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Structure of Sterol Carrier Protein 2 at 1.8 Å Resolution Reveals a Hydrophobic
Tunnel Suitable for Lipid Binding†,‡
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ABSTRACT: Sterol carrier protein 2, also known as nonspecific lipid transfer protein is a ubiquitous, small,
basic protein of 13 kDa found in animals. Its primary structure is highly conserved between different
species, and it has been implicated in the intracellular transport of lipids and in a wide range of other in
vitro functions related to sterol and fatty acid metabolism. Sterol carrier protein 2 deficiency in mice
leads to elevated concentrations of phytanic acid in the serum and causes hepatocarcinogenesis. However,
its actual physiological role is still unknown. Although sterol carrier protein 2 has been studied extensively
in the past 20 years, very little is known concerning its three-dimensional structure. The crystal structure
of rabbit sterol carrier protein 2, determined at 1.8 Å resolution with the MIRAS method, shows a unique
R/â-fold. The core of this protein forms a five-stranded antiparallelâ-sheet flanked by five helices. A
C-terminal segment (residues 114-123), together with part of theâ-sheet and fourR-helices, form a
hydrophobic tunnel providing the environment for apolar ligands such as fatty acids and fatty acyl-coenzyme
As. Structurally well-characterized nonspecific lipid transfer proteins from plants have hydrophobic tunnel-
like cavities, which were identified as the binding site for fatty acids and related apolar ligands. Despite
the fact that plant nonspecific lipid transfer proteins are smaller proteins than sterol carrier protein 2,
show no sequence homology to sterol carier protein 2, and are structurally unrelated, the cavities of these
two classes of proteins are very similar with respect to size, shape, and hydrophobicity, suggesting a
common functional role.

The intracellular sterol carrier protein 2 (SCP2)1 is an
animal nonspecific lipid transfer protein (nsLTP) of 13 kDa.

It is a ubiquitous basic protein with a primary structure highly
conserved in different species (1). SCP2 is encoded by a
single gene that has two initiation sites (2). The translation
products are two proteins: SCPx of 58 kDa and pre-SCP2
of 15 kDa. The 20 amino acid leader sequence of pre-SCP2
is rapidly cleaved after translation to yield the mature 13.2
kDa SCP2 (2). SCPx is a fusion protein containing a thiolase
domain at the N-terminus and SCP2 at the C-terminus (3).
SCP2 carries a C-terminal peroxisomal targeting signal
(PTS1) and has been shown to be predominantly localized
in peroxisomes (4), while SCPx occurs exclusively in
peroxisomes, which are involved in theâ-oxidation of fatty
acids. Other proteins with C-terminal SCP2 domains are the
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peroxisomal D-hydroxyacyl-CoA dehydrogenase and the
Caenorhabditis elegansbehavioral protein. It is assumed that
in all these proteins SCP2 functions as a lipid binding
domain.

SCP2 deficiency in mice was shown to cause peroxisome
proliferation and severe impairment of the peroxisomal
pathway involving the oxidation ofR- andâ-methylated acyl-
CoA, leading to drastically elevated concentrations of
phytanic acid in the serum and spontaneous hepatocarcino-
genesis (5). The authors concluded that one function of SCP2
is the mediation of methyl-branched fatty acyl-CoA degrada-
tion in the peroxisomal pathway. Furthermore, SCP2 defi-
ciency was found to be associated with chronic superstim-
ulation of the peroxisomal proliferator-activated receptorR
(PPARR) (6). PPARR, being a ligand-dependent transcription
factor, participates in the regulation of peroxisome function
and lipid metabolism at the level of gene transcription (7).
One physiological ligand of PPARR is phytanic acid (6).
This is of particular interest, since an accumulation of this
fatty acid was not only found in SCP2 null mice but also in
patients with several inherited diseases, e.g. Zellweger
syndrome (8).

Since the discovery of SCP2 in 1968 (9), an ever
increasing number of in vitro functions have emerged: SCP2
was shown to be involved in the esterification of free
cholesterol, to activate the enzymatic conversion of 7-de-
hydrocholesterol to cholesterol (10), and the biosynthesis of
bile acid and steroid hormones (11). SCP2 catalyzes the
intermembrane transfer of cholesterol, phospholipids, and
glycolipids (12). More recently, it was found that SCP2 binds
in vitro long-chain fatty acids and long-chain fatty acyl-CoAs
with Kd values in theµM and nM range, respectively (13-
15). Together, with acyl-CoA binding protein and fatty acid
binding protein, SCP2 appears to be a major determinant in
controlling the concentration of free long-chain fatty acyl-
CoA in the cytosol (16). In summary, from in vitro
experiments, two different roles of SCP2 are proposed, one
being that SCP2 functions as a lipid transfer protein, the other
that SCP2 is a carrier for fatty acids, fatty acyl-CoAs, or
sterols such as cholesterol.

Despite the wide range of in vitro functions, neither the
actual physiological role(s) nor the mechanism of action of
SCP2 is yet known. Very little, indeed, is known of the
structure underlying these functions and of the binding mode
with proposed ligands.

EXPERIMENTAL PROCEDURES

Protein Expression, Purification, Crystallization, and
X-ray Data Collection. Recombinant rabbit SCP2 was
obtained by overexpressing SCP2 inEscherichia coli(BL-
21) and purifying the resulting protein to apparent electro-
phoretic homogeneity. The purification and crystallization
of the protein as well as the crystallographic data collection
of the native protein crystals were described previously (17).
In brief, single crystals of SCP2 were obtained at 4°C with
the vapor diffusion method equilibrating a mixture of 5µL
reservoir solution (2.0 M ammonium sulfate, 300 mM lithium
sulfate in 100 mM citrate buffer at pH) 6.5) and an equal
volume of the protein solution (10 mg/mL protein, buffered
in 10 mM Tris‚HCl, pH ) 7.0). Stabilization of the radiation-
sensitive crystals were achieved by addition of 30% (w/v)

sucrose to the crystallization medium and using cryo-
conditions at 100 K. Heavy atom derivatives were prepared
by soaking native crystals in the cryo solution for 30-40
min containing 10 mM of the heavy atom compounds CH3-
HgCl and K2PtCl6. Diffraction data were collected at the
EMBL outstation, DESY/Hamburg at beamline BW7B using
a wavelength of 0.8345 Å and a MarResearch image plate.
Data were processed and scaled (Table 1) by using the
programs DENZO and SCALEPACK (18).

Structure Solution and Refinement.The heavy atom
positions were located by difference Patterson techniques,
subsequently refined, and initial MIRAS (multiple isomor-
phous replacement including anomalous scattering) phases
were calculated to 2.5 Å resolution for the two possible
enantiomorphous space groupsP41212 andP43212, using the
program SOLVE (19). The choice of the correct space group
was made based on the better figure of merits. The quality
of the resulting electron density map was such that the
immediate recognition of the five-strandedâ-sheet was
possible. No phase improvement methods were required to
build an initial atomic model encompassing residues 8-88
and 98-113, which corresponds to 78% of the 123 amino
acids of SCP2. Refinement of the initial structure with the
program REFMAC from the program suite CCP4 (20)
resulted in a firstR-factor of 38.5% (Rfree ) 42.6%) in the
10-2.5 Å resolution range. During the initial stages of
model-building, an automatic insertion of water molecules
was followed with the program ARP (21). Chain-tracing and
model-building were carried out with the program CHAIN
(22). The stereochemistry of the final, refined model was
examined by the PROCHECK program (23). To search for
structural and folding similarities of SCP2 with proteins in
the Protein Data Bank (http://www.rcsb.org/pdb/) the pro-

Table 1: X-ray Crystallography Data

native CH3HgCl K2PtCl6

data collection statistics
resolution range (Å) 18-1.8 18-2.0 18-2.0
total observations 104 415 67 894 67 792
unique reflections 14 102 10 327 10 370
completeness (%) 99.9 (99.8)a 98.0 (98.5) 98.8 (99.7)
I/σ 35.6 (5.6) 15.5 (5.9) 18.9 (7.0)
Rmerge(%)b 4.9 7.2 6.8

phasing statistics
Riso (%)c 22.6 30.0
number of sites 1 2
mean f. o. m. 0.57

refinement statistics
resolution range (Å) 10-1.8
Rvalue (%)d 17.5
Rfree (%)e 24.4
total no. of atoms 1,096
meanB-factors (Å2) 32.1
protein 30.1
water molecules 45.8

rms deviations (Å)
bonds 0.017
angles 0.032

a Values in parentheses correspond to the highest resolution shell.
b Rmerge ) ∑h∑i|〈I(h)〉 - I(h)i|/∑h∑iI(h)i whereI(h) is the intensity of
reflectionh, ∑h is the sum over all reflections and∑i is the sum over
all i measurements of reflectionh. c Riso ) ∑||FPH| - |FP||/∑|FP| where
FPH andFP are the structure factors for the derivative and the native
data, respectively.d R-factor ) ∑(|Fobs| - |Fcalc|)/∑|Fobs|. e Rfree is the
R value calculated for a test set of reflections, comprising a randomly
selected 5% of the data, which was not included during refinement.
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gram DALI (24) was used.

RESULTS

Structure Determination.The crystal structure of rabbit
SCP2 was determined using the MIRAS-technique. Cubic-
like crystals belonging to the tetragonal space groupP41212
with cell dimensionsa ) b ) 57.5 Å andc ) 86.5 Å could
be grown to a size of 0.5× 0.5 × 0.4 mm3 within 2-3
months. Calculations of the solvent content (25) suggested
that one protein molecule is present in the asymmetric unit.
The assignment of residues 6-113 to the electron density
(Figure 1A) was straightforward, while the electron density
of the C- and N-terminal segments was rather weak and thus
model-building more difficult. Nevertheless, we succeeded
in including amino acids 1-5 and 114-123, but these
segments appeared to be rather mobile as judged by the high-
temperature factors. A total of 140 water molecules were
included in the structural model. The refined model has good
stereochemistry (Table 1), and only one nonglycine residue,
Gln115, present in a sharp turn of the C-terminal segment,
was found in the disallowed region of the Ramachandran
plot.

During the crystal structure determination, an error of the
amino acid sequence was detected: residue 75, reported by
Weber et al. (26) to be an isoleucine, was unambiguously
assigned to a methionine from the electron densities of the
MIRAS maps (Figure 1B) and omit (nFo - Fc)exp(iRc) maps
(n ) 1,2) (Figure 1C) and was refined as such. This finding
was confirmed by MALDI-MS of the protein (17), which
showed that the experimentally determined molecular mass
was only 1 Da different from the calculated mass, with
methionine at position 75. The correctness of a methionine
is further supported by a high conservation of this amino
acid in all SCP2 sequences reported sofar. The amino acid
error is due to a sequencing mistake of the rabbit small-
intestinal cDNA clone (F. Weber, University of Zu¨rich,
personal communication).

Description of the Structure.The SCP2 molecule of an
overall size of about 40× 25 × 25 Å3 exhibits a unique
R/â-fold. There is no similarity with any currently deposited
protein in the Protein Data Bank. The basic structural element
of SCP2 is a five-strandedâ-sheet of a-1-1 3X 1 topology
(Figure 2). Strands I-III and IV-V form two antiparallel
sub sheets, with strands I and IV being parallel and strands
III and IV being connected through a right-handed crossover
chain (residues 65-69) traversing strands I and II on the
backside of theâ-sheet. Strand I is formed by residues
Gly33-Lys40, strand II by Ala48-Val54, strand III by
Ser60-Pro63, strand IV by Cys71-Ala76, and strand V by
Lys100-Gly103. The front-side of theâ-sheet, facing the
reader (Figure 2), is dominated by hydrophobic residues,
while the backside is mostly hydrophilic. On the front-side,
theâ-sheet is flanked on three edges by helices A-E. Most
prominent is the long N-terminalR-helix A comprising
residues Phe7-Glu22 on the left edge of theâ-sheet. It is
amphipathic with apolar residues oriented toward the hy-
drophobic surface of theâ-sheet and polar residues facing
the solvent region. TheR-helix B (Glu23-Ile31), the 310-
helix C (Gly42-Lys46), andR-helices D (Asp77-Phe85)
and E (Asn89-Gln96) are all short consisting of only one
to two turns. The C-terminalR-helix F (Asn104-Asn113)

FIGURE 1: Electron density of SCP2. (A) A representative portion
of the final (2Fo - Fc)exp(iRc) map around Trp50 at 1.8 Å
resolution. (B) MIRAS map at position 75, calculated at 2.5 Å
resolution. (C) Difference omit map for residue 75 at 1.8 Å
resolution. The latter two maps show that residue 75 is a methionine
rather than an isoleucine (see text). All maps are contoured on a
2σ level and were produced with “O” (35).
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extends from the upper right edge toward the left edge of
theâ-sheet. The remaining N- and C-terminal residues lack
a regular secondary structure. The C-terminal segment, first
extending towardR-helix D and after making a sharp turn
approachesR-helix B, has a few hydrophobic contacts to
R-helices D and E. In contrast, the N-terminal peptide shows
practically no interactions with the rest of the molecule.
Residual electron density in the N- and C-terminal regions
suggests that both terminal segments have some degree of
static disorder and/or high-thermal flexibility. The structural
assignment of these portions of the protein has, therefore,
to be treated cautiously.

SCP2 is a basic protein with a calculated pI of 9.8 (17).
The charge distribution of the protein shows that there are
two clusters of basic amino acids, which may represent the
putative binding site for the acidic part of ligands (Figure
3A and D), such as the carboxylate group of a fatty acid or
the pyrophosphate group of a fatty acyl-CoA. Apart from
these clusters, the rest of the charged residues of SCP2 appear
to be evenly distributed over the hydrophilic back face of
the â-sheet and over the hydrophilic surface of the amphi-
pathicR-helices A and B, the bottom part ofR-helix D, and
connecting peptides between helices D and E and between
helix E andâ-strand V.

The front-side of theâ-sheet andR-helices D, E, and F
and the right edge of the protein (see Figure 2 and Figure 3,
A and D) are predominantly uncharged, forming an extended
hydrophobic region. Specifically,â-strands II, I, IV, and V,
R-helices A, D, E, and F, the loop between helices D and E,
and the C-terminal segment form a hydrophobic tunnel. The
length of this tunnel is about 18 Å and has in most parts a
diameter of 7-8 Å. Its entrance is built up byâ-strand V
and helices E and F (Figure 2 and Figure 3D). In Figure
3D, we look through the tunnel from the entrance-side and
a view from the opposite direction is presented in Figure
3C. Figure 3D shows one cluster of positively charged
residues on the right-hand side of the tunnel entrance, and
the hydrophobic nature of the protein surface surrounding
the entrance. The interior of the tunnel is almost completely
hydrophobic with only one charged side chain of Lys120

protruding into this channel. There is no evidence from the
electron density for the presence of ordered water molecules
in the interior of the hydrophobic cavity. The end of the
tunnel lies betweenR-helix A and the C-terminal segment
(Figure 2 and Figure 3C).

The shape of SCP2 may be approximated by an open right-
hand where the ring and middle finger represent theâ-sheet,

FIGURE 2: Stereoview of a ribbon diagram of SCP2 produced with MOLSCRIPT (36) and RASTER3D (37) showing helices in blue and
â-strands in orange.

FIGURE 3: Electrostatic surface potential of SCP2 produced with
the program GRASP (38) and RASTER3D (37). Negative surface
potentials in red, positive surface potentials in blue, and neutral
surface potentials in white. (A) The orientation of SCP2 is as in
Figure 2. This side of the molecule is referred to as the front-side.
(B) The orientation of SCP2 is the same as in (A), however,R-helix
F (green) and the remaining C-terminal portion (magenta) are
depicted as stick models. This representation was chosen to delineate
the underlying topology of the hydrophobic surface of the tunnel
interior. The orientation of SCP2 in (C) and (D) were obtained by
a 90° anticlockwise rotation and a 90° clockwise rotation, respec-
tively, of the molecule in (A) about a vertical axis in the plane of
the paper. These representations reveal the proposed exit and
entrance of the tunnel, respectively (see green arrows).
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the small finger theR-helix A, the thumb together with the
palm of the hand helices C, D, and E, and the forefinger
bent toward the thumb helix F and the C-terminal segment.
In this simplified picture, the thumb and forefinger would
form the entrance of the hydrophobic tunnel.

The crystal structure presented here represents the first
complete atomic model of an animal nsLTP. Previously,
Szyperski and co-workers (27) reported a NMR-determina-
tion of the polypeptide fold of human SCP2 for residues
8-103. Basically, our structure determination confirms their
assignment of the secondary structure elements, except that
helices C, E, and F were not defined in the NMR model.

DISCUSSION

A Hydrophobic Tunnel as the PutatiVe Substrate-Binding
Site.From a functional point of view, the most interesting
feature found in the three-dimensional crystal structure of
SCP2 is the tunnel-like cavity lined by largely hydrophobic
amino acids, thus providing the chemical environment for
the binding of lipidic ligands. The length of this cavity is
adequate to accommodate at least 16 carbon atoms. There
is one constriction site within the tunnel where the diameter
is reduced to about 4 Å. Thus, it appears that the insertion
of an aliphatic chain is not possible (Figure 4). This narrow
part of the tunnel is created by the close juxtaposition of the
side chains of Phe37 and Met84 and Ile16 and Met84 located
close to the end of the hydrophobic tunnel. Simple modeling
shows that the side chain of Met84 can switch to another
energetically favorable conformation without causing any
steric conflict with other parts of the protein, thus increasing
the width of the tunnel at this site to about 6 Å (Figure 4).

A hydrophobic area in the vicinity of the tunnel entrance
is clearly seen in Figure 3D. Starting from the entrance of
the tunnel, there is a narrow groove connecting the entrance
with the cluster of three basic residues. Assuming that a fatty
acid ligand enters the tunnel with its methyl end at this side,
a portion of the aliphatic chain would snugly fit into this
groove on the outside of the tunnel, with the carboxylate
group of the fatty acid or the pyrophosphate group of a fatty
acyl-CoA interacting with the basic residues.

Our proposal of the lipid-binding site in SCP2 is at least
partly supported by reports in the literature. Site-directed

mutagenesis experiments suggest that Asn104, the first
residue ofR-helix F, plays an important role in lipid binding
(2). Other investigators reported that fatty acids are bound
to SCP2 with their methyl end buried in the protein interior
and their carboxylate exposed at the surface (15). Further-
more, evidence from fluorescence resonance energy transfer
experiments (28) indicated that fatty acids bound to SCP2
are close to the single Trp50 in SCP2. Trp50 located in the
â-strand II is part of the hydrophobic surface of theâ-sheet
in the vicinity of the proposed end of the tunnel between
helix A and the C-terminal segment.

Comparison to Other Lipid-transfer Proteins.Presently,
no tertiary structure of other animal nsLTPs is available for
comparison. However, the crystal structure of SCP2 may be
compared to the X-ray and NMR structures of the 9 kDa
lipid-exchange proteins reported for the nsLTPs of wheat
(29), barley (30), maize (31), and rice (32), and complexes
of these proteins with ligands such as free fatty acid and
fatty acyl-CoA. Although no sequence homology exists
between SCP2 and the plant nsLTPs, and the folding motifs
are different in the two classes of proteins, the examination
of these structures in terms of the ligand-binding site
topology is warranted. The fold of the plant proteins is
characterized by fourR-helices, short interconnecting loops,
and a large C-terminal segment. The arrangement of the four
helices and the large C-terminal segment is such that a
hydrophobic tunnel-like cavity is formed of dimensions
similar to that of SCP2. The extended C-terminal peptide
chain functions as a lid covering the cavity where long-chain
fatty acids can bind. In this binding mode, the carboxylate
of the fatty acid is in contact with the solvent (29, 30). There
is practically no conformational change upon binding of
palmitate (33), although there are reports that the hydropho-
bic cavity can slightly expand in order to accommodate larger
lipid ligands (34) and that the actual size of the tunnel varies
in proteins of different origin (32).

Liberation of the Peroxisomal Sequence upon Ligand
Binding.Helix F contributing to the upper boundary of the
putative ligand-binding tunnel forms only two hydrogen
bonds (one involving Asn104, the other Gln112) and two
well defined hydrophobic contacts with the core of the
protein and as mentioned above the C-terminal peptide has

FIGURE 4: Stereoview of the hydrophobic tunnel of SCP2 depicted as combined ribbon-stick model. Helices (cyan) are labeled with capital
letters andâ-strands (orange) with Roman numbers as in Figure 2. The red lines represent the closest distances (Å) between residues Met84
and Phe37 and Met84 and Ile16, respectively, which form a narrow part in the tunnel. The side chain of Met84 shown in magenta is an
alternative conformation in which the constriction of the tunnel is removed (see text). The image was produced with SETOR (39).
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only a few weak hydrophobic interactions. When an aliphatic
ligand enters the tunnel, it is feasible that helix F and the
C-terminal segment move in order to accommodate the
ligand. In this way, the diameter of the tunnel is increased
and this mechanism would account for the observation that
SCP2 can bind and apparently accommodate ligands of
different sizes. The hinge that would allow for such a
movement is probably located in the turn region between
â-strand V and helix F. If such a movement occurs, then
the weak hydrophobic interactions of the C-terminal segment
are disrupted, and as a result, this segment may now extend
into the solvent region. In this way, the peroxisomal targeting
signal, the C-terminal tripeptide Ala-Lys-Leu, might become
exposed, thus effecting the targeting of the SCP2-ligand
complex to the PTS1 receptor. Such ligand-mediated protein
targeting would represent a novel mechanism of cellular
regulation. To support this hypothesis by structural data, we
have initiated crystallization experiments of complexes of
SCP2 with either long-chain fatty acids or fatty acyl-CoA.
So far, all attempts to crystallize such complexes failed. One
possible reason for this could be the anticipated release of
the C-terminal segment from the core protein upon ligand
binding. This loose end extending from the protein could
sterically inhibit crystal contacts. We are currently engaged
in producing SCP2 constructs with a slightly shortened
C-terminus. Provided these modified SCP2 molecules still
bind fatty acids strongly, crystallization experiments will be
done in the presence of fatty acid ligands with the aim of
obtaining protein-ligand complexes.

The putative ligand binding site of SCP2 apparently shares
a number of features with the tunnel-like cavity of plant
nsLTPs supporting the mode of ligand binding proposed here
for SCP2 and suggesting a common functional role. The
elucidation of the actual mode(s) of ligand binding to SCP2
will have to await the structure determination of ligand
complexes.
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