 s should be sufficient for formation of the binary
complex. P' for FPP at [FPP 0.65% estimated from
Figure 8 was 0.35. Thus,-E*C]PSPP is trapped at least
3.5-fold less efficiently than #4C]JFPP[*“C]FPP.

New Binding Mechanism for Squalene Synthadse

propose the mechanism for substrate binding shown in

v K§INADPH]

~ (16)
KNAPPHIEPP)

As shown in Figure 6/ ~ Vmax at FPP concentrations
above 20QuM in the absence of NADPH. Since thgmas
are essentially identical for synthesis of PSPP and squalene
when measured individually at optimal substrate concentra-
tions, it follows that the total flux through both pathways
should equaNVmax When operating in competition at [FPP]
> 200uM, as expressed in eq 17:

(v+¢) =V, a7

Scheme 3. Under normal conditions in the presence of FPP
and NADPH, squalene synthase binds two molecules of FPP,Thus, ' can be expressed in terms of and Vma, by
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Scheme 38
Path B
E— * EeP — " E+P
i (slow)
k/[FPP] ko[FPP] : ks[NADPH]
E <= EF1 <—= E*F1eF2 <—= EeF1eF22N —» E¢PsN — » EsSeN* — » E+S+N*
K K, ks (rds) (fast) (fast)
+ Path C
— k[FPP] ks
— Path D ————— EeF{¢F2eF3 — » E*PF3 — » E+P+F3
Path A Ka (rds) (fast)
ks[PSPP] k;[NADPH]
L ——" EeP <—= E*PN —» E*SN'— » E+S+N"*
ks (fast) (fast)

k7

a Proposed kinetic mechanism for squalene synthagepresents the enzyme, aRd, F2, andF3 refer to the first, second, and third binding

molecules of FPP in the ordered sequential mechariisnefers to NADPH
respectively. Pyrophosphate is not illustrated in the scheme, although
because the current investigation did not address the timing jafeRRase
rearrangement of eq 17, and substitution into eq 16 to give

v KGTINADPH]

Vo= 2) KVAPPHEPP]

(18)
Rearrangement of eq 18 to a form that describes a double
reciprocal plot forv versus [NADPH] gives
1 KmADPH[FPP]
Vinax Vo, Ki T INADPH]

1

v

(19)

The velocity equation described in eq 19 is a simplification
of the full rate equation and is only valid for [FPP] 200
uM. The slope of a double reciprocal plot ef versus
[NADPH] is proportional to [FPP], and a slope replot versus
[FPP] has a slope described by the coefficiei} "/
ViaKi™™9. The value ofVmax is given by the reciprocal of
they-intercept from the double reciprocal plot, and if either
KAPPH or KEPP2is known, the other can be calculated. The
y-intercept from Figure 5 corresponds\@ax= 3.4 s*. This
value for Vima is slightly larger thanVi?® = 2.3 st
estimated from the data shown in Figure 1 without correction
for substrate inhibition. The slope replot shown in Figure
12 giveskM PPV, o, KEPP3= 1.8 s, andkPPH/KEPP3= 6.2
for Vmax = 3.4 s,

DISCUSSION
Synthesis of squalene from FPP and NADPH requires two

NT refers to NADP, andP andS correspond to PSPP and squalene,
two moleculesaoé Ri*med and released in the synthesis of squalene,
in the reaction sequence.

800

T

600

400

Slope (uMxs)

200

400 500 600

[FPP], uM
Ficure 12: Slope replot of inhibition data from Figure 5.

prenyl donor as C1 is inserted into the-©23 double bond
of the second molecule of FPP. The second step, synthesis
of squalene from PSPP, involves loss of the diphosphate
moiety in PSPP to generate a cyclopropylcarbinyl cation that
rearranges and is reduced by NADPH give squaléngq).
The chemical mechanism for the second step requires
formation of the cyclopropane ring in PSPP before the
diphosphate moiety leaves.

When both substrates are present, squalene synthase forms
a catalytically competent-EPPFPPNADPH complex that
is converted to BPSPPNADPH and then to Equalene
NADP* without dissociation of PSPP from the enzyme.
Synthesis of PSPP is stimulated when NADPH is bound.

distinct chemical stepssynthesis of PSPP and the reductive Our isotope-trapping experiments provide strong evidence
rearrangement of PSPP to squaleBe The first step is a  that both molecules of FPP bind before NADPH. Mookhtiar
prenyl transfer reaction where one of the FPP molecules et al. (14) found that squalene synthase has two distinct FPP
serves as a prenyl donor and the other as a prenyl acceptorbinding sites with different affinities for the substrate. They
During synthesis of the cyclopropane ring in PSPP, the are presumably the prenyl donor and prenyl acceptor sites
diphosphate moiety and a proton are lost from C1 of the for the cyclopropanation reaction. Different affinities for the
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two FPPs suggest that squalene synthase binds the moleculeand 0.6uM in rat and mouse liver tissuel). These FPP
in a preferred order; however, we cannot distinguish betweenconcentrations would strongly favor formation ofHPP
ordered and random mechanisms or determine which sitetFPPNADPH and synthesis of squalene without release of
has the highest affinity for FPP because saenemolecule the PSPP intermediate. In an in vivo pulse-labeling study
is the natural substrate for both sites. with perfused rat liver, Muscio et al. measured the relative
The model we proposed for substrate binding in Scheme rates of free PSPP and squalene synthesis. They found that
3 has at least three branches (A, C, and D), and perhaps dahe amount of PSPP recovered never exceeded 2.4% of that
fourth (B). Each of the paths can become dominant depend-for squalene, and the maximal rate for PSPP synthesis
ing on the concentrations of FPP, PSPP, and NADPH. Pathscoincided with that for squalene syntheds Taken together
B—D branch from the ternary-EPPFPP complex. At low  with our results, it appears that most of the squalene in the
FPP concentrations and either very low or no NADPH, free liver samples was synthesized directly from FPP without
PSPP can be synthesized slowly fronFERPFPP by path release of PSPP during turnover. If the relative levels of FPP
B or from a small steady-state concentration of the more and NADPH in vivo typically favor the direct synthesis of
reactive EFPPFPPFPP complex by path D. We cannot squalene from FPP, there would be no pressure for the
distinguish between the two possibilities from our data. evolution of a more discriminating NADPH-binding site in
Enzyme-bound PSPP, whethetPSPP from path B or £ squalene synthase.
PSPPFPP from path D, dissociates much faster than it binds  The binding mechanism we propose assumes that squalene
NADPH. However, under steady-state conditions, squalenesynthase has a single active site to accommodate both FPP
synthase binds PSPP and NADPH and synthesizes squalenand PSPP. Although there are precedents for enzymes that
(path A). When no NADPH is present, squalene synthase catalyze two reactions at different sites without releasing
slowly catalyzes “solvolysis” of PSPP to give a mixture of intermediates, these systems are large proteins or multisub-
triterpene hydrocarbons and alcohal$)( unit complexes. An example is tryptophan synthase, where
At higher NADPH concentrations and low to moderate indole passes through a tunnel in the interior of the enzyme
FPP concentrations, NADPH binds teFPPFPP (path C). to travel from one active site to the otherlj. In contrast,
Synthesis of PSPP is accelerated, and PSPP is converted tequalene synthase is a relatively small mononigy 42).
squalene without being released from the enzyme. At higher This issue will undoubtedly be resolved soon. A recent report
FPP concentrations, FPP competes with NADPH to form a describes the crystallization of a soluble form of recombinant
quaternary BFPRPFPPFPP complex (path D). Synthesis of human squalene synthags), although the X-ray structure
PSPP is accelerated in theFPPFPRPFPP complex. How- is not yet available.
ever, squalene synthesis is inhibited, and PSPP accumulates.
The binding of either FPP or NADPH to the EPPFPP ACKNOWLEDGMENT
complex might trigger a conformational change in the
enzyme that orients the FPPs in the prenyl donor and accepto
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