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ABSTRACT: R-Synuclein is an abundant protein in the central nervous system that is associated with a
number of neurodegenerative disorders, including Parkinson’s disease. Its physiological function is poorly
understood, although recently it was proposed to function as a fatty acid binding protein. To better define
a role for R-synuclein in brain fatty acid uptake and metabolism, we infused awake, wild-type, or
R-synuclein gene-ablated mice with [1-14C]palmitic acid (16:0) and assessed fatty acid uptake and turnover
kinetics in brain phospholipids.R-Synuclein deficiency decreased brain 16:0 uptake 35% and reduced its
targeting to the organic fraction. The incorporation coefficient for 16:0 entering the brain acyl-CoA pool
was significantly decreased 36% inR-synuclein gene-ablated mice. Because incorporation coefficients
alone are not predictive of fatty acid turnover in individual phospholipid classes, we calculated kinetic
values for 16:0 entering brain phospholipid pools.R-Synuclein deficiency decreased the incorporation
rate and fractional turnover of 16:0 in a number of phospholipid classes, but also increased the incorporation
rate and fractional turnover of 16:0 in the choline glycerophospholipids. No differences in incorporation
rate or turnover were observed in liver phospholipids, confirming that these changes in lipid metabolism
were brain specific. Using titration microcalorimetry, we observed no binding of 16:0 or oleic acid to
R-synuclein in vitro. Thus,R-synuclein has effects on 16:0 uptake and metabolism similar to those of an
FABP, but unlike FABP, it does not directly bind 16:0; hence, the mechanism underlying these effects is
different from that of a classical FABP.

R-Synuclein is a soluble protein that contains 140 amino
acids (1, 2). The protein is primarily localized in presynaptic
terminals of neurons (1, 3-5) and oligodendroglial cell
bodies (6). R-Synuclein overexpression and mutations in the
R-synuclein gene are associated with familial Parkinson’s
disease (7-10). Aggregates containingR-synuclein are also
hallmarks of a number of neurological disorders, including
Alzheimer’s disease (11, 12), Lewy body disease (13, 14),
Down’s syndrome (15), and multiple-system atrophy (16).
Despite the association ofR-synuclein with neurodegener-
ative diseases, its physiological function is poorly understood.

Several lines of evidence suggest thatR-synuclein may
have a role in brain lipid metabolism. For instance, in yeast
and HEK-293 cells, overexpression ofR-synuclein leads to
enhanced lipid droplet formation (17, 18), suggesting altered

lipid trafficking and metabolism. In addition, yeast phos-
pholipase D (PLD)1 activity is inhibited by this overexpres-
sion (17), which is also observed in vitro (19, 20). The
inhibition of PLD is hypothesized to be biologically impor-
tant because vesicular transport processes are modulated via
PLD activity (19, 20). R-Synuclein’s capacity for binding
small phospholipid vesicles (21) and brain vesicles (22), as
well as its capacity for regulating distal pool of synaptic
vesicles (23, 24), is in agreement with this hypothesis. In
addition,R-synuclein also interacts with phospholipase Câ2

and increases the capacity for coupling of the Gâγ subunit
to this phospholipase C, thereby increasing enzymic activity
(25), which may account for the observed increase in the
extent of inositol phosphate formation inR-synuclein-
expressing PC-12 cells upon receptor stimulation (25). Thus,
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R-synuclein may have a critical function in lipid-mediated
signal transduction; however, its role in brain lipid metabo-
lism is poorly understood.

R-Synuclein has been hypothesized to function as a fatty
acid binding protein (FABP) in the central nervous system
(26). More direct evidence for this hypothesis is provided
by a recent study inR-synuclein deficient astrocytes where
16:0 uptake is slowed and targeting to cellular lipid pools is
altered (27). Like FABP, R-synuclein is a small cytosolic
protein (17 kDa) (3, 26) that has similar amino acid
sequences and binds fatty acids with high affinity in vitro
(26). Although FABP can facilitate fatty acid uptake and
trafficking (28-32) and can enhance phospholipid (PL)
biosynthesis (32-34), it is not known if R-synuclein can
affect these processes in the brain. While the brain contains
a number of FABP (35), very little is known with regard to
their impact on fatty acid uptake and trafficking. However,
heart FABP (H-FABP) differentially increases brain fatty
acid uptake, improving 20:4 n-6 but not 16:0 uptake (36).
In addition, H-FABP expression increases the total brain
phospholipid mass and that of select individual phospho-
lipids, as well as altering n-6 family fatty acid content of
phospholipids, demonstrating that this protein has a profound
affect on brain lipid metabolism (36). Thus, it is very
intriguing thatR-synuclein may function as a FABP in the
brain.

To address this issue, we examined the influence of
R-synuclein on 16:0 uptake and turnover kinetics in brain
phospholipid pools in vivo. Further, we examined the ability
of R-synuclein to directly bind 16:0 using titration micro-
calorimetry. AsR-synuclein was not found in liver, this tissue
was used as a negative control. Wild-type (WT) and
R-synuclein gene-ablated (KO) mice were infused with
radiolabled [1-14C]16:0 in vivo, and kinetics were calculated
using a steady-state radiotracer model (37-39). These data
show, for the first time, thatR-synuclein deficiency decreased
brain 16:0 uptake and also decreased the incorporation rate
and fractional turnover of 16:0 in a number of brain
phospholipids, but increased these parameters in the choline
glycerophospholipids (ChoGpl). In the absence of direct
binding of 16:0 byR-synuclein, but in the presence of marked
changes in 16:0 uptake and metabolism inR-synuclein
deficient mice, we conclude that althoughR-synuclein does
not behave as a classical FABP, it alters these parameters
by a mechanism that affects brain 16:0 metabolism.

EXPERIMENTAL PROCEDURES

Mice. This study was conducted in accordance with the
National Institutes of Health Guidelines for the Care and Use
of Laboratory Animals (NIH Publication 80-23) and under
an animal protocol approved by the IACUC at the University
of North Dakota (Protocol 0110-1).R-Synuclein gene-ablated
mice were generated from the 129/SvEv strain by gene-
targeted deletion (24). Male mice (25-30 g) were maintained
on standard laboratory chow diet and water ad libitum. The
ages for the mice used in this study were between 9 and 11
months in both groups.

Western Blot Analysis ofR-Synuclein.Brains and livers
were frozen in liquid nitrogen and pulverized under liquid
nitrogen temperatures to a fine, homogeneous powder. The
tissue powders were suspended in 250µL of ice-cold

homogenization buffer [10 mM Hepes (pH 7.4)] containing
protease inhibitors (Sigma, St. Louis, MO). The samples were
kept on ice, resuspended, and then sonicated for 10 s. The
nuclei and cellular debris were pelleted by centrifugation at
12000g for 10 min. Solubilized material was removed and
placed into a new 1.5 mL tube, and the protein concentration
was measured using a dye binding assay with bovine serum
albumin as a standard (40). For Western blot analysis,
50 µg of liver protein and 10µg of brain protein from wild-
type and gene-ablated tissues and lysate from stably trans-
fected HEK cells expressingR-synuclein (18) were denatured
in sample application buffer containing SDS for 5 min at
95 °C. Samples were then loaded onto 15% polyacrylamide
gels and were run at a constant voltage (160 V) for 65 min.

Proteins were then transferred onto PVDF blotting mem-
branes (Pierce, Rockford, IL), at 300 mA for 40 min, boiled
for 10 min, blocked overnight with 3% BSA in TBS
containing 0.1% Tween 20, and immunoblotted for 2 h with
monoclonal anti-synuclein antibody 4D6 (1:1000) (Signet,
Dedham, MA) or rabbit anti-Erk-2 antibody (1:20000) (Santa
Cruz Biotechnology, Santa Cruz, CA). Horseradish perox-
idase-conjugated goat anti-mouse or goat anti-rabbit antibod-
ies (Santa Cruz Biotechnology) were used to detect bound
R-synuclein or Erk-2 antibody, respectively, and visualization
was carried out using SuperSignal West Pico Chemilumin-
escent substrate (Pierce).

The positive control was the lysate from stably transfected
HEK cells expressingR-synuclein, and Erk-2 was used as a
loading control.

Tracer Preparation. [1-14C]16:0 was synthesized by
Moravek Biochemical (Brea, CA). The ethanol from the
tracer aliquot was evaporated under a constant stream of N2

at 40 °C. The tracer was solubilized in 5 mM HEPES
(pH 7.4) buffer containing “essentially fatty acid free” bovine
serum albumin (50 mg/mL; Sigma Chemical Co.). Solubi-
lization was facilitated by sonication in a bath sonicator for
60 min at 40°C. The appropriate amount of radiotracer was
prepared for each mouse using the mouse’s weight based
upon the infusion parameters of 170µCi/kg (41).

Mouse Surgery and Infusion.The mouse surgery and tracer
infusion were performed as previously described (32).
Briefly, fasted WT and KO male mice were anesthetized
with halothane (1-3%), and PE-10 catheters were inserted
into the femoral artery and vein. Using an infusion pump
(BS-8000, Braintree Scientific, Inc., Braintree, MA), awake
(3-4 post-operative hours) male mice were infused with
170µCi/kg of [1-14C]16:0 via the femoral vein over 10 min
at a constant rate of 30µL/min to achieve steady-state plasma
radioactivity. Prior to and during the infusion, arterial blood
samples (∼20 µL) were taken to determine plasma radio-
activity. Following infusion, each mouse was killed using
pentobarbital (100 mg/kg, intravenous) and immediately
subjected to focused microwave irradiation (2.8 kW, 1.35 s;
Cober Electronics, Inc., Norwalk, CT) to heat denature
enzymes in situ. The whole brain and liver were removed,
frozen in liquid nitrogen, and pulverized at liquid nitrogen
temperatures to a fine, homogeneous powder.

Lipid Extraction.Lipids from the tissue powder, plasma,
and blood samples were extracted using a two-phase extrac-
tion procedure (42). The radioactivity in the aqueous and
organic fractions was determined by liquid scintillation
counting. The extracts were concentrated under a stream of
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N2 at 40°C and dissolved inn-hexane, 2-propanol, and water
(56.7:37.8:5.5 by volume).

Thin-Layer Chromatography.Tissue phospholipids (PL)
were separated by TLC on heat-activated Whatman silica
gel-60 plates (20 cm× 20 cm, 250µm) and developed in
chloroform, methanol, acetic acid, and water (55:37.5:3:2)
(43). Brain, liver, and plasma neutral lipids (NL) were
separated by TLC on heat-activated Whatman silica gel-60
plates (20 cm× 20 cm, 250µm) and developed in petroleum
ether, diethyl ether, and acetic acid (75:25:1.3 by volume)
(44). Individual PL and NL from TLC were used to quantify
individual PL and NL class fatty acid mass by GLC and to
quantify individual PL and NL radioactivity by liquid
scintillation counting, respectively.

Gas-Liquid Chromatography.The 16:0 mass in phos-
phatidylinositol (PtdIns), phosphatidylserine (PtdSer),
ChoGpl, and ethanolamine glycerophospholipids (EtnGpl)
was determined following base-catalyzed transesterification
to form the fatty acid methyl esters (45). As acid-catalyzed
methylation has a higher yield for sphingomyelin (CerPCho),
individual CerPCho fatty acid mass, as well as free fatty acid
mass in plasma, brain, and liver, were measured by GLC
after acid-catalyzed transesterification (46). The gas-liquid
chromatograph (Trace GC, ThermoElectron, Austin, TX) was
equipped with a capillary column [SP 2330; 30 m×
0.32 mm (inside diameter); Supelco, Bellefonte, PA] and a
flame ionization detector. Fatty acids were quantified using
a standard curve from commercially purchased standards
(NuChek Prep, Elysian, MN), and 17:0 was the internal
standard.

Acyl-CoA Extraction, Separation, and Quantitation.Acyl-
CoA from brain and liver was extracted and purified using
a solid-phase extraction procedure and separated by HPLC
on a C-18(2) column (Luna, Phenomenex, Torrance, CA)
(47). The system was controlled with a Beckman (Fullerton,
CA) 127 solvent module. The eluent was monitored at
260 nm using a Beckman 166 UV-vis detector. 16:0-CoA
mass was determined using a standard curve from com-
mercially purchased standards (Sigma Chemical Co.), and
17:0-CoA was the internal standard. 16:0-CoA radioactivity
was determined by liquid scintillation counting.

Liquid Scintillation Counting.Samples were placed into
20 mL liquid scintillation vials, and 0.5 mL of H2O was
added, followed by 10 mL of Scintiverse BD (Fisher). After
mixing had been carried out, the samples were quantified
by liquid scintillation counting using a Beckman LS5000
CE liquid scintillation counter (Beckman Instruments) at least
1 h after the addition of the liquid scintillation mixture.

Kinetic Analysis.Our study was performed under steady-
state conditions, and calculations were carried out as previ-
ously described (37-39). Radioactivity of a given brain or
liver compartmenti, Cbr,i

/ (T) or Cliv, i
/ (T) (in nanocuries per

gram), was calculated by correcting its radioactivity for its
residual intravascular radioactivity (48, 49). Blood samples
taken at the time of death,T ) 10 after starting tracer
infusion, were extracted and analyzed to make this correction.
A curve of plasma radioactivity was constructed for each
mouse and the area under the curve calculated. This area is
the input function. Unidirectional incorporation coefficients,
ki
/ (in inverse seconds), of [1-14C]16:0 from plasma into a

given brain or liver compartmenti, were calculated as follows

where t is the time after the beginning of infusion andcpl
/

(in nanocuries per milliliter) is the plasma concentration of
radiolabeled 16:0 during infusion. The rate of incorporation
of nonesterified 16:0 from brain or liver palmitoyl-CoA into
brain or liver phospholipidi, JFA,i, was calculated as follows

wherecpl (in nanomoles per milliliter) is the concentration
of unlabeled nonesterified 16:0 in plasma. The dilution
coefficient,λ, represents the steady-state specific activity of
palmitoyl-CoA relative to that of plasma

where the numerator is the specific activity of brain or liver
palmitoyl-CoA and the denominator is the specific activity
of plasma 16:0. The fractional turnover rate of 16:0 within
compartmenti, FFA,i (in percent per hour), is defined as

The half-life of the FA ini is defined as

Calculations were carried out individually for each animal,
which allows calculation of normalized individual param-
eters. We then calculated averages of individual parameters
to compare kinetics between groups.

Titration Microcalorimetry.Titration microcalorimetry was
carried out using a Microcal Omega Isothermal Titration
Microcalorimeter (Microcal, Northhampton, MA) and fol-
lowed established procedures for assessing fatty acid binding
to fatty acid binding proteins (50). RecombinantR-synuclein
was purified as previously described (51). R-Synuclein was
dissolved in 20 mM potassium phosphate containing 50 mM
KCl (pH 7.2), and the final concentration was 40-60 µM,
which was titrated with either palmitate or oleate at 27°C.
The fatty acid-containing solution was prepared just before
use by weighing the fatty acid into a 50 mL Falcon tube
and dissolved in a small volume of H2O containing 1.2 equiv
of potassium hydroxide. This solution was adjusted to a final
concentration of 0.8 mM for palmitate or 1.25 mM for oleate
by the addition 20 mM potassium phosphate containing
50 mM KCl (pH 7.2). In a typical experiment,R-synuclein
was placed in the calorimeter cell and was stirred at
400 rpm. The sample was titrated with 25-30 aliquots of
the fatty acid-containing solution (4µL) added at 3 min
intervals. The reference cell was filled with 0.02% sodium
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azide in water, and the instrument was calibrated by standard
electrical pulses. Raw data were integrated using the supplied
ORIGIN software (MicroCal, Inc.), and isotherms were
analyzed as described previously (52, 53). All experiments
were repeated three times.

Statistics.Statistical analysis was done using Instat2 from
GraphPad (San Diego, CA). Statistical significance was
assessed using an unpaired, two-way, Student’st-test, with
a p of <0.05 considered to be statistically significant.

RESULTS

Western Blotting Demonstrates the Absence ofR-Synuclein
in LiVer. R-Synuclein presence in brain and liver of WT and
KO mice was tested with Western blot analysis (Figure 1).
The Erk-2 indicated approximately equal loading of the WT
and KO brain protein, and of the WT and KO liver protein.
Note that the Erk-2 mass in liver is lower than in brain (54).
Brains from WT mice containedR-synuclein (Figure 1, lane
2), while it was absent in brains from KO animals (Figure
1, lane 3). Liver homogenates from WT and KO mice did
not containR-synuclein (Figure 1, lanes 4 and 5), and heart
also did not demonstrate detectableR-synuclein (data not
shown). Hence, liver tissue was used as a negative control
to determine ifR-synuclein gene ablation had a nonspecific
effect on tissue fatty acid metabolism.

Plasma CurVes for [1-14C]16:0 Infusion.Plasma curve
radioactivity indicates that the study was performed under
steady-state conditions. The mean integrated area under the
curve was 1155( 426 and 1260( 467 nCi mL-1 min-1

(n ) 9) for WT and KO mice, respectively. The plasma 16:0
concentration (nanomoles per milliliter) was 68.7( 11.9 for
WT and 76.1( 14.5 (n ) 8) for KO mice. There were no
differences in the mean plasma curve area or free 16:0 plasma
concentration between groups.

R-Synuclein Ablation Decreased Brain 16:0 Uptake.The
effect ofR-synuclein on brain 16:0 uptake and incorporation
into the organic and aqueous fractions was determined. The
total and organic phase radioactivity of the brain extract from
KO mice was decreased 34 and 48%, respectively, as
compared to those of WT (Figure 2, top panel). Similarly,
the coefficient of incorporation,ki

/, into these compart-
ments was also decreased 35 and 48%, respectively (Figure
2, bottom panel). At the same time, the free 16:0 mass in
brain was decreased 20% in KO brains as compared to WT,
and the values (nanomoles per gram wet weight) were

120 ( 16 (n ) 7) for WT mice and 101( 15 (n ) 8) for
KO mice. There was no significant difference in tracer
entering the brain aqueous compartment, which represents
products ofâ-oxidation (32, 55-57). Liver tissue did not
show differences between groups in 16:0 uptake and
incorporation into the organic and aqueous fractions (Figure
3), indicating that the observed differences were brain
specific.

R-Synuclein Affected Incorporation of [1-14C]16:0 into the
Brain Acyl-CoA Pool.To determine the effect ofR-synuclein
gene ablation on incorporation of fatty acids into individual
lipids, incorporation coefficients (ki

/) for individual lipid
classes and the acyl-CoA pool were determined. There were
no significant differences between groups inki

/ for 16:0
entering brain individual neutral lipids (data not shown) or
individual PL (Table 1). However,ki

/ for 16:0 entering the
brain acyl-CoA pool was significantly decreased 36% in KO
mice; these values (ki

/ × 10-5 s-1) were 0.101( 0.021
(n ) 7) for WT mice and 0.065( 0.019 (n ) 7) for KO
mice. For liver, no differences were observed between groups
in ki

/ values for individual lipid classes (Table 2) or inki
/

values for 16:0-CoA; these values were 404( 140 (n ) 5)
for WT mice and 542( 215 (n ) 7) for KO mice.

R-Synuclein Affected the Rate of 16:0 Incorporation and
TurnoVer Kinetics in Brain Phospholipids.Because incor-
poration coefficients alone are not predictive of fatty acid

FIGURE 1: Western blot analysis ofR-synuclein in brain and liver
tissues from WT and KO mice: (+) 0.3 µg of total protein from
R-synuclein-expressing HEK-293 cells, (WT-B) 10µg of total
protein from wild-type brain, (KO-B) 10µg of total protein from
gene-ablated brain, (WT-L) 50µg of total protein from wild-type
liver, and (KO-L) 50µg of total protein from gene-ablated liver.

FIGURE 2: R-Synuclein expression influenced targeting of
[1-14C]16:0 to different brain metabolic pools. Uptake of
[1-14C]16:0 into brain tissue from wild-type andR-synuclein gene-
ablated mice expressed as the total uptake or uptake into the aqueous
and organic brain fractions. Values are expressed as nanocuries
per gram wet weight (top panel) ork* × 10-5 (inverse seconds)
(bottom panel) and were corrected for radioactivity associated with
the residual blood left in the brain tissue. Values represent the mean
( the standard deviation (n ) 7-9). The asterisk indicates statistical
significance from control mice (p < 0.05).
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turnover in individual PL classes, we calculated kinetic
values for 16:0 incorporation and turnover in WT and KO
mouse brain phospholipids (Table 1) and liver phospholipids
(Table 2). In brain tissue, the rate of incorporation (JFA,i) of
16:0-CoA into PtdIns, PtdSer, and CerPCho was decreased
44, 55, and 51%, respectively, but was increased for
incorporation into ChoGpl 1.5-fold in KO mice compared
to WT mice. The fractional turnover (FFA,i) of 16:0 in brain
PtdSer and CerPCho was decreased 68 and 62%, respec-
tively, but was increased 1.7-fold in ChoGpl in KO mice
compared to WT mice. The half-life (T1/2) for 16:0 in brain
PtdSer and CerPCho was increased 2.9- and 2.7-fold,
respectively, but was decreased 41% in ChoGpl in KO mice
compared to WT mice. There were no significant differences
in liver individual PL kinetics between groups (Table 2).
Note that brain 16:0 mass (Cbr,i) was significantly increased
1.2-fold in PtdSer and was decreased 30% in PtdIns in KO
mice compared to WT mice (Table 1). The dilution coef-
ficient λ in brain was 0.054( 0.015 (n ) 7) for WT mice
and 0.058( 0.016 (n ) 7) for KO mice. For liver tissue,
there were no differences in liver individual phospholipid
class 16:0 mass (Table 2) or in the dilution coefficientλ,
which was 0.12( 0.08 (n ) 6) for WT mice and 0.19(
0.07 (n ) 6) for KO mice.

R-Synuclein Does Not Bind Palmitic and Oleic Acid.
BecauseR-synuclein may bind fatty acids with aKd similar
to that of FABP (26), we used titration microcalorimetry to

determine ifR-synuclein bound fatty acids with aKd similar
to that of FABP. This technique has been widely used to
study the ligand binding properties of a number of lipid
binding proteins, includingN-myristoyltransferase (58), acyl-
CoA binding protein (53), and FABP (50, 59, 60). Using
this sensitive technique, we were not able to detect any
binding of palmitate (Figure 4) or oleate toR-synuclein
(results not shown).

DISCUSSION

Recently,R-synuclein has been proposed to act as a FABP
in the central nervous system (26, 61), but studies examining
the potential function ofR-synuclein in brain lipid metabo-
lism are lacking. Because binding studies in vitro do not
necessarily indicate biological function in vivo (29, 31), we
examined the role ofR-synuclein in brain 16:0 uptake and
trafficking usingR-synuclein deficient mice. In addition, we
re-examined the interaction ofR-synuclein with fatty acids
(16:0 and 18:1 n-9) using a more sensitive technique, titration
microcalorimetry, to determine ifR-synuclein bound fatty
acids in vitro with a binding constant similar to that observed
for FABP.

Despite observations by others thatR-synuclein deficient
mouse brain cytosol had a reduction in 22:6 n-3 mass (61)
and that polyunsaturated fatty acids induced multimerization
of R-synuclein (62, 63), we examined the effect ofR-sy-
nuclein deficiency on 16:0 uptake and metabolism because
we have observed changes in the uptake of this fatty acid in
R-synuclein deficient astrocytes cultured from these same
mice (27). In addition, we also have observed a marked effect
of R-synuclein on uptake of 16:0 into HEK-293 cells stably
expressingR-synuclein (data not shown). Thus, in this study
we chose to define the effect ofR-synuclein on 16:0 uptake
using the gene-ablated mouse as a model system.

We have shown that WT brains, but not livers, contain
R-synuclein (Figure 1), confirming literature reports that
R-synuclein expression is limited to a few tissues, including
the central nervous system (1, 3-6, 64). Hence, liver tissue
was used as a negative control to define ifR-synuclein gene
ablation had a nonspecific effect on fatty acid metabolism.
Because no differences were found in 16:0 metabolism in
WT compared to KO livers (Figure 3 and Table 2), we
assume that observed changes in 16:0 metabolism in WT
versus KO brains are not the result of a nonspecific effect
of R-synuclein gene ablation, but rather distinct for the brain.

Using titration microcalorimetry, we could not demonstrate
binding of 16:0 toR-synuclein in vitro. This is in contrast
to the report ofR-synuclein binding oleic acid (Kd )
12.5µM) using the Lipidex binding assay (26). However, it
is important to note that this binding curve demonstrates
binding similar to the observed nonspecific binding (65),
rather than specific binding in a lipophilic binding pocket
as reported elsewhere (66). Further, other evidence that
R-synuclein is a FABP is less convincing and is based upon
a similar number of amino acids and a molecular mass for
R-synuclein similar to that of the majority of FABP (26)
and becauseR-synuclein is a protein that associates with
membranes (21, 67). To confirm thatR-synuclein did not
bind oleic acid, we also determined the binding of this fatty
acid to R-synuclein using titration microcalorimetry, but
could not demonstrate any binding of the fatty acid to the

FIGURE 3: R-Synuclein expression did not influence targeting
of [1-14C]16:0 to different liver metabolic pools. Uptake of
[1-14C]16:0 into liver tissue from wild-type andR-synuclein gene-
ablated mice expressed as the total uptake or uptake into the aqueous
and organic brain fractions. Values are expressed as nanocuries
per gram wet weight (top panel) ork* × 10-5 (inverse seconds)
(bottom panel) and were corrected for radioactivity associated with
the residual blood left in the liver tissue. Values represent the mean
( the standard deviation (n ) 5-7).
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protein. A number of studies have demonstrated the suc-
cessful use of titration microcalorimetry to determine con-
stants for binding of fatty acids such as oleate to mammalian
FABP (50, 60) and to cellular retinoic acid binding proteins
II (59). Thus, we conclude thatR-synuclein does not bind
16:0 (Figure 4) or 18:1 n-9, indicating that the observed
reduction in the rate of uptake could not be ascribed to a
reduction in binding capacity, but rather suggests that the
reduction in the rate of uptake in the absence ofR-synuclein
is the result of slowed 16:0 metabolism in the brain.

This is supported by our observation thatR-synuclein
deficiency significantly decreased the rate of brain 16:0
uptake in vivo, which was concurrent with decreased 16:0
mass in the brain free fatty acid fraction and in some brain
phospholipid fractions. Although the magnitude of this
decreased rate of uptake is consistent with FABP-facilitated

fatty acid uptake observed in cultured cells (29-31, 68-
70) and in vivo (32), the lack of demonstrated binding of
16:0 by R-synuclein precludes the conclusion thatR-sy-
nuclein functions as a FABP in vivo. Unlike FABP (35),
R-synuclein is abundant in the mammalian brain and
distributed in multiple cell types. It is localized in presynaptic
terminals of neurons (1, 4, 5), in oligodendroglial cell bodies
and primary processes (6), and in astrocytes (6). Thus, unlike
FABP, which have specific cellular distributions,R-synuclein
may have a more widespread impact on brain lipid metabo-
lism because of its ubiquitous distribution in brain.

R-Synuclein deficiency depressed fatty acid targeting to
the brain organic fraction, but did not alter targeting to the
aqueous fraction (Figure 2), indicating thatR-synuclein
influenced targeting of 16:0 to the lipid compartment of the
brain. Despite the decrease in the totalk* into the organic
fraction, no significant reduction in the incorporation coef-
ficients was observed in individual phospholipids. Under
these circumstances, it is difficult to estimate an effect of
R-synuclein on targeting of 16:0 to individual lipid compart-
ments in the brain.

The incorporation of 16:0 into the 16:0-CoA pool was
inhibited byR-synuclein deficiency, further supporting the
supposition thatR-synuclein influences brain 16:0 metabo-
lism in the absence of demonstrated 16:0 binding in vitro.
The incorporation of 16:0 into the acyl-CoA pool may be
altered by acyl-CoA synthase activity in theR-synuclein
deficient mice. Although the brain 16:0-CoA concentration
was not altered in R-synuclein deficiency (7.34(
0.93 nmol/g wet weight for WT mice and 6.38( 1.31 nmol/g
wet weight for KO mice), there was a marked reduction in
the rate of incorporation of 16:0 into the CoA pool,
supporting this hypothesis. Whatever the underlying cause,
the results indicate thatR-synuclein affected the incorporation
of 16:0 into the CoA pool, likely accounting for the observed
decrease in the rate of 16:0 incorporation from the CoA pool
into individual PLs.

BecauseR-synuclein did not affect the incorporation of
the tracer into the aqueous phase, it is likely thatR-synuclein
affected specific 16:0-CoA pools. Acyl-CoA pools are
spatially arranged in organelles, with pools ranging from the

Table 1: Individual Brain Phospholipid Kinetics underR-Synuclein Deficient Conditionsa

ki
/ (×10-5 s-1) JFA,i (nmol/h) FFA,i (%/h) T1/2,i (h) Cbr,i (nmol/g wet weight)

WT KO WT KO WT KO WT KO WT KO

EtnGpl 1.1( 0.4 0.9( 0.5 50( 13 45( 12 8.4( 3.2 6.3( 3.0 9.4( 3.6 13.5( 6.6 697( 170 758( 152
PtdIns 0.4( 0.2 0.5( 0.4 25( 9 14( 2* 16.6( 5.2 14.1( 3.0 4.6( 1.6 5.2( 1.2 139( 28 97( 10*
PtdSer 0.4( 0.3 0.4( 0.3 22( 6 10( 3* 14.5( 5.8 4.6( 1.2* 5.5( 2.3 15.7( 3.7* 180( 38 223( 20*
ChoGpl 4.7( 2.3 4.0( 1.3 175( 58 259( 50* 1.6( 0.5 2.7( 0.6* 46.0( 13.9 26.8( 5.4* 9110( 1529 10089( 858
CerPCho 0.7( 0.4 0.8( 0.4 45( 8 22( 5* 17.3( 3.1 6.8( 1.7* 4.0( 0.7 10.7( 2.7* 194( 48 199( 51

a Values represent the mean( the standard deviation (n ) 6-8). The asterisks indicate statistical significance from control (p < 0.05).

Table 2: Individual Liver Phospholipid Kinetics underR-Synuclein Deficient Conditionsa

ki
/ (×10-5 s-1) JFA,i (nmol/h) FFA,i (%/h) T1/2,i (h) Cliv, i (nmol/g wet weight)

WT KO WT KO WT KO WT KO WT KO

EtnGpl 19.5( 10.8 18.4( 6.2 172( 52 287( 78 0.2( 0.1 0.2( 0.1 2.4( 1.2 3.0( 0.9 1075( 199 1154( 239
PtdIns 4.2( 1.5 4.0( 0.9 65( 35 58( 19 0.5( 0.3 0.4( 0.1 1.7( 0.7 2.0( 0.6 151( 34 152( 39
PtdSer 3.6( 0.2 3.2( 1.0 55( 19 43( 12 0.4( 0.2 0.4( 0.1 2.1( 0.9 2.0( 0.6 147( 26 120( 22
ChoGpl 129.9( 34.8 149.2( 31.3 2283( 968 2224( 445 0.4( 0.2 0.4( 0.1 1.8( 0.6 1.8( 0.5 5496( 280 5418( 964
CerPCho 20.4( 5.0 21.4( 4.5 339( 88 306( 66 1.0( 0.4 1.1( 0.2 0.8( 0.2 0.7( 0.1 334( 61 283( 36

a Values represent the mean( the standard deviation (n ) 4-6).

FIGURE 4: R-Synuclein does not bind palmitic acid. Titration
microcalorimetry was carried out as described in Experimental
Procedures. Experiments were repeated in triplicate, and no binding
was demonstrated.
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mitochondrial pool to those in the endoplasmic reticulum.
The lack of differences in the amount of tracer subjected to
â-oxidation suggests a weaker effect on the mitochondrial
pool than on the endoplasmic reticulum pool. Collectively,
these results indicate thatR-synuclein deficiency reduced the
rate of 16:0 uptake and altered targeting into brain lipid
compartments, similar to the effect of FABP in cell cultures
(29, 30, 69, 71, 72) and in tissues (32), but unlike FABP, it
did not affect the targeting of 16:0 forâ-oxidation (32).
Further, these effects are in the absence of demonstrated
binding of 16:0 byR-synuclein, suggesting that these effects
are the result of altered brain 16:0 metabolism in the absence
of R-synuclein.

A number of kinetic properties of 16:0 metabolism were
affected byR-synuclein gene ablation. Becauseλ was not
changed byR-synuclein gene ablation, the rate of 16:0
recycling between the total brain PL pool and the acyl-CoA
was not altered (Table 1). However, the net rate of
incorporation (JFA,i) of 16:0-CoA into PtdIns, PtdSer, and
CerPCho was decreased byR-synuclein gene ablation, while
the rate of incorporation into ChoGpl was increased. As a
result, the fractional turnover (FFA,i) of 16:0 in PtdSer and
CerPCho was decreased and that in ChoGpl increased in
R-synuclein deficiency. This is indicative ofR-synuclein
facilitating brain phospholipid fatty acid turnover. FABP also
bind acyl-CoA (73, 74) and stimulate (∼10-20-fold) an
increase in the rate of PtdOH biosynthesis in vitro (43, 75,
76), by putatively delivering acyl-CoA to endoplasmic
reticulum-localized lipid biosynthetic enzymes. Our results
suggest thatR-synuclein may have a similar role in incor-
poration of 16:0-CoA into PL pools by influencing endo-
plasmic reticulum-localized lipid biosynthetic enzymes.

However, our results also revealed thatR-synuclein may
limit ChoGpl fatty acid turnover in vivo. This finding is
important becauseR-synuclein inhibits PLD, which is
selective for ChoGpl (19, 20) and because inhibition of PLD
activity appears to be required for synaptic vesicle fusion
with the target membrane (19, 20, 77). Further, PLD activity
and the subsequent production of phosphatidic acid may
regulate synaptic vesicle recycling (20, 77), indicating the
importance of PLD activity in synaptic vesicle release and
uptake. This is consistent with the 50% reduction in the size
of the undocked synaptic vesicle pool and the synaptic vesicle
depletion after high-frequency stimulation observed in these
R-synuclein gene-ablated mice (24). Our observed limitation
of ChoGpl metabolism is consistent with the observed
regulation of PLD activity byR-synuclein (20).

AlthoughR-synuclein deficiency decreased the rate of fatty
acid uptake in a manner consistent with a FABP, there are
a number of key points in which our study suggests that
R-synuclein does not function as an FABP but rather has an
effect on brain lipid metabolism independent of functioning
as an FABP. First, this hypothesis is consistent with the
overexpression ofR-synuclein in Drosophila, where the
expression of a number of genes associated with lipid
metabolism was downregulated (78), suggesting an effect
on lipid metabolism by this protein. Second, we could not
demonstrate binding of either 16:0 or 18:1 n-9 toR-synuclein,
inconsistent with a FABP as FABP are known to bind fatty
acids with aKd in the 5-600 nM range, dependent upon the
fatty acid (79, 80). Third, we have not observed any robust
changes in total phospholipid mass or individual phospholipid

mass (data not shown), while H-FABP expression increases
brain total phospholipid mass and increases the mass of
choline-containing phospholipids (36). Fourth, FABP expres-
sion concurrently affects fatty acid uptake and its mass in
tissue phospholipids (32, 36), and this effect was not seen
herein or inR-synuclein deficient astrocytes (27). Thus, while
there is evidence suggesting thatR-synuclein has an impact
on brain lipid metabolism, this effect is not consistent with
that observed for FABP, with respect to metabolism or fatty
acid binding.

In summary,R-synuclein affected brain lipid metabolism
in the absence of 16:0 binding in vitro, while liver 16:0
metabolism was unaffected. This demonstrates the brain
specificity of theR-synuclein deficiency on lipid metabolism.
In the absence ofR-synuclein, the rate of 16:0 uptake was
depressed and incorporation into the 16:0-CoA pool was
slowed, subsequently reducing the rates of incorporation into
PtdIns, PtdSer, and CerPCho. Because there were no
alterations in targeting of 16:0 forâ-oxidation, we postulate
that R-synuclein deficiency affected a specific metabolic
16:0-CoA pool that is destined for use in phospholipids. More
importantly,R-synuclein deficiency increased the rate of 16:0
turnover in ChoGpl, possibly due to the lack ofR-synuclein
inhibition of PLD in these mice. These results are important
because they are the first demonstration thatR-synuclein
impacts brain lipid metabolism in the intact animal in a
manner that is consistent with an effect on ER-based lipid
synthetic enzymes rather than an influence on fatty acid
uptake via the direct binding of 16:0 byR-synuclein.

ACKNOWLEDGMENT

We thank Dr. Carole Haselton for her critical review of
the manuscript and her excellent surgical and technical work
and Dr. Colin Combs for his helpful advice regarding the
Western blot analysis and supplying the Erk-2 antibodies.
The anti-R-synuclein antibodies were kindly provided by
Signet Laboratories, Inc. We thank Cindy Murphy for typed
preparation of the manuscript.

REFERENCES

1. Jakes, R., Spillantini, M. G., and Goedert, M. (1994) Identification
of two distinct synucleins from human brain,FEBS Lett. 345, 27-
32.

2. Lavedan, C. (1998) The synuclein family,Genome Res. 8, 871-
880.

3. Maroteaux, L., Campanelli, J. T., and Scheller, R. H. (1988)
Synuclein: A neuron-specific protein localized in the nucleus and
presynaptic nerve terminal,J. Neurosci. 8, 2804-2815.

4. Jo, E., McLaurin, J., Yip, C. M., St. George-Hyslop, P., and Fraser,
P. E. (2000) R-Synuclein membrane interactions and lipid
specificity,J. Biol. Chem. 275, 34328-34334.

5. McLean, P. J., Ribich, S., and Hyman, B. T. (2000) Subcellular
localization ofR-synuclein in primary neuronal cultures: Effect
of missense mutations,J. Neural Transm., Suppl. 58, 53-63.

6. Richter-Landsberg, C., Gorath, M., Trojanowski, J. Q., and Lee,
V. M. (2000) R-Synuclein is developmentally expressed in
cultured rat brain oligodendrocytes,J. Neurosci. Res. 62, 9-14.

7. Polymeropoulos, M. H., Lavedan, C., Leroy, E., Ide, S. E., Dehejia,
A., Dutra, A., Pike, B., Root, H., Rubenstein, J., Boyer, R.,
Stenroos, E. S., Chandrasekharappa, S., Athanassiadou, A.,
Papapetropoulos, T., Johnson, W. G., Lazzarini, A. M., Duvoisin,
R. C., DiIorio, G., Golbe, L. I., and Nussbaum, R. L. (1997)
Mutation in the R-synuclein gene identified in families with
Parkinson’s disease,Science 276, 2045-2047.

8. Kruger, R., Kuhn, W., Muller, T., Woitalla, D., Graeber, S., Kosel,
S., Przuntek, H., Epplen, J. T., Schols, L., and Reiss, O. (1998)

R-Synuclein Alters Brain Fatty Acid Metabolism Biochemistry, Vol. 44, No. 23, 20058257



Ala30Pro mutation in the gene encodingR-synuclein in Parkin-
son’s disease,Nat. Genet. 18, 106-108.

9. Singleton, A. B., Farrer, M., Johnson, J., Singleton, A., Hague,
S., Kachergus, J., Hulihan, M., Peuralinna, T., Dutra, A., Nuss-
baum, R., Lincoln, S., Crawley, A., Hanson, M., Baptista, M.,
Miller, D., Blancato, J., Hardy, J., and Gwinn-Hardy, K. (2003)
R-Synuclein locus triplication causes Parkinson’s disease,Science
302, 841.

10. Zarranz, J. J., Alegre, J., Go´mez-Esteban, J. C., Lezcano, E., Ros,
R., Ampuero, I., Vidal, L., Hoenicka, J., Rodriguez, O., Atare´s,
B., Llorens, V., Gomez Tortosa, E., del Ser, T., Mun˜oz, D. G.,
and de Yebenes, J. G. (2004) The new mutation, E46K, of
R-synuclein causes Parkinson and Lewy Body dementia,Ann.
Neurol. 55, 164-173.

11. Trojanowski, J. Q., Goedert, M., Iwatsubo, T., and Lee, V. M.
(1998) Fatal attractions: Abnormal protein aggregation and neuron
death in Parkinson’s disease and Lewy body dementia,Cell Death
Differ. 5, 832-837.

12. Masliah, E., Mallory, M., Veinbergs, I., Miller, A., and Samuel,
W. (1996) Alterations in apolipoprotein E expression during aging
and neurodegeneration,Prog. Neurobiol. 50, 493-503.

13. Iseki, E., Marui, W., Kosaka, K., Akiyama, H., Ueda, K., and
Iwatsubo, T. (1998) Degenerative terminals of the perforant
pathway are humanR-synuclein-immunoreactive in the hippo-
campus of patients with diffuse Lewy body disease,Neurosci.
Lett. 258, 81-84.

14. Takeda, A., Hashimoto, M., Mallory, M., Sundsumo, M., Hansen,
L., Sisk, A., and Masliah, E. (1998) Abnormal distribution of the
non-Aâ component of Alzheimer’s disease amyloid precursor/R-
synuclein in Lewy body disease as revealed by proteinase K and
formic acid pretreatment,Lab. InVest. 78, 1169-1177.

15. Lippa, C. F., Schmidt, M. L., Lee, V. M., and Trojanowski, J. Q.
(1999) Antibodies toR-synuclein detect Lewy bodies in many
Down’s syndrome brains with Alzheimer’s disease,Ann. Neurol.
45, 353-357.

16. Spillantini, M. G., Crowther, R. A., Jakes, R., Cairns, N. J., Lantos,
P. L., and Goedert, M. (1998) FilamentousR-synuclein inclusions
link multiple system atrophy with Parkinson’s disease and
dementia with Lewy bodies,Neurosci. Lett. 251, 205-208.

17. Outeiro, T. F., and Lindquist, S. (2003) Yeast cells provide insight
into R-synuclein biology and pathobiology,Science 302, 1772-
1775.

18. Cole, N. B., Murphy, D. D., Grider, T., Rueter, S., Brasaemle,
D., and Nussbaum, R. L. (2002) Lipid droplet binding and
oligomerization properties of the Parkinson’s disease protein
R-synuclein,J. Biol. Chem. 277, 6344-6352.

19. Jenco, J. M., Rawlingson, A., Daniels, B., and Morris, A. J. (1998)
Regulation of phospholipase D2: Selective inhibition of mam-
malian phospholipase D isoenzymes byR- and â-synucleins,
Biochemistry 37, 4901-4909.

20. Payton, J. E., Perrin, R. J., Woods, W. S., and George, J. M. (2004)
Structural determinants of PLD2 inhibition byR-synuclein,J. Mol.
Biol. 337, 1001-1009.

21. Davidson, W. S., Jonas, A., Clayton, D. F., and George, J. M.
(1998) Stabilization ofR-synuclein secondary structure upon
binding to synthetic membranes,J. Biol. Chem. 273, 9443-9449.

22. Jensen, P. H., Nielsen, M. S., Jakes, R., Dotti, C. G., and Goedert,
M. (1998) Binding ofR-synuclein to brain vesicles is abolished
by familial Parkinson’s disease mutation,J. Biol. Chem. 273,
26292-26294.

23. Murphy, D. D., Rueter, S. M., Trojanowski, J. Q., and Lee, V.
M. (2000) Synucleins are developmentally expressed, andR-sy-
nuclein regulates the size of the presynaptic vesicular pool in
primary hippocampal neurons,J. Neurosci. 20, 3214-3220.

24. Cabin, D. E., Shimazu, K., Murphy, D., Cole, N. B., Gottschalk,
W., McIlwain, K. C., Orrison, B., Chen, A., Ellis, C. E., Paylor,
R., Lu, B., and Nussbaum, R. L. (2002) Synaptic vesicle depletion
correlates with attenuated synaptic responses to prolonged repeti-
tive stimulation in mice lackingR-synuclein,J. Neurosci. 22,
8797-8807.

25. Narayanan, V., Guo, Y., and Scarlata, S. (2005) Fluorescence
studies suggest a role forR-synuclein in the phosphatidylinositol
lipid signaling pathway,Biochemistry 44, 462-470.

26. Sharon, R., Goldberg, M. S., Bar-Josef, I., Betensky, R. A., Shen,
J., and Selkoe, D. J. (2001)R-Synuclein occurs in lipid-rich high
molecular weight complexes, binds fatty acids, and shows
homology to the fatty acid-binding proteins,Proc. Natl. Acad.
Sci. U.S.A. 98, 9110-9115.

27. Castagnet, P. I., Golovko, M. Y., Barcelo´-Coblijn, G. C., Nuss-
baum, R. L., and Murphy, E. J. (2005) Fatty acid incorporation is
decreased in astrocytes cultured fromR-synuclein gene-ablated
mice,J. Neurochem.(in press).

28. Murphy, E. J., Prows, D. R., Jefferson, J. R., Incerpi, S.,
Hertelendy, Z. I., Heyliger, C. E., and Schroeder, F. (1996) Effect
of insulin on fatty acid uptake and esterification in L-cell
fibroblasts,Arch. Biochem. Biophys. 335, 267-272.

29. Prows, D. R., Murphy, E. J., and Schroeder, F. (1995) Intestinal
and liver fatty acid binding proteins differentially affect fatty acid
uptake and esterification in L-cells,Lipids 30, 907-910.

30. Murphy, E. J. (1998) L-FABP and L-FABP expression increases
NBD-stearate uptake and cytoplasmic diffusion in L cells,Am. J.
Physiol. 275, G244-G249.

31. Prows, D. R., Murphy, E. J., Moncecchi, D., and Schroeder, F.
(1996) Intestinal fatty acid-binding protein expression stimulates
fibroblast fatty acid esterification,Chem. Phys. Lipids 84, 47-
56.

32. Murphy, E. J., Barcelo-Coblijn, G., Binas, B., and Glatz, J. F.
(2004) Heart fatty acid uptake is decreased in heart-fatty acid
binding protein gene-ablated mice,J. Biol. Chem. 279, 34481-
34488.

33. Jolly, C. A., and Murphy, E. J. (2002) Role of FABP in cellular
phospholipid metabolism, inCellular Proteins and their Fatty
Acids in Health and Disease(Duttaroy, A. K., and Spener, F.,
Eds.) pp 327-342, Willey-VCH Press, New York.

34. Murphy, E. J., Prows, D., Stiles, T., and Schroeder, F. (2000)
Phospholipid and phospholipid fatty acid composition of L-cell
fibroblast: Effect of intestinal and liver fatty acid binding protein,
Lipids 35, 729-738.

35. Owada, Y., and Kondo, H. (2003) Fatty acid binding protein of
the brain, inCellular proteins and their fatty acids in health and
disease(Duttaroy, A. K., and Spener, F., Eds.) pp 253-265,
Wiley-VCH Verlag GmbH & Co., Weinheim, Germany.

36. Murphy, E. J., Owada, Y., Kitanaka, N., Konda, H., and Glatz, J.
F. C. (2005) Brain arachidonic acid incorporation is decreased in
heart-fatty acid binding protein gene-ablated mice,Biochemistry
(in press).

37. Rosenberger, T. A., Oki, J., Purdon, A. D., Rapoport, S. I., and
Murphy, E. J. (2002) Rapid synthesis and turnover of brain
microsomal ether phospholipids in the adult rat,J. Lipid Res. 43,
59-68.

38. Rosenberger, T. A., Villacreses, N. E., Contreras, M. A., Bon-
ventre, J. V., and Rapoport, S. I. (2003) Brain lipid metabolism
in the cPLA2 knockout mouse,J. Lipid Res. 44, 109-117.

39. Robinson, P. J., Noronha, J., DeGeorge, J. J., Freed, L. M., Nariai,
T., and Rapoport, S. I. (1992) A quantitative method for measuring
regional in vivo fatty acid incorporation into and turnover within
brain phospholipids: Review and critical analysis,Brain Res. ReV.
17, 187-214.

40. Bradford, M. (1976) A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding,Anal. Biochem. 72, 248-254.

41. Freed, L. M., Wakabayashi, S., Bell, J. M., and Rapoport, S. I.
(1994) Effect of inhibition ofâ-oxidation on incorporation of
[U-14C]palmitate and [1-14C]arachidonate into brain lipids,Brain
Res. 645, 41-48.

42. Folch, J., Lees, M., and Sloan Stanley, G. H. (1957) A simple
method for the isolation and purification of total lipides from
animal tissues,J. Biol. Chem. 226, 497-509.

43. Jolly, C. A., Hubbell, T., Behnke, W. D., and Schroeder, F. (1997)
Fatty acid binding protein: Stimulation of microsomal phospha-
tidic acid formation,Arch. Biochem. Biophys. 341, 112-121.

44. Marcheselli, V. L., Scott, B. L., Reddy, T. S., and Bazan, N. G.
(1988) Quantitative analysis of acyl group composition of brain
phospholipids, neutral lipids, and free fatty acids, inNeuromethods
7: Lipids and Related Compounds(Boulton, A. A., Baker, G.
B., and Horrocks, L. A., Eds.) pp 83-110, Humana Press, Clifton,
NJ.

45. Brockerhoff, H. (1975) Determination of the positional distribution
of fatty acids in glycerolipids,Methods Enzymol. 35, 315-325.

46. Akesson, B., Elovsson, J., and Arvidsson, G. (1970) Initial
incorporation into rat liver glycerolipids of intraportally injected
[3H] glycerol, Biochim. Biophys. Acta 210, 15-27.

47. Golovko, M. Y., and Murphy, E. J. (2004) An improved method
for tissue long chain acyl-CoA extraction and analysis,J. Lipid
Res. 45, 1777-1782.

48. Regoeczi, E., and Taylor, P. (1978) The net weight of the rat liver,
Growth 42, 451-456.

8258 Biochemistry, Vol. 44, No. 23, 2005 Golovko et al.



49. Grange, E., Deutsch, J., Smith, Q. R., Chang, M., Rapoport, S. I.,
and Purdon, A. D. (1995) Specific activity of brain palmitoyl-
CoA pool provides rates of incorporation of palmitate in brain
phospholipids in awake rats,J. Neurochem. 65, 2290-2298.

50. Rolf, B., Oudenampsen-Kru¨ger, E., Börchers, T., Færgeman, N.
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