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ABSTRACT Sterol carrier protein 2 (SCP2) is an intracellular protein domain found in all forms of life. It was originally identified
as a sterol transfer protein, but was recently shown to also bind phospholipids, fatty acids, and fatty-acyl-CoA with high affinity.
Based on studies carried out in higher eukaryotes, it is believed that SCP2 targets its ligands to compartmentalized intracellular
pools and participates in lipid traffic, signaling, and metabolism. However, the biological functions of SCP2 are incompletely char-
acterized and may be different in microorganisms. Herein, we demonstrate the preferential localization of SCP2 of Yarrowia
lipolytica (YLSCP2) in peroxisome-enriched fractions and examine the rate and mechanism of transfer of anthroyloxy fatty
acid from YLSCP2 to a variety of phospholipid membranes using a fluorescence resonance energy transfer assay. The results
show that fatty acids are transferred by a collision-mediated mechanism, and that negative charges on the membrane surface are
important for establishing a “collisional complex”. Phospholipids, which are major constituents of peroxisome and mitochondria,
induce special effects on the rates of transfer. In conclusion, YLSCP2 may function as a fatty acid transporter with some degree

of specificity, and probably diverts fatty acids to the peroxisomal metabolism.

INTRODUCTION

Several intracellular, soluble lipid-binding proteins (SLBPs)
are deemed necessary to store and dissolve lipids, and trans-
port them to and from the different intracellular compart-
ments and membranes. Prominent examples are fatty
acid-binding proteins (FABP) (1), acyl-CoA binding protein
(ACBP) (2), sterol carrier protein 2 (SCP2) (3), oxysterol
transfer protein (OSBP) (4), and a family of proteins called
CRAL_TRIO, which includes the yeast phosphatidylinositol
transfer protein Sec14 (5) and tocopherol transfer protein (6).
In higher eukaryotes, several different SLBPs, and even
several paralogs of the same SLBP, coexist within a cell.
Furthermore, SLBPs differ in structure, phylogeny, intracel-
lular localization, and binding properties.

In animals, SCP2 can be part of a variety of multidomain
proteins localized in peroxisomes, mitochondria, and cytosol
(7). On the other hand, fungal SCP2 generally is a stand-alone
14-kDa protein and seems to be strictly peroxisomal (8,9).
Although ithas been extensively studied in higher eukaryotes,
the multiple roles of SCP2 in lipid metabolism have only
recently begun to be appreciated. SCP-2 is involved in several
steps of isoprenoid metabolism; increases the uptake,
cycling, oxidation, and esterification of cholesterol; medi-
ates the transfer of cholesterol and phospholipids between
membranes; participates in phospholipid formation; has
several roles in bile formation and secretion; is involved
in the oxidation of branched side-chain lipids; and may
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participate in lipid signaling (reviewed in Schroeder et al.
(3)). The functions of SCP2 in microorganisms are almost
unknown, although it is believed to be important for perox-
isomal oxidation of long-chain fatty acids (LCFAs).

The yeast Yarrowia lipolytica degrades hydrophobic
substrates very efficiently by employing specific metabolic
pathways (10). It grows profusely in a synthetic medium with
sodium palmitate as the sole source of carbon and energy,
and exhibits cytosolic LCFA-binding activity (11-13).
Recently, our laboratory demonstrated that such activity is
due to YLSCP2 (14) and gave an account of the general
biophysical and binding properties of this protein. YLSCP2 is
a single domain protein that is closely related to other SCP2
from fungi and multicellular eukaryotes, and binds cis-parinaric
acid and palmitoyl-CoA with submicromolar affinity (14).

In this work we report the study of anthroyloxy fatty acid
(AOFA) transfer from YLSCP2 to phospholipid mem-
branes. The binding and relative partition coefficient of
16-(9-anthroyloxy) palmitic acid (16AP) between YLSCP2
and vesicles were determined, and the rates of transfer
were analyzed as a function of vesicle concentration and
composition, ionic strength, and temperature. It was found
that transfer occurs by a collisional mechanism, and that
changes in the surface charge and specificity of the acceptor
vesicles can influence ligand transfer rates. Our results
suggest that YLSCP2 may interact with membranes and
transfer fatty acids to them in vivo. This issue is discussed
in the context of the possible role of YLSCP2 in the perox-
isomal metabolism of a lipid-degrading specialist such as
Y. lipolytica.

doi: 10.1016/j.bp;j.2009.03.063
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MATERIALS AND METHODS
General details

AOFAs were purchased from Molecular Probes (Eugene, OR). Egg
phosphatidylcholine (EPC), N-(7-nitro-2,1,3-benzoxadiazol-4-yl) phospha-
tidylcholine (NBD-PC), egg phosphatidylethanolamine (EPE), brain phos-
phatidylserine (PS), and bovine heart cardiolipin (CL) were obtained from
Avanti Polar Lipids (Alabaster, AL). Isopropyl-8-p-thiogalactoside (IPTG)
was obtained from Fisher (Fairlawn, NJ). Glass beads (0.4-0.6 mm diam-
eter, acid-washed), 3,3',5,5' tetramethylbenzidine (TMB) liquid substrate
system, and soy phosphatidylinositol (PI) were obtained from Sigma-
Aldrich (St. Louis, MI). Polyclonal goat anti-rabbit immunoglobulin conju-
gated to HRP was obtained from DakoCytomation (Copenhagen, Denmark).
All other chemicals were reagent grade or better. YLSCP2 concentration
was determined by UV absorption using the published extinction coefficient
(6986 M~ cm™") (14). Protein concentration on yeast cell extracts was
determined by a modification of the Lowry assay (15). The antiserum against
YLSCP2 was generated in white rabbits by injections of pure recombinant
YLSCP2 (0.2 mg emulsified in complete Freund’s adjuvant) and used without
purification (14). Nonlinear least-square fits were done with SigmaPlot (SPSS
Science) (Chicago, IL) or with the Solver add-in in Excel (Microsoft).

Yeast strains and culture media

Saccharomyces cerevisiae MMY2: MAT «-ura3 and Y. lipolytica CX 121
1B: ade2 were generously provided by Professor J. R. Mattoon (University
of Colorado, Colorado Springs, CO). Yeasts were grown aerobically at 28°C
in YPD (1% yeast extract, 1% peptone, 1% glucose) or in YNB (0.67% yeast
nitrogen base without amino acids) supplemented with 0.25% sodium palmi-
tate (YNBP) or 1% glucose (YNBD). YPD was supplemented with 80 mg/L
adenine hemisulfate or 50 mg/L uracil, as required.

Isolation of peroxisome-enriched fractions

Cells were grown for 48 h in YNBD medium, followed by growth for 24 h in
fresh YNBP or YNBD media. They were then collected by centrifugation
(3000 x g, 5 min), washed once with water, and resuspended in ice-cold,
0.6 M sorbitol, 20 mM Hepes, pH 7.4, 1 mM PMSF (0.5 g cells/mL).
Two volumes of glass beads (0.4-0.6 mm diameter; Sigma-Aldrich,
St. Louis, MI) were added to the cold suspension and the cells were broken
by vigorous vortexing (three cycles of 30 s vortex and 30 s ice chilling).
After the beads were removed, the resulting extracts were subjected to differ-
ential centrifugation at 4°C (first for 10 min at 700 x g to remove unbroken
cells, nuclei, and debris, and then for 20 min at 20,000 X g to isolate a pellet
(mostly peroxisomes and mitochondria) and a soluble (mostly cytosol) frac-
tion). The pellet was resuspended in five volumes of PBS (150 mM NacCl,
150 mM sodium phosphate, pH 7.4).

Competence enzyme-linked immunosorbent
assay

In succession, plate wells were coated for 2 h at room temperature with
2 ng/uL YLSCP2 in PBS (50 uL per well), washed with PBST buffer
(PBS containing 0.5 M NaCl and 0.2% v/v Triton X-100), and blocked
with BSA buffer (1% w/v bovine albumin in PBST). Then dilutions of
each yeast extract fraction and a fixed volume of antiserum against YLSCP2,
preincubated for 1 min in BSA buffer, were added to the wells (50 uL final
volume per well) and incubated for 2 h at room temperature. After washing
with PBST, 50 uL per well of HRP-linked anti-rabbit IgG antibody in BSA
buffer was added, and the plates were incubated 2 h at room temperature.
After a final wash with PBST, 50 uL per well of TMB liquid substrate
system was added. Quantification of SCP2 in the samples was done by
measuring absorbance at 450 nm using standard curves obtained with
pure YLSCP2 processed in parallel. The specificity of the antiserum for

249

YLSCP2 was confirmed by the absence of cross-reactivity in Western blots
of Y. lipolytica and S. cerevisiae homogenates (not shown). Also, S. cerevi-
siae homogenates (a yeast that lacks a SCP2 gene) were used as control for
nonspecific binding in the enzyme-linked immunosorbent assay (ELISA)
assay, and the obtained values were subtracted from the Y. lipolytica samples.

Protein expression and purification

Recombinant YLSCP2 was expressed in Escherichia coli BL21 DE3 cells
harboring pYLSCP2 (14). Protein expression was induced with 1 mM
IPTG. YLSCP2 purification was performed as described previously (14).
The procedure yields protein with the published sequence (http://www.ebi.
ac.uk/embl/, accession AJ431362.2) and no additional residues. Briefly,
after a 3-h induction, the cells were harvested by centrifugation, suspended
in 10 mL of lysis buffer (50 mM Tris-HCl, 100 mM NaCl, 1.0 mM EDTA,
pH 8.0), and disrupted by pressure (1000 psi; French Pressure Cell Press;
Thermo IEC, Needham Heights, MA). Inclusion bodies isolated by centrifu-
gation (15,000 X g, 10 min at 4°C) were first washed (14) and then solubi-
lized in 25 mM sodium acetate, pH 5.5, 8 M urea, 10 mM glycine. The
solution was clarified by centrifugation at 15,000 x g for 15 min at 4°C,
and loaded into an SP Sepharose Fast-Flow (Pharmacia Biotech, Uppsala,
Sweden) column (1.5 x 3.0 cm) equilibrated with solubilization buffer.
Protein was eluted with a 200-mL linear gradient from 0 to 500 mM NaCl
in solubilization buffer. Fractions containing pure YLSCP2 were pooled
and subjected to refolding by dialysis (16 h, 5°C) against 1000 volumes
of buffer A (50 mM sodium phosphate, pH 7.0). Finally, particulate matter
was removed by centrifugation (16,000 x g, 30 min at 4°C).

Binding properties of recombinant YLSCP2

Fatty acid binding to YLSCP2 was assessed using a fluorescent titration
assay (16). Briefly, 0.5 uM AOFA was incubated at 25°C for 5 min in buffer
B (40 mM Tris 150 mM NaCl, pH 7.4) with increasing concentrations of
YLSCP2. Then the fluorescence emission at 450 nm after excitation at
383 nm was recorded. The binding constant (Kp) was calculated assuming
a single binding site (17) and fitting the equation

PL =05 {(PT + Lt + Kp)

- \/(PT + Lt + Kp)*—4PrLy (1)

to the data, where PL, P, Lt, and Kp are the molar concentrations of the
complex, total protein, total ligand, and dissociation constant, respectively.
The equilibrium fluorescence signal was assumed to be

y = Yp(Py — PL) + YpPL + Y. (L — PL),  (2)

where Y, Ypr, and Yy are the fluorescence of the free protein, complex, and
ligand, respectively. The binding constant was used to establish transfer
conditions to ensure that most of the AOFA (at least 96%) was bound to
YLSCP2 at time = 0.

Ligand partition between the protein and small unilamellar vesicles
(SUVs) was determined by measuring AOFA fluorescence at different
protein/SUV ratios obtained by adding SUV to a solution containing
2.5 uM protein and 0.25 uM AOFA in buffer B at 25°C (18,19). The relative
partition coefficient (Kp) was defined as

I% AOFAgyy YLSCP2
p =

AOFAyiscp SUV’
where AOFAgyv and AOFAy; scp, are the concentrations of AOFA bound
to membrane and YLSCP2, respectively, and YLSCP2 and SUV are the

concentrations of protein and vesicles, respectively. The decrease in
AOFA fluorescence as a function of SUV is related to K, by

3

Biophysical Journal 97(1) 248-256


http://www.ebi.ac.uk/embl/
http://www.ebi.ac.uk/embl/

250

1 1 [YLSCP2 1] ’ @

AF  AF..|Kp SUV

where AF is the difference between the fluorescence in the absence of vesi-
cles and the fluorescence at a given YLSCP2/SUYV ratio, and AF,,, is the
maximum difference in AOFA fluorescence with an excess of vesicles
(20). A plot of 1/AF versus (1/AF,,,x)(YLSCP2/SUV) has a slope of
1/Kp. The partition coefficient was used to establish AOFA transfer assay
conditions that ensure essentially unidirectional transfer, as detailed below.

Vesicle preparation

SUVs were prepared by sonication and ultracentrifugation as described
previously (21,22). The standard vesicles contained EPC (EPC-SUV). To
increase the negative charge density of the acceptor vesicles, either PE,
PS, PI, or CL replaced EPC. Vesicles were prepared in buffer B, except
for CL-containing SUVs, which were prepared in buffer B containing
1 mM EDTA. For AOFA transfer, 10 mol % of NBD-PC was incorporated
into the mixture of phospholipids to serve as the fluorescent quencher of the
antroyloxy derivative.

Transfer of AOFA from YLSCP2 to SUV

A fluorescence resonance energy transfer assay was used to monitor the
transfer of AOFA from YLSCP2 to acceptor model membranes as described
in detail elsewhere (23-25). Briefly, YLSCP2-bound AOFA was mixed at
25°C with SUVs using a Stopped-Flow RX-2000 (Applied Photophysics
Ltd., UK) and the ensuing changes in fluorescence were monitored with
an SLM-8000C spectrofluorometer (SLM Aminco Instruments Incorporated
(Rochester, NY)). NBD is an energy-transfer acceptor for the anthroyloxy
group, and therefore the fluorescence of AOFA is quenched when the ligand
is incorporated into NBD-PC containing SUVs. Upon mixing, the kinetics of
the transfer of AOFA from YLSCP2 to membranes was directly monitored
by the decrease in AOFA fluorescence. The inal transfer assay conditions
were 2.5 uM YLSCP2, 0.25 uM AOFA, and a range of 75-600 uM
SUV. To ensure that photobleaching was negligible, appropriate controls
were performed before each experiment. To analyze the transfer rate depen-
dency with SUV superficial charge, SUVs with 25% negatively charged
phospholipids were assayed. To analyze the effect of ionic strength, NaCl
was varied from O to 2 M. The data were well described by a single-term
exponential function. For each condition within a single experiment, at least
five replicates were measured. The mean = SE values for three or more
separate experiments are reported.

Thermodynamic parameters of AOFA transfer

AOFA transfer from YLSCP2 to EPC-SUV was analyzed as a function of
temperature. The activation energy (E,) was calculated from the slope of
the Arrhenius plot, and Eyring’s rate theory was used to determine the ther-
modynamic parameters for the transfer process, as described previously
(26). The enthalpy of transfer (AHI) was determined as AH' = EA — RT,
and the entropy was estimated as AS* =R In(N h b e AH¥RDRI 771 ‘where
R, N, and h are the gas, Avogadro, and Planck constants, respectively, and
b is the AOFA transfer rate from YLSCP2 to membranes at 25°C.

Circular dichroism spectroscopy

Circular dichroism (CD) measurements were carried out at 20°C on a Jasco
810 spectropolarimeter (Jasco, Japan). The scan speed was set to 50 nm/min,
with a response time of 1 s, 0.2 nm pitch, and 1 nm bandwidth. Measure-
ments were done with 0.1-cm optical-path quartz cells. The samples con-
tained protein (5.6 uM) with or without SUVs (100% EPC) in 50 mM
sodium phosphate pH 7.0. The relationship between YLSCP2 and SUV
concentrations was 1:100. Five spectra were averaged for each sample.
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RESULTS
YLSCP2 peroxisomal content

In a previous work, we demonstrated that the expression of
YLSCP2 is inducible by fatty acids and accompanies the
expansion of the peroxisomal compartment (11). In the study
presented here, to estimate the intracellular concentration of
induced YLSCP2, we developed an ELISA and applied it
to analyze the cytoplasmic and peroxisome-enriched frac-
tions of the yeast. After induction by palmitate, YLSCP2 ac-
counted for 0.30 + 0.05% (mean = SE; n = 5) of the protein
content of the organelle fraction, whereas in cells grown
in glucose this content was 0.07 = 0.04% (mean * SE;
n = 4). On the other hand, the YLSCP2 content of the cyto-
plasmic fractions was 0.21 = 0.09 and 0.10 = 0.03%
(mean * SE; n = 5) of total cytoplasmic protein for induced
and noninduced cells, respectively. However, based on the
proportion of catalase activity found in the cytoplasm (not
shown), significant YLSCP2 leakage from the peroxisomal
fraction during fractionation cannot be ruled out.

The ELISA results indicate that YLSCP2 is preferentially
induced compared with total peroxisomal proteins (an ~four-
fold induction). In absolute values, considering that the
peroxisomal compartment as a whole is considerably
expanded by fatty acid induction, the increase in YLSCP2
is much larger. Also, assuming a value of 15% total protein
content for the peroxisomes, the concentration of YLSCP2 in
the induced peroxisome can be roughly estimated as 30 uM.
Previous estimates of the peroxisomal content of SCP2 for
the closely related yeast Candida tropicalis growing on
oleate yielded higher values (1.3% of the total peroxisomal
protein) (12). Moreover, it was found that C. tropicalis
SCP2 was strictly peroxisomal (12). The reasons for the
differences are unknown. However, this study and the
previous ones show that the peroxisomes of both species
attain high SCP2 concentrations upon fatty acid induction.

Binding of fatty acid analogs to YLSCP2 and SUV

Preliminary experiments showed that YLSCP2 binds with
submicromolar affinity to a variety of LCFA analogs
(not shown). Among these, 16AP produced the largest
increase in fluorescence emission upon binding and there-
fore was chosen for use in the transfer assays. The fit of
Eq. 1 to the data for 16AP indicated one site per YLSCP2
molecule with a K of 60 = 11 nM (mean = SE, n = 9;
Fig. 1).

The apparent partition coefficient that describes the rela-
tive distribution of 16AP between YLSCP2 and EPC-SUV
was determined by adding EPC-SUV containing the energy
transfer quencher NBD-PC to a solution of preformed
16AP-YLSCP2 complex. Analysis of the isotherms yielded
aKpof 2.6 = 0.5 (Prot/SUV) (mean *+ SE, n = 7; Fig. 2),
which indicates the preferential partition of 16AP into
phospholipid vesicles.
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FIGURE 1 Binding isotherm of the YLSCP2-16AP complex. 16AP
(0.5 uM) in buffer B was titrated at 25°C with increasing amounts of
YLSCP2 from a concentrated stock solution in the same buffer. The fluores-
cence emission at 450 nm from a representative experiment is shown. One
binding site per protein molecule was assumed. Equations 1 and 2 were fit
to the data. The estimated Kp from nine independent experiments was
60 = 11 nM (mean *+ SE).

Effect of vesicle concentration

In a collisional transfer, the limiting step is the effective
protein-membrane interaction, and the rate increases as the
acceptor membrane concentration increases. In a diffusional
mechanism in which the rate-limiting step is the dissociation
of the protein-ligand complex, no change in rate is observed
(16,23-27). The values of K and Kp were used to set the
conditions for the transfer assay. The proportion of protein
and ligand was such that <4% of AOFA remained free in
the preincunbation solution. On the other hand, the Kp value
was used to calculate the final concentrations of protein and
SUVs for which unidirectional transfer prevailed. Fig. 3
shows that when constant concentrations of the YLSCP2-
16AP donor complexes were mixed with increasing concen-
trations of EPC-SUV, the 16AP transfer rate from YLSCP2
to EPC-SUV increased proportionally to vesicle concentra-
tion over an SUV:YLSCP?2 ratio of 30:1 to 240:1. In these
conditions, the increase in transfer rate ranged from
047 + 021 s t0 529 + 1.09 s~' (corresponding to
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FIGURE 3 Dependence of the transfer rate of 16AP from YLSCP2 to
membranes on SUV concentration. Transfer of 16AP from a preformed
complex prepared by incubating 0.25 uM 16AP with 2.5 uM YLSCP2 to
NBD-containing zwitterionic EPC-SUV was measured as a function of
SUV concentration. The donor complex and receptor membrane were
both in buffer B at 25°C. Transfer rates (mean + SE; 2 = 0.9994) from
five or more experiments are shown.

75-600 uM SUYV, respectively). These results strongly
suggest that the fatty acid transfer from YLSCP2 occurs
via a protein-membrane interaction rather than by simple
aqueous diffusion of the free ligand.

Effects of vesicle composition

In a collisional mechanism, membrane properties, particu-
larly the surface net charge, should influence the rate of
transfer. In the case of a diffusional mechanism, the proper-
ties of the acceptor membrane would be much less important,
since the rate-determining step is likely to be the ligand
dissociation from the protein into the aqueous phase
(24,27). Fig. 4 A shows that the 16AP transfer rate from
YLSCP2 increases nearly fourfold when 25% PS is incorpo-
rated into EPC/NBD-PC acceptor membranes (from 1.14 =+
0.45 to 446 + 1.93 s~ ). Incorporation of 25% CL in the
acceptor vesicles resulted in a dramatic 47-fold rate increase,
which cannot be explained exclusively by the twofold
increase in the surface net negative charge compared to
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FIGURE 2 Equilibrium partition of 16AP between
. membranes and YLSCP2. The K|, (protein-bound 16AP/
membrane-bound 16AP) was determined by titrating at
25°C a solution of 0.25 uM 16AP, 2.5 uM YLSCP2
with NBD-containing zwitterionic EPC-SUV, both in
buffer B. The ensuing change in fluorescence emission at
450 nm was recorded, and Eq. 4 was fit to the data. A
representative experiment is shown. Seven independent
experiments were performed to calculate a K, of 2.6 = 0.5
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FIGURE 4 Effect of SUV composition on the transfer
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PS. Therefore, we analyzed the effect of other lipids that are
characteristic of peroxisomal membranes, such as PE and PIL.
The incorporation of 25% EPE into acceptor membranes did
not result in significant modifications of the transfer rate
compared to zwitterionic vesicles (1.07 + 0.09 s '; Fig. 4
B). On the other hand, SUVs containing PI showed an
~25-fold increase (27.70 = 7.8), which, as in the case of
CL, is probably pointing to a specific effect of PI. Taken
together, these results also support a collisional mechanism
of FA transfer for YLSCP2.

Effect of ionic strength

The rate of transfer of a hydrophobic molecule from a binding
protein by diffusion in an aqueous phase to an acceptor
membrane should be modulated by factors that alter its
aqueous solubility, whereas collisional transfer is likely to
be unaffected (28,29). Thus, the transfer of 16AP from
YLSCP2 to membranes was examined as a function of
increasing concentrations of NaCl. The 16AP transfer rate
from YLSCP2 to SUV (150 uM) does not significantly
change when the salt concentration is varied from 0 to
1 M, and only a small decrease is observed above 1 M
NaCl (Fig. 5).

Effect of temperature

The effect of temperature (5—45°C) on 16AP transfer from
YLSCP2 to EPC-SUV was assessed to calculate the thermo-
dynamic parameters of the process. The results are shown as
an Arrhenius plot in Fig. 6. The transfer rates increased with
temperature according to an endothermic process. The Ar-
rhenius plot was linear, indicating no significant deviation
from the theory. The thermodynamic parameters derived
using Eyring’s rate theory (26) are presented in Table 1.
The results show a much larger contribution of the enthalpic
term compared with that of the entropic term and a AG? of
18.1 = 0.1 kcal/mol. This result may reflect a central role
of noncovalent interactions between the protein and the
membrane during collisional transfer of 16AP, whereas
changes in bulk water order would be less important.

YLSCP2 interaction with SUV

The far-UV CD spectra of YLSCP2 alone or in the presence
of an excess of SUV is shown in Fig. 7. The spectral changes
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rate of 16AP from YLSCP2 to membranes. Transfer of
16AP from a preformed complex, prepared by incubating
0.25 uM 16AP with 2.5 uM YLSCP2, to 150 uM NBD-
containing SUV of different superficial net charge. In panel
A, to increase negative charges, 25 mol % of PS or CL was
replaced in the composition of EPC-SUV. Panel B shows
the effect of 25 mol % replacement with phospholipids
enriched in the peroxisomal compartment (EPE, PI, and
CL). Results are expressed relative to the transfer to EPC-
SUV (.14 571 + 0.21; * p < 0.01).

reveal an increase in the a-helix content of the protein in the
presence of vesicles. Since incubation with fatty acids, phos-
pholipids, or cholesterol fails to induce significant changes in
the far-UV spectrum of YLSCP2 (Burgardt et al., unpub-
lished results), the result is consistent with a direct interac-
tion between the protein and the membranes.

DISCUSSION

SLBPs are thought to participate in the intracellular transport
and storage of hydrophobic compounds, and to mediate lipid
exchange between membranes (1-5). However, there is such
a variety of SLBPs, and they are so diversely and redun-
dantly distributed in organisms, tissues, cells, and organelles,
that their effects and the mechanism by which they function
must be evaluated on a case-by-case basis.

The only known SLBPs that are able to bind fatty acids in
yeasts are SCP2 and ACBP; however, ACBP does not bind
unesterified LCFA (2), which leaves SCP2 as the only candi-
date for LCFA transport in these microorganisms. Moreover,
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FIGURE 5 Effect of ionic strength on 16AP transfer from YLSCP2 to
membranes. Transfer of 16AP from a preformed complex, prepared by incu-
bating 0.25 uM 16AP with 2.5 uM YLSCP2, to NBD-containing zwitter-
ionic EPC-SUV was measured as a function of NaCl concentration. The
NaCl concentrations of donor and acceptor were adjusted before mixing.
For clarity, In (b) is shown as a function of NaCl concentration, where
b is the transfer rate of 16AP. Also, mean * SE transfer rates from five
or more experiments are shown in the inset.
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FIGURE 6 Effect of temperature on 16AP transfer from YLSACP2 to
membranes. Transfer of 16AP from a preformed complex, prepared by incu-
bating 0.25 uM 16AP with 2.5 uM YLSCP2, to 150 uM NBD-containing
zwitterionic EPC-SUV was monitored at 10°C intervals from 5 to 45°C.
The data were analyzed as described in Materials and Methods. Transfer
rates (mean + SE) from three separate experiments are shown in the Arrhe-
nius plot, where b is the transfer rate ? = 0.98).

yeast SCP2 is believed to be located in peroxisomes (30),
raising the question of whether this organelle is the only
yeast compartment with the potential to attain concentrations
of protein-solubilized LCFA and CoA esters of LCFA larger
than the CMC. In an attempt to shed some light on the rela-
tionship between LCFA traffic and SLBP in yeast, we set out
to study SCP2 in Y. lipolytica. This microorganism is a
particularly good experimental system because of its well-
known voracity for fatty acids and ability to feed on these
compounds as the only source of carbon and energy.

Our study confirmed that YLSCP2 is strongly induced
by palmitic acid and preferentially located in the peroxisomal
fraction of the yeast. The magnitude of the induction exceeds
by severalfold the expansion of the peroxisomal compart-
ment elicited by the inductor. This clearly indicates that
the protein has a role beyond accompanying peroxisomal
proliferation, and points to an important participation in the
metabolism of lipids. A large body of in vivo and in vitro
experimental evidence supports a role of mammalian SCP2
in lipid uptake and diffusion (3,31,32). In mammals, the
SCP2 domain is located in peroxisomes, mitochondria, and

TABLE 1 Activation parameters of AOFA transfer from
YLASCP2 to phospholipid membranes

Ea 15.5 = 1.9 kcal/mol
AH} 14.6 + 1.9 kcal/mol
TAS? 3.5 % 1.9 keal/mol
AGH 18.1 * 0.1 kcal/mol

E A was calculated from the Arrhenius plots in the range of 5-45°C (Fig. 6).
AHi, AGi, and TAST were calculated at 25°C as described in Materials and
Methods. Units are kcal/mol, and the mean = SE values of three separate
experiments are listed.
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FIGURE 7 Far-UV CD changes induced by SUV. YLSCP2 was incu-
bated in 50 mM sodium phosphate pH 7.0 (full line) and in the same buffer
with the addition of EPC-SUV (dashed line).

the cytosol, which introduces further complexity into the
analysis of its function (7). Unfortunately, the results ob-
tained with Y. lipolytica do not eliminate the possibility of
a cytosolic localization for SCP2; however, the measured
high concentration of YLSCP2 in the peroxisome, and the
high affinity of YLSCP2 for LCFA and their CoA esters
lend probability to the hypothesis that one of the functions
of yeast SCP2 may be to facilitate lipid uptake by the perox-
isome.

Given the above hypothesis, we sought to analyze the
ability of YLSCP2 to act as a fatty acid transfer protein.
We conducted protein-to-membrane transfer assays employ-
ing the anthroyloxy-labeled fatty acid 16AP, and therefore
first assessed the binding and partitioning characteristics of
this protein-ligand system. In previous works, we determined
the affinity of AOFA for several SLBPs (16,23,33). In this
work, employing the same fluorescent titration assay, we
found that the Kp value for the interaction of 16AP and
YLSCP2 (60 £ 11 nM) is comparable to that of anthroyloxy
oleic acid for intestinal and liver FABP (160 = 40 nM and
20 *= 10 nM, respectively), two members of the FABP
family that are known to be heavily expressed in mammal
enterocytes. The affinity of YLSCP2 for 16AP is also
comparable to its affinity for cis-parinaric acid (81 =+
40 nM) and palmitoyl CoA (73 = 33 nM) (14). Thus,
16AP is a suitable probe for protein-membrane transfer
experiments involving YLSCP2. The in vitro partition of
16AP between YLSCP2 and membranes was found to favor
the SUV (Kp = 2.6). We previously found that the relative
affinity of AOFAs for protein compared with membrane
varies widely in the FABP family: from 0.09, as observed
for LFABP, to 6.74 for IFABP (25). The fact that K, and
Kp values for YLSCP2 fall between those of IFABP and
LFABP or LbFABP (33) confirms the relationship between
protein affinity (Kp) and EPC-SUYV relative affinity (Kp).
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The nature of the interaction between SLBPs and
membranes has been extensively examined with the use of
artificial membranes and fluorescence resonance energy
transfer, which can directly monitor the kinetics of fatty
acid transfer (1). In this work, we applied that biophysical
approach to the functional study of a member of the SCP2
family of proteins. The results provide the first evidence
(to our knowledge) of the fatty acid transfer activity of
YLSCP2 to phospholipid membranes.

Previous studies demonstrated that different SLBPs use
two distinct transfer mechanisms according to whether
they collect or deliver their ligands by contact with
a membrane (collisional transfer), or whether the ligand
must enter the solvent phase during the exchange (diffu-
sional transfer) (1,16,23-27,34). The former are considered
to be involved in the intracellular trafficking of lipids
between cell membranes, whereas the latter do not interact
directly with membranes and are considered lipid-storage
system. Also, it is hypothesized that fatty acid transfer
from ““collisional”” SLBP involves targeted interactions of
the protein with specific membrane domains. Most of the
FABPs studied so far (i.e., FABPs of intestine, adipocyte,
heart, and brain) show a collisional mechanism of transfer.
In contrast, transfer from LEABP and cellular retinol binding
protein II occurs by a diffusional mechanism (1). In the case
of mammalian SCP2, several lines of evidence indicate that
a direct interaction between the protein and membranes
occurs during transfer (35,36).

The evidence presented herein indicates that AOFAs are
transferred from YLSCP2 to vesicles during collisional inter-
actions (Fig. 8 A). First, the ligand transfer rate increases in
direct proportion to the concentration of acceptor vesicles, as
expected for concentration-dependent collisional events.
Second, the transfer rate is highly sensitive to the charge of
the acceptor vesicles, with an increase for negatively charged
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membranes. By varying the lipid composition of the target
membranes, we identified CL- and PI-containing vesicles
as very efficient acceptors. The modulation of ligand transfer
rate by acceptor membrane properties is a hallmark of colli-
sional transfer, because a diffusion-mediated mechanism
would not be as responsive. This result is particularly impor-
tant because it was recently reported that CL and PI are
normal components of the peroxisomes in the yeasts Pichia
pastoriand S. cerevisiae (37,38), which may reveal a specific
mechanism of LCFA targeting. Although, in principle,
changes in lipid composition could also affect other
membrane properties, such as size, curvature, differential
composition domain formation, and fluidity, most of these
possibilities were ruled out in a previous work in which we
demonstrated that there was no change in vesicle size and
curvature in a broad range of lipid compositions as long as
the number of acyl chains was maintained (27). Moreover,
the formation of membrane microdomains with distinct
properties is not to be expected under the conditions used
in these experiments (39). Finally, alteration of the ionic
strength has little effect on the AOFA transfer rate, further
supporting a collisional model. If the transfer were diffu-
sional, the reduction of free ligand concentration induced
by the decrease in water activity would slow down the
rate, as observed for LFABP (16,34), a well-established
model for the diffusional mechanism. The lack of effect of
increasing the ionic strength on the rate of transfer to zwitter-
ionic vesicles can be explained by opposite and compensated
electrostatic and hydrophobic interactions involving the
formation of the protein-membrane complex, as observed
for IFABP, a well-established collisional FABP (16,34).
The thermal dependence of the transfer rate revealed
additional aspects of the process. The calculated AG*
arises mostly from enthalpy changes, with a relatively small
entropy contribution. A similar relationship between AH?

FIGURE 8 Fatty acid transfer mechanism. Panel A
depicts the proposed collisional mechanism of ligand trans-
fer from YLSCP2 to membranes. The interacting region of
the protein was assumed to be the positively charged side
shown in panels B and C. The model of YLSCP2 was ob-
tained by homology modeling using an algorithm imple-
mented in the program 3D-JIGSAW2.0 (41), and rabbit
SCP2 (PDB ID: 1c44) as a template (Burgardt et al.,
unpublished results). A mammalian SCP2 was chosen as
the template because of its higher sequence homology to
YLSCP2 (30% identity) than insect or bacterial templates
(20-25% identity). The fatty acid orientation in the binding
site is one of the possible orientations seen in the crystal
structures of insect SCP2 (PDB ID: 1PZ4 and 2QZT)
The SPDViewer program was used to represent the
YLSCP2 model, the unequal distribution of charged resi-
dues, and the prominent surface electrostatic potential of
the protein. Negatively charged residues and negative elec-
trostatic potential are highlighted in red, and positively
charged residues and positive electrostatic potential are
shown in blue.
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and TAS* was reported for collisional FABP (34). In
contrast, the free energy of AOFA transfer from a diffusional
FABP is composed of equally important enthalpy and
entropy components (26). Although AG* for AOFA transfer
from YLSCP2 and a collisional FABP is somewhat smaller
than that for transfer from a diffusional FABP, the associated
change in enthalpy is greater. Thus, in the formation of the
activated complex YLSCP2-AOFA-membrane, the nonco-
valent interactions are crucial. These interactions may
involve not only AOFA within the YLSCP2 binding site,
but also the transient association of YLSCP2 with the
acceptor membranes and the associated conformational
changes of the protein.

To directly investigate the interaction between YLSCP2
and membranes, we analyzed the equilibrium CD spectra
of YLSCP2 in the presence of membranes compared with
the protein alone. Of interest, the interaction caused a confor-
mational change in the protein. This finding is in agreement
with previous reports regarding the interaction of human
SCP2 with anionic SUV (35), and further supports our
hypothesis of a collisional interaction in the transfer process.

The importance of electrostatic interactions between
cationic residues on the protein surface and anionic
membrane phospholipid headgroups, as well as a lesser
contribution of hydrophobic interactions, has been demon-
strated for FABPs that transfer ligand by a collisional mech-
anism (27). A positive surface electrostatic potential across
the helix-turn-helix portal region of collisional FABP,
together with the amphipathic character of their «-I helices,
suggests the involvement of this region in the interaction
with membranes (25,40). Further structure-function analysis
using structural variants of FABP strongly supports the
centrality of the a-helical region in determining the ligand
transfer mechanism (16,23-25). For mammalian SCP2, it
was reported that cholesterol transfer was the highest in
membranes containing acidic phospholipids (35). Even
though a crystal or NMR structure of YLSCP2 is not yet
available, a structural homology model predicts a extended
region of net positive surface charge formed by residues
Lys2-3435104106.108.113.122 34 Aro%% that may be involved
in membrane interaction (Burgardt et al., unpublished
results; Fig. 8, B and C). This region includes mostly resi-
dues from the C-terminus (on the right side of the cartoons
in Fig. 8, B and C), but also part of helix 2 at the N-terminus
(at the fop of Fig. 8, B and C). The electrostatic pattern of
YLSCP2 is present in mammalian SCP2, but is much less
evident in bacterial and insect SCP2 (not shown). The differ-
ential electrostatic pattern between these SCP2s may reflect
membrane interaction by different mechanisms or the lack
thereof. Of interest, the N-terminal amphipathic helix of
mammalian SCP2 (residues 1-32) was found to be essential
for sterol transfer, and, although inactive by itself, it never-
theless enhanced the activity of the whole SCP2 in that
regard (36). If the transfer in mammal and yeast is mediated
by the same surface region, the above observation is
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congruent with the participation of Lys**~** in the posi-

tively-charged membrane-binding region proposed herein
for YLSCP2. These structural predictions provide a prom-
ising starting point for future works aimed at characterizing
the specific contributions of the above-mentioned residues in
the transfer process by site-directed mutagenesis.

We conclude that YLSCP2 possesses all the attributes
necessary to function as an important factor in the transport
of LCFA in Y. lipolytica, and its behavior with membranes of
different lipid composition could indicate some specificity
that may be important for targeting fatty acids and their
derivatives to peroxisomes.

The work was supported by the Agencia Nacional de Promocién Cientifica y
Tecnoldgica, Argentina (BID 1728/0OC-AR PICT 25892). M.C. is full
professor at Universidad Nacional del Noroeste de Buenos Aires.
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